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Abstract The electrochemical behaviour of binuclear
copper complex with Robson-type ligand [Cu,L]Cl, in
aqueous medium is studied by cyclic voltammetry at
highly oriented pyrolytic graphite, glassy carbon and
gold electrodes. The overall reduction from solution of
this reactant is found to be irreversible resulting in
metallic copper formation. It is also complicated by
chemical transformations of Cu(l) containing species.
When attached to carbon support, [Cu,L]Cl, is redox
active in aqueous medium in the same potential range.
The reduction is more reversible if reactant is immobi-
lized at HOPG surface, and is in general agreement with
reversible copper demetallation scheme. For dissolved
reactant, the contribution of surface-attached species is
screened by predominating voltammetric response of
irreversible reduction. These conclusions are supported
by data on the reduction of free protonated ligand and
its hydrolysis products. Ex situ STM is applied to
characterize electrode surfaces modified by [Cu,L]Cl,.
Adsorbate monolayer of periodