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Abstract An electrochemical quartz crystal nanobalance has
been used to study the redox behavior of poly(copper phtha-
locyanine) (poly(CuPc)) microparticles attached to gold. The
electrodes were investigated in contact with aqueous solutions
at different pH values. In acid solutions, in the pH range from
0 to 3, one pair of reduction and reoxidation waves can be
detected in the potential region from 0.8 V vs. SCE to the
beginning of the hydrogen evolution. Until 0.8 V, no oxidation
of the poly(CuPc) sample occurs. The reduction is accompa-
nied with a mass increase; the original mass of the surface
layer is regained during reoxidation. Below pH 0, two pairs
of waves appear attesting the formation of the doubly proton-
ated poly(CuPc). A ca. =60 mV/pH dependence of the peak
potentials indicates the participation of H" ions in the redox
reactions in an 1 H'/1 ¢ ratio in acidic and neutral solutions
and the formation of 1 OH ion/l e in basic electrolytes. In
neutral and alkaline solutions, however, the mass changes
become more complicated. In alkaline media, during
electroreduction, a mass decrease occurs in the beginning of
the reduction which is followed by a mass increase. In the
course of reoxidation, the opposite pattern can be detected in
respect of the mass changes. The peak currents show a mini-
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mum value at neutral pH. On the other hand, the mass changes
are substantially higher in alkaline solutions than in acidic
ones, i.e., the apparent molar mass values that can be deter-
mined are much higher, which is related to the dimerization
causing a structural change and dehydration of the layer. The
redox processes can be assigned to the reduction and oxida-
tion of the Pc ring. The mass changes are related to the sorp-
tion and desorption of counterions and solvent molecules;
however, coions also enter and leave the layer. Based on these
observations, redox schemes are proposed.

Keywords Poly(copper phthalocyanine) - Microparticles -
Electrochemical quartz crystal nanobalance (EQCN) - Redox
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Introduction

Studies on the electrochemical behavior of phthalocyanines
have been in the foreground of research during the last
30 years [1-27 and the citations therein].
Metallophthalocyanines have been investigated especially as
a catalyst of the oxygen reduction reaction (ORR), since it is
of utmost importance to find a suitable and cheap catalyst
which could replace the expensive platinum [1, 8, 11-13,
15, 18, 19]. Awide range of other applications beside catalysis
such as in electrochromic display devices [1, 3, 7, 8, 26], in
electrochemical power sources including solar cells [1, 13, 21,
24], and in sensors [8, 11, 17, 20] has also been put forward.
The enhancement of the conductivity of phthalocyanines has
extensively been studied as well [21, 22, 24]. It was also
recognized that the protonation plays an important role in
the physical and chemical properties of these compounds
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[22, 23, 25, 27]. However, the elucidation of the electrochem-
ical processes occurring during the redox transformations of
phthalocyanines is an interesting and challenging task in itself.
In the literature, very diverse cyclic voltammograms can be
found even for the same metallophthalocyanine. The main
reason is that the voltammetric and other (e.g., spectroscopic)
responses of phthalocyanine ring (Pc) strongly depend on
metal ions in the center of the ring, the substituents on the
periphery of the macrocyclic ring, the solvent and the electro-
lyte used, the presence of oxygen, the potential range, and
even the method of the deposition.

According to theoretical considerations, the redox transfor-
mation of the central metal ion can be observed in the case of
CoPc and FePc, while concerning other metal phthalocya-
nines such as Cu, Ni, Zn, Pt, and Pd, the metal ions do not
participate in redox processes, only the Pc ring will be oxi-
dized or reduced [6, 8, 10]. A wide arsenal of non-
electrochemical methods has been used to characterize the
different phthalocyanines; however, the electrochemical
quartz crystal nanobalance (EQCN) [27] has not been
exploited, yet. Only limited studies (mostly on the
electrooxidation of metal phthalocyanines) have been carried
out on platinum phthalocyanine [7], palladium phthalocya-
nine [9, 14], and iron phthalocyanine [15]. It is evident that
the results of EQCN experiments can provide different, valu-
able information of the electrochemical transformations of
solid particles immobilized on metal surfaces [28-31]. There-
fore, in the present study, we focus our attention on the EQCN
study of poly(copper phthalocyanine) (poly(CuPc)) micropar-
ticles attached to gold and investigated under different condi-
tions. We used poly(CuPc) (Fig. 1) because it can be assumed
that the polymer shows the typical behavior of CuPc but has a
much better conductivity. Therefore, the problem of the poor
conductivity and its changes during the redox transformations
can be eliminated [15]. Furthermore, the investigation of
poly(copper phthalocyanine) is attractive because it is a con-
jugated system which may show the behavior of a conducting
polymer [32].

CuPc and poly(CuPc) have been prepared and investigated
for almost 80 years; however, their electrochemical character-
ization is scarce because its electrocatalytic activity is poor in

n

Fig. 1 The formula of poly(copper phthalocyanine)
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comparison with that of other metal phthalocyanines, e.g.,
FePc and CoPc. Nevertheless, CuPc is famous among the
phthalocyanines since it has a brilliant blue color, and it has
been produced in a large amount for paints and dyes [1, 27].
Copper phthalocyanine is also an important material used in
organic solar cells and organic light-emitting diodes (OLEDs)
[8, 21, 22, 24-26]. CuPc at pH 7.3 between —0.9 and 0.6 V
shows a featureless voltammogram [8]. Soluble copper phtha-
locyanine, Na-tetrasulfonate (CuPcTS), was used as a coun-
terion during the electropolymerization of pyrrole. It was con-
cluded that CuPcTS incorporated in the polypyrrole layer was
electrochemically inactive [16].

Experimental

Poly(copper phthalocyanine) (Aldrich) was used without fur-
ther purification. Analytical-grade chemicals such as HCIOy,,
NaClOy4, KCI (Merck), H,SO,, CsCl (Sigma Aldrich), K>SOy,
Na,SO4, NaOH (Molar Chemicals), HCI (Riedel-de-Haén),
NaCl (Chemolab), KOH, KH,PO,, and Na,HPO, (Reanal)
were used as received. Doubly distilled water was used
(Millipore water). All solutions were purged with oxygen-
free argon (purity 5.0, Linde Gas Hungary Co. Cltd.), and an
inert gas blanket was maintained throughout the experiments.

A sodium chloride-saturated calomel electrode (SCE) was
used as the reference electrode which was carefully separated
from the main compartment by using a double frit. A gold
wire served as the counter electrode. Poly(Cu-phthalocyanine)
microparticles were immobilized on the gold surface from a
poly(CuPc)-ethanol sol via dropping an adequate amount of
the suspension and drying it. (Mechanical abrasion method
was also used to deposit poly(CuPc) layer on EQCN elec-
trode. Similar voltammetric and EQCN responses were ob-
tained also for these layers; however, it was more difficult to
control the amount attached to the electrode surface. There-
fore, these results are not reported herein.)

Five-megahertz AT-cut crystals of 1-in. diameter coated
with gold (Stanford Research Systems, SRS, USA) were used
in the EQCN measurements. The electrochemically and the
piezoelectrically active areas were equal to 1.37 and 0.4 cm?,
respectively.

The Sauerbrey equation [28] was used to relate the surface
mass change (Am) to the frequency shift (Af):

Af =-CAm/A (1)

The integral sensitivity of the crystals (Cy) was found to be
56.6x10°Hz g ' em?, i.e., 1 Hz corresponds to 17.7 ng cm 2.
The integral sensitivity was calculated by using the frequency
change and the charge measured during silver deposition/
dissolution as well as for the electroreduction of gold oxide
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in order to determine the real surface area of the electrode. The
apparent molar mass of the deposited or the exchanged species
(M) was calculated from the slope of the Af'vs. Q curve using
the following formula:

M = (nFA/Cy)dAf/dQ (2)

where 7 is the number of electrons involved in the electro-
chemical reaction, F is the Faraday constant, Afis the fre-
quency change, Q is the charge consumed, and 4 is the elec-
trode surface area. The capacitive charge and the frequency
change originated from the free gold surface were neglected. It
was checked that the effect of the free gold surface is minimal
under the conditions applied in this studies. Although the re-
quirements (uniform and homogeneous surface layer) for the
application of Sauerbrey equation are not perfectly met, on the
basis of measured frequency values, a rough estimation can be
done. The relative values of Af obtained for the incorporation
of different ions and solvent molecules, however, should be
approximately correct. The crystals were mounted in the hold-
er made from Kynar and connected to a SRS QCM 100 unit.
An Elektroflex 453 potentiostat and a Universal Frequency
Counter PM6685 (Fluke) connected with an IBM personal
computer were used for the control of the measurements and
for the acquisition of the data.

Results and discussion

The pH dependence of the cyclic voltammetric and EQCN
responses

Acidic solutions

Figure 2 shows a series of cyclic voltammetric and the simul-
taneously detected EQCN responses for a poly(CuPc) layer in
contact with aqueous perchlorate electrolytes between pH 0
and 3.

It is evident that H ions participate in the redox process,
since with increasing pH the voltammetric peaks shift into the
direction of the more negative potentials by 65+10 mV/pH in
the range of pH 1 and 3. However, between pH 0 and 1, 110+
10 mV/pH was obtained indicating a 2 H'/1 e~ reaction. The
data obtained, when 1 mol dm™ perchloric acid was used, to
some extent deviate from the data obtained between pH 1 and
3, albeit the voltammetric behavior is similar. The difference
of the anodic and cathodic peak potentials is 80+10 mV for
the latter three experiments while at pH 0 this value is 45+
10 mV. The beginning of the hydrogen evolution reaction
shows the same pH dependence; therefore, we can conclude
that the redox reaction of poly (CuPc) is basically a 1 H"/1 e~
reaction in these potential and pH regions. The cyclic
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Fig. 2 Cyclic voltammetric (a) and the simultaneously obtained EQCN
frequency (b) responses for an Au| poly(CuPc) electrode in contact with
electrolyte solutions of different pH values at constant 1 mol dm > ionic
strength: 1 mol dm > perchloric acid (1), 0.1 mol dm ™ perchloric acid+
0.9 mol dm™ NaClO, (2), 0.01 mol dm > perchloric acid+0.99 mol dm ™
NaClOy (3), and 0.001 mol dm > perchloric acid+0.999 mol dm >
NaClO, (4). Scan rate 20 mV s~

voltammograms are very similar to those obtained for
conducting polymers, e.g., for polyaniline [32] inasmuch as
the anodic and cathodic peaks are asymmetric and showing a
hysteresis. The peak current (electrochemical activity) de-
creases with increasing pH values. The EQCN frequency
change is also smaller at higher pH values than at pH 0; how-
ever, within the experimental error, those are more or less the
same with a decreasing tendency between pH 1 and 3. The
EQCN results obtained in acidic solutions (see also later)
show that during the cathodic and anodic scans, mass increase
and decrease occur, respectively. Above 0.2 V, the reversible,
small frequency changes can be assigned to the effect of the
double layer charging.

By using a more concentrated acid solution, 5 mol dm >
H,SO, (Hammett acidity constant, H,=—2.28), the cyclic
voltammograms drastically change; both the anodic and ca-
thodic waves split into two waves (Fig. 3). In fact, a small
wave at pH 0 can also be seen at more cathodic potentials;
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Fig. 3 Cyclic voltammetric (continuous lines) and the simultaneously
obtained EQCN frequency (dash-dotted lines) responses for an
Au| poly(CuPc) electrode in contact with 5 mol dm > H,SO, () and
0.5 M H,S04 (2) electrolyte solutions, respectively, at a scan rate of
20 mV s ' (a) and in contact with 5 mol dm > H,SO, electrolyte
solution at a scan rate of 10 mV s ' (b)

however, herein, it becomes the dominating one during the
reduction (peak II.). The pH dependence that was observed
in the pH region from 0 to 1 changes again to ca. 60 mV/pH if
the peaks at more positive potentials (peaks I) are considered
and compared with the peak potentials observed in the case of
less acidic solutions. It is reasonable to assume that peaks I
belong to the unprotonated or partially protonated form, while
peaks II are related to the doubly protonated form.

The response does not depend on the scan direction, and it
can be seen that no oxidation occurs until 0.8 V (Fig. 4). The
M values calculated by using Eq. (2) in the case of acidic
solutions are summarized in Table 1.

In order to clarify the contribution of anions and cations to
the ionic transport processes, the composition of the electro-
lyte was systematically varied. As an example for the effect of
cations, the results obtained in the presence of LiCl in a high
concentration are shown in Fig. 5. The shift of the
voltammetric peaks as well as the beginning of the hydrogen
evolution into the direction of higher potentials can be ex-
plained by the increased activity of the H' ions in concentrated
electrolyte (acid + salt) solutions. The frequency change also
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Fig. 4 Cyclic voltammetric (continuous line) and the simultaneously
obtained EQCN frequency (dash-dotted line) responses for an
Au| poly(CuPc) electrode in contact with 5 mol dm™> H,SO,
electrolyte solution. Starting potential —0.1 V; scan rate 20 mV s '

increased in the LiCl-containing solution which can be related
to the participation of the Li" ions and possibly that of the
chloride ions in the charge-compensating processes.

The effect of anions is also evident. The cyclic voltammo-
grams are similar in perchloric acid and hydrochloric acid.
The charge under the voltammetric waves are the same. There
is only a slight difference, i.e., in chloride-containing solu-
tions, a more pronounced wave (Il.) appears at more cathodic
potentials on the expense of the wave I.. However, the mass
change is higher in perchloric acid than that in HCI electrolyte
(Fig. 6) indicating the incorporation of anions during the
reduction.

Alkaline solutions

In alkaline media, the poly(CuPc) layer also shows a revers-
ible redox behavior (Fig. 7). The shift of the peak potentials of

Table1 Apparent molar masses (M/g mol ") of the exchanged species
calculated for the respective redox transformations in acidic solutions

Solutions Peak I, Peak I, Peak I, Peak 11,
HCIO,4 + NaClO4
I=1 mol dm
pH O (+) 51 (-) 52
pH1 (+) 12 =) 16
pH?2 11 -) 16
pH 3 (+) 20 (-) 18
0.5 M H,SO4 (+) 80 -) 91
5 M H,SO4 (-) 32 79 (+) 88 (-) 69
1 M HCI 17 ()32
1 M HCIO,* (+) 54 (-) 44

(+) and (—) symbols express the mass gain and mass loss, respectively,
during the respective charge transfer process. The experimental scattering
is 15 % at a scan rate of 20 mV s '

*From other series of experiment than the date shown as pH 0
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Fig. 5 Cyclic voltammetric (a) and the simultaneously obtained EQCN
frequency (b) responses for an Au| poly(CuPc) electrode in contact with
1 mol dm > HCI (/) and 0.85 mol dm > HCI+3 mol dm > LiCl (2),
respectively. Scan rate 20 mV s~

the dominating redox reaction (peaks I'V) as a function of pH
corresponds to an 1 H'/1 ¢ reaction. Beside the main redox
wave, a new, smaller wave appears (peaks III). However, the
most remarkable feature is the change of the EQCN frequency
response. During the cathodic scan in the region of peak 111, a
frequency increase (mass decrease) occurs. It is followed by a
mass increase of similar magnitude at peak IV.. During the
reverse, anodic scan, the opposite phenomena can be ob-
served. While the peak currents do not change substantially,
the frequency change is getting higher with increasing pH
values. In fact, a drastic increase can be detected at pH values
higher than 12 which can be related to the deprotonation of a
group having a pK, value around pH 12. It should be men-
tioned that—albeit poly(CuPc) in alkaline media shows well-
developed redox waves—the peak currents are somewhat
smaller at the same scan rate for the same layer than that in
acid media. On the other hand, the reversible frequency
changes are much higher than that observed in acid media.
The massogram (Fig. 7c) attests that the mass flux is in close
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Fig. 6 Cyclic voltammetric (a) and the simultaneously obtained EQCN
frequency (b) responses for an Aul poly(CuPc) electrode in contact with
1 mol dm ™ HCIO, acid (/) and 1 mol dm > HCI (2), respectively. Scan
rate 20 mV s~

relationship with the voltammetric current, i.e., the mass trans-
fer is coupled to the charge transfer [33].

In order to get information about the nature of the ex-
changed species causing the frequency changes during poten-
tial cycling, the electrolyte solution was systematically
changed also in alkaline media. Figure 8 shows the effect
when at pH 12.38 (adjusted by KOH) the KCl electrolyte
was replaced by CsCl. Beside Cs" ions, K" ions were also
present from the KOH; however, there ratio was 21:1; there-
fore, in the case of cation transport, a higher change of the
surface mass can be expected. Indeed, the mass change was
larger when the electrolyte solution contained Cs" ions while
the total charge under the voltammetric waves remain more or
less the same. The M values calculated in the case of alkaline
media are compiled in Table 2.

Based on the respective molar masses, a factor of 3.41
could be expected for the values obtained in the presence of
Cs" and K" ions, respectively. This ratio found is less than 2;
however, if water transport is also assumed, it can be ex-
plained by the higher hydration number of K in comparison
with that of Cs".

@ Springer
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)
(o))
£ oFf 0 <
= = nature of the electrolyte (KCI or CsCl). However, the much
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© i c) tests that the cation exchange plays a dominating role (Fig. 9).
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Fig. 7 Cyclic voltammetric (a) and the simultaneously obtained EQCN
frequency (b) responses for an Aul poly(CuPc) electrode in contact with
electrolyte solutions of 0.5 mol dm > KCI + suitable concentration of
KOH for adjusting pH values. pH values are 11.0 (7), 11.4 (2), and
12.38 (3), respectively. The massogram [31] constructed by using the
data of curve (3) (c). Scan rate 20 mV s '

Neutral solutions
We tried to compare the voltammetric responses of
poly(CuPc) in neutral, unbuffered media in order to get infor-

mation on the cation effect. The shape of the voltammograms
somewhat changed, but they were similar irrespective of the

@ Springer

Table2  Apparent molar masses (M/g mol ') of the exchanged species
calculated for the respective redox transformations in alkaline media

Solutions Peak III. Peak III, Peak IV, Peak IV,
KOH + KCl
pH 11 (-) 128 (+) 138 (+) 196 (-) 317
pH11.4 (-) 156 (+) 237 (+) 258 (-) 479
pH 12.38 (-) 807 (+) 1238 (+) 712 (-) 957
KOH + CsCl
pH 12.38 (-) 1165 (+) 1909 (+) 1050 (=) 1191

(+) and (—) symbols express the mass gain and mass loss, respectively,
during the respective charge transfer reaction. The experimental scatter-
ing is £20 % at a scan rate of 20 mV s~
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Fig. 9 Cyclic voltammetric (continuous lines) and the simultaneously
obtained EQCN frequency (dotted lines) responses for an
Au| poly(CuPc) electrode in contact with 0.5 mol dm > KCl () and
0.5 mol dm > CsCl (2), respectively. Scan rate 20 mV s~

smaller one in alkaline solution, may be related to the change
of the pH in the vicinity of the layer due to protonation/
deprotonation reactions accompanying the redox transforma-
tions. A closer inspection of the EQCN curve also reveals that
during the cathodic scan, the frequency response is similar to
that observed in alkaline media; however, especially in the
region of peak IIl,, the mass decrease resembles the change
observed in acidic media, i.e., a frequency increase occurs.

We realized that in neutral media, especially the EQCN,
responses strongly depend on the prehistory of the layer.
When the layer had been investigated in acid and alkaline
media, respectively, the EQCN responses were similar to
those observed in the media used previously. This behavior
prevails disregarding the intense rinsing and long time
soaking in the neutral media before the experiments in neutral
solutions, see also Figs. 10 and 11.
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Fig. 10 Cyclic voltammetric (continuous lines) and the simultaneously
obtained EQCN frequency (dash-dotted lines) responses for an
Au| poly(CuPc) electrode in contact with 0.5 mol dm > NaCl (/) and
0.5 mol dm > NaClOy (2), respectively. Scan rate 20 mV s '. Prehistory
of'the layer: the electrode had been cycled in pH 12 electrolyte then rinsed
with distilled water and then with the solutions used in this experiment
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Fig. 11 Cyclic voltammetric (continuous lines) and the simultaneously
obtained EQCN frequency (dash-dotted line) responses for an
Au| poly(CuPc) electrode in contact with 0.5 mol dm > NaClO, (2).
Scan rate 20 mV s '. Prehistory of the layer: the electrode had been
soaked and cycled in pH 12 electrolyte (/) and 0.2 mol dm > HCIO,
(2), respectively. Then both electrodes were rinsed with distilled water
and then with the solutions used in this experiment

In neutral solutions, the EQCN frequency changes are
higher in the presence of ClO4 ions than in Cl -containing
solutions if the same cation is used (Fig. 10). The M values
obtained are summarized in Table 3.

In order to get information on the kinetics of the processes,
scan rate dependence of the cyclic EQCN response has also
been studied (see Supplementary Figures 1 and 2). According
to the scan rate dependence of the peak currents, the waves
observed are surface ones, at least the peak currents are pro-
portional to the scan rate (v). The scan rate dependence of the
EQCN response reveals that the redox transformations are
accompanied with slow sorption/desorption processes. It is
usually explained by the motion of the neutral solvent mole-
cules, while the potential-driven migration of ions is fast. It
should be mentioned that the uptake of a large amount of
solvent can cause a substantial change of the structure of the
microparticles. Phase transitions are also accompanied with
extensive swelling-deswelling of the surface layer, while the
stress arising in the surface layer can affect the EQCN

Table3  Apparent molar masses (M/g mol ') of the exchanged species
calculated for the respective redox transformations in neutral solutions

Solutions Peak 111, Peak III, Peak IV, Peak 1V,
pH7

0.5 M NaCl (-) 154 (-) 37 (-) 80 (-) 37
0.5 M NaClO4 (-) 541 (-) 151 (+) 248 (-) 133
0.5 M KCl )85 () 121 (+) 88 (+) 106
0.5 M CsCl (-) 219 (+) 106 (+) 184 (+) 121

(+) and (—) symbols express the mass gain and mass loss, respectively,
during the respective charge transfer reaction. The experimental scatter-
ing is £20 % at a scan rate of 20 mV s~
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response substantially [15, 28, 29, 34-38]. The scan rate de-
pendence of the mass change is more pronounced in alkaline
media as it is expected, since in this case the very high M
values calculated can be related to structural changes and
dehydration/hydration of the layer. Furthermore, in pure acid
media, the dominating ionic transport process occurs via the
motion of the H;0" ions which is higher than that of other ions
in aqueous solutions. The high mobility also prevails for OH
ions in alkaline media. At pH 7, a transition from the surface to
the diffusional behavior has been observed at higher scan
rates, attesting the importance of the fast motion of the
above-mentioned ions.

Scheme of the redox transformations
Acidic electrolytes

In order to give a reasonable scheme of the redox transforma-
tions, we have to take into account both the mass changes and
the pH dependence of the voltammetric peaks observed. For
the sake of simplicity, poly(CuPc) will be abbreviated as CuPc
in the equations below. It can be assumed the protonation of
bridging nitrogen atoms of the pyrrole part of the isoindole
rings, and perhaps that of the nitrogen of the isoindole ring,
may affect the properties and redox responses of the whole
conjugated system. It is generally assumed that the central
Cu?" ions do not participate in the redox reaction [6, 8, 10].

The following facts have to be considered:

First, in the pH range from 0 to 3, only a single pair of
waves can be observed; the shift is ca. =60 mV/pH. In more
concentrated acid solutions, two pairs of waves appear, one of
those related to the peaks observed in less acidic solutions
since the above-mentioned potential shift as a function of
pH prevails. In fact, the —60 mV/pH dependence is preserved
in the whole pH range for the one-electron reduction even in
alkaline solutions.

Based on spectroscopic evidences, the protonation of one
or more bridging imine groups depending on the acidity of the
contacting solution has been proposed. At high concentrations
of strong acids, the protonation of more and more -C=NH-C
groups is expected [22, 25-27]. The protonation of the nitro-
gen of the isoindole cannot be entirely excluded, either; how-
ever, it occurs only at very high concentrations of strong acids
and at elevated temperatures. It eventually leads to the loss of
the central Cu®" ions [25]. In the case of protonation, to main-
tain the electroneutrality, anions enter the layer. The participa-
tion of water molecules can also be considered due to
the change of the hydration of different reduced and
protonated forms, and it is possible that water molecules
as ligands can form a (H,0), Cu”"Pc*” complex with
CuPc as it has been proven for other metal phthalocya-
nines, e.g., Fe*'Pc*™ [15, 39].
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Therefore, we consider the following protonation equilibria
in acidic solutions:

Cu?"Pc? (s) + 2H" (aq)

+2A7 (aq) 2Cu” P’ (H), (A7), (s) (3)

Cu*™Pc? (s) + H'(aq) + A™(aq)2Cu®"Pc* HTA™(s) (4)

Albeit usually monoprotonated and diprotonated forms
have been considered [22], the existence of the protonation
of all extracyclic N-atoms has also been suggested [27]. Pro-
tonation equilibria certainly exist in the case of the reduced
forms:

Cu*"Pc* H'M A (s) + H' (aq)

+ A" (aq)2Cu®"Pc> M (HT), (A7), (5) (5)

Cu?"Pc* M ™ (s) + H" (aq)

+ A" (aq)2Cu?"Pc* MTHTA™(s) (6)

In these equations, A =ClO,4 , HSO,4 , Cl", and M'=Na",
K", Cs" are used in our experiments. It can also be assumed
that pK, of the parent compound is higher than that of the
reduced form; therefore, there is a pH interval when the orig-
inal (unreduced) form is not protonated while the single re-
duced form is still protonated as in the case of
leucoemeraldine and emeraldine forms of polyaniline [32,
40].

Second, the reaction scheme is obviously rather complex,
the reactions are pH dependent. The ionic exchange processes
during the redox transformations involve the sorption and de-
sorption of H" ions and other cations as well as anions. Water
molecules also contribute to the mass changes depending on
the hydration of ions and the poly(CuPc) in its actual redox
state, respectively. Indeed, it was observed that the mass
changes depend on the nature of both anions and cations.
However, in the course of both the first and the second reduc-
tion steps, the mass of the exchanged species, that can be
calculated from the EQCN frequency change and the charge
consumed, does not equal to the molar mass of the cation or
the anion used in the experiments. On the other hand, in the
presence of perchlorate or sulfate ions, higher mass change
was observed than in chloride ion containing media, and sim-
ilarly Cs" ions caused a higher mass change than Na" or K
ions during the given redox process. This observation can be
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assigned to the transport of the solvent molecules (in some
cases counterflux) as well as the simultaneous transport of
cations and anions. We have to emphasize again that the re-
quirements of the use of Sauerbrey equation for the calcula-
tion of the mass change were not met, either. Nevertheless, the
M values calculated are reasonable, and at least the ratio of
those obtained in the presence of different cations and anions,
respectively, can be considered as reliable data.

Third, an explanation of the dependence of the mass
change as a function of the nature of the anion (Figs. 2, 3,
and 6, Table 1) has to be given, keeping in mind the proton-
ation equilibria in acidic media.

During reduction, an incorporation of cations is expected in
the simplest case, i.e.,

Cu*™Pc? (s) + M (aq) + ¢ 2 Cu?"Pc®> M™(s) (7)
or

Cu?"Pc? (s) + H' (aq) + ¢ 2Cu?> Pc* H (s) (8)
and

Cu*"Pc? (s) + 2H" (aq) + A (aq)

+e 2 Cu?"Pc* (H'),A (s) 9)

(Note that in the pH range between 0 and 1, a value close to
120 mV/pH was obtained.)

However, at low pH values, both the unreduced compound
and the reduced one can be protonated, or depending on the
pK, values, the unreduced form is unprotonated while the
reduced form is still protonated. Therefore, the following re-
action should also be considered:

Cu?"Pc? (s) + M"(aq) + H' (aq) + A (aq)

+ e 2Cu>" P MTH A (s) (10)

(Note that 60 mV/pH dependence was found that in the pH
range between 1 and 3.)

In pure acidic solutions, both reactions (8) and (9) can
occur simultaneously. By Egs. (9) and (10), we can explain
the higher mass change and the higher M values in the pres-
ence of perchlorate ions and sulfate ions in comparison with
that of chloride ions (Table 1). It is reasonable to assume that
these resultant M values are originated from two effects; redox
reactions described by equations above that occur simulta-
neously, Egs. (8) and (9) are operative in pure acid media

and Eqs. (7) and (10) are valid when Na" ions are also present.
A flux or counterflux of water molecules can also be respon-
sible for the observed M values. If our assumption is true, the
M values should decrease with increasing pH when Na' ions
are also present, the participation of anions becomes smaller,
and Eq. (7) will be the dominating process (Fig. 1). Indeed, it
is the case since in the range of pH 1 and 3, the M value
decreases to 16+5 g mol ' which is close to the molar mass
of the Na" ions. It indicates that reaction (7) starts to become
the dominating reaction.

Below pH 0 (5 mol dm? H,S0,), we consider the exis-
tence of multiple protonated forms. Therefore, the possible
reactions are as follows:

Cu*"Pc* HYA™(s) + H (aq)

+ e 2Cu? P’ (H'),A (s) (11)

Note that in the region of the first reduction peak (peak I, of
Figs. 3 and 4), even a small mass decrease with M=32+10 can
be observed that is followed by the mass increase (M=88+
10).

Cu>"Pe> (H*)y(A ), (s) + 2H" (aq) + A™(aq)

+e 2Cu* P (H),(A7);(s) (12)

During the reoxidation in the first step at about 0 V, a mass
decrease (M=78+10) occurs, i.e., H ions and anions leave
the film according to Eq. (13):

Cu*"Pe’ (H'),(A7)5(s)2Cu P (HY),(A"),(s)

+2H" (aq) + A (aq) + ¢ (13)

It continues also in the potential region of the second an-
odic peak which can be related to the anodic reaction:

Cu?"Pc® (H) (A7), (s)2Cu® PP HTA™ (s)

+2H" (aq) + A (aq) + ¢ (14)

Of course, the reaction mechanism is obviously more com-
plicated, the sequence of the electron transfer and protonation/
deprotonation reactions (ECE mechanism) can affect the re-
sponses substantially. We may also consider that the anions
form axial ligand complexes with the central Cu®" ions or
anions can act as bridging ligand complexes between two
Cu®" ions [41-43]. By the help of this concept, the differences
concerning the EQCN responses in the presence of different
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anions, e.g., chloride, perchlorate, and sulfate, can be under-
stood. Therefore, we can suggest also the reactions as follows:

[Cu®"Pc® AT]H* (s) + H' (aq)

+ e 2[Cu®" P’ AT (HT),(s) (15)

or
[Cu®"Pc*"AT|Na™ (s) + H" (aq)

+e 2 [Cu?" P A" |NaH" (s) (16)

or
[Cu®"Pc*”A7|Na™ (s) + Na™ (aq)

+ e 2[Cu”"Pc’"AT] (Nat),(s) (17)

The ([]) brackets symbolize the complex, while the cations
are considered as counterions.

Alkaline electrolytes

In alkaline solutions, two pairs of waves appear in the cyclic
voltammograms (Figs. 7 and 8) which could be related to the
Pc*/Pc® and Pc* /Pc* redox transformations [10, 39]. The
EQCN frequency change is also reversible, however, more
complicated than that obtained in acidic media. In the course
of reduction at the peaks appearing at less negative potentials
(peak III.), a mass decrease occurs which is followed by a
mass increase at the peak of the more negative potentials (peak
IV,). The frequency changes are very large, and consequently
the molar masses that can be calculated for the exchanged
species are also very high. The high M values calculated from
the EQCN results can be related to structural changes. Dimer-
ization or aggregation has already been reported in the case of
phthalocyanines [10, 21, 22, 39].

When a structural change or a phase transition occurs, it is
usually accompanied by the loss of water from the layer
[34-38]. In our case, the water molecules can originate from
either hydrate water or ligands.

Somewhat surprisingly, there is still a potential shift as a
function of pH which equals to 7010 mV/pH for both waves
between pH 11 and 11.4, and 70+£10 and 90+10 mV/pH for
the peaks III, and IV, respectively, above pH 11.4. It means
that H' ions (or OH ions and water molecules) are still in-
volved in the redox reactions.

The participation of cations should be considered because
in the presence of Cs’ ions, a higher mass change can be
observed than in K'-containing electrolyte (Fig. 8). For
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instance, it may mean that at peak I, the Cs™ ions replace
more water molecules in the layer, while at peak IV, the higher
molar mass is responsible for the higher mass change. For the
description of the pH dependence, the formation of OH  ions
has to be considered. We may consider the reduction of the
water molecules belonging to the CuPc units. Alternatively, it
is a reasonable assumption that Cu®"~(OH ), axial ligands are
formed in alkaline media, and during the reduction their re-
moval occurs [41-43]. Furthermore, the formation of a mixed
valence dimer can also be taken account. The fast protonation
after the electron transfer is also possible.

Therefore, we may assume the following equations consid-
ering two consecutive redox reactions resulting in the forma-
tion of Pc®>™ and Pc*™ species, respectively. These reaction
sequences can explain both the pH dependence of the peak
potentials and the mass changes simultaneously.

Scheme 1 electrochemical-chemical (EC) mechanism:
electron transfer is followed with fast protonation and loss
of OH ions in the first reduction step

Cu’"Pc” (H20),(s) + ¢ 2Cu’"Pc’ HY (H0), ., (s)

+ OH" (aq) + yH,O(aq) (18)

Instead of Cu®>"Pc® HY, it would be better to write CuPcH
as it is the usual way in organic electrochemistry; however,
keeping the ionic form, the occurring event is more visible. It
can explain both the pH dependence and the mass loss at peak
III.. However, the effect of cations and anions cannot be elu-
cidated by this scheme, and the description of the mass in-
crease in the course of the further reduction becomes also
problematic.

Scheme 2 removal of axial ligands during reduction

If we assume the existence of axial ligands Cu®"-(OH ),
formed in alkaline media and their removal during the reduc-
tion, the effect of cations can also be elucidated.

Therefore, the first reduction step is as follows:

[Cu®*Pc? (OH ), | (M ™), (H20),(s)
+e 2 [Cu®"P’ (OH )] (M+)2(H2O)x—y(s)

+ OH (aq) + yH,0(aq) (19)

The ([]) brackets symbolize the complex, while the cations
are considered as counterions and the water molecules may
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belong to the complex or they are present as hydrate water
molecules.
During the second reduction step,

[Cu*"Pe® (OH )] (H20),, (M"),(s) + M (aq)
+X (aq) + ¢
+zH,0(aq)z [Cu® Pt | X (M");(H0), ., (s)
+ OH' (aq) (20)

cations and anions and possible water molecules enter the
layer. Therefore, all effects, i.e., pH dependence, mass in-
crease, role of the ions, and even scan rate dependence by
the water transport, can reasonably be explained.

Scheme 3 dimerization concept

[Cu?"Pe®” (OH), ] (M), (H20), (s) (21)
+ [Cu®*Pc® (OH") | (M*), (H20),(s)2 [Cu®"Pc* (OH ), ]
—[Cu®*Pc (OH)| (M), (H20),,(5) + yH,0(aq)

@n

The loss of high amount of water is most likely due to the
dimerization. In this case, the further oxidation is as follows:

[Cu®"Pe” (OH"),]—[Cu*"Pe’ (OH )] (M ™), (H,0),,_, ()
+3M"(aq) + 3X (aq) + 3¢~
+2zH0(aq)2 [Cu” Pe* ], (X7)5 (M) (H20),5, ., (5)

+ 30H (aq)
(22)

Nevertheless, it is most likely that these reactions have a
more complex mechanism in that several charge transfer and
chemical steps are involved.

The results of the electrochemical nanogravimetry provid-
ed a new insight into the redox transformations and the nature
of the accompanying ionic and solvent transport processes of
the poly(CuPc) electrode. However, further studies are needed
for the elucidation of the complex reaction mechanism.

Conclusions

The study of the potential-dependent ionic and solvent ex-
change processes by EQCN revealed the rather complex

mechanism of the redox transformations of the poly(copper
phthalocyanine) microparticles attached to gold surface in
contact with aqueous solutions. The redox reactions belong
to the reduction and reoxidation of the Pc ring. The pH depen-
dence of the peak potentials indicates the participation of H"
ions in the redox reactions in a 1 H'/1 e ratio in acidic and
neutral solutions and the formation of 1 OH ion/1 e in basic
electrolytes. In acidic solutions, the protonation of the phtha-
locyanine strongly influences the mass changes. In alkaline
solutions, dimerization occurs causing a change of the struc-
ture and dehydration/hydration of the layer. It manifests itself
in the high apparent molar mass values obtained.

The poly(CuPc) layer is stable both in acidic and alkaline
solutions during the reversible reduction and reoxidation pro-
cesses. No oxidation of the poly(CuPc) sample occurs until
0.8 V vs. SCE in acidic solutions and 0.4 V vs. SCE in alka-
line solutions, respectively. The reaction rates show a mini-
mum value at neutral pH.

The relatively slow motion of solvent molecules introduces
a scan rate dependence regarding the mass change during
potential cycling which is more pronounced in alkaline media
where the water transport plays an important role in the mech-
anism of the electrode processes.

Reaction schemes have been suggested taking into account
the protonation steps in acidic media and the removal of the
OH axial ligands in the course of reduction in alkaline
solutions.

In acidic media above pH 0, the product of the first reduc-
tion step is Cu®>'Pc®” (H A~ or Cu>'Pc® M'H'A™, while
below pH 0 the formation of Cu*"Pc®” (H"),A™ and Cu*"Pc*~
(H")4 (A"); occurs in two steps. We may also consider that the
anions form axial ligand complexes with the central Cu”* ions
or anions can act as bridging ligand complexes between two
Cu?" ions [41-43]. By the help of this concept, the differences
in the cyclic voltammetric and mass responses in the presence
of different anions can be related to the existence of axial or
bridging ligands.

It is proposed that under alkaline conditions axial ligands
Cu”*-(OH ), are formed. Considering their removal during
the reduction,

[Cu®"Pc® (OH "), | (M"),(H20),(s) + ¢ 2[Cu**Pc’ (OH )]
(M7),(H;0),(s) + OH (aq)

+yH,0(aq) [Cu”"Pc™ (OH )] (H20),, (M"),(s) + M" (aq)

+ X (aq) + ¢ + zH,0(aq)2 [Cu**Pc* X" (M¥);(H,0), ., (s)

+ OH (aq)

both the pH dependence of the peak potentials and the mass
changes can be elucidated regarding both reduction steps. It is
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also assumed that the high mass loss occurs during a dimer-
ization reaction, and accordingly the dehydration can be de-
scribed as follows:

[Cu”"Pc* (OH),] (M"),(H20),(s)
+ [Cu*"Pc? (OH )| (MT),(H,0), (s)2 [Cu?"Pe? (OH ),

—[Cu?"Pe¥ (OH)] (M), (H20),, (s) + yH,0(aq)

In this case, the further reduction step is the reduction of the
mixed valence dimer:

[Cu®"Pe” (OH"),]—[Cu*"Pe’ (OH")] (M ™), (H,0),,,(s)
+3M*(aq) + 3X (aq) + 3¢~
+zHy0(aq)2 [Cu? Pe* |, (X7);(M*),(H20),, ., (5)

+ 30H (aq)

The behavior of poly(copper phthalocyanine)—which is a
conjugated system—resembles that of other conducting
polymers.
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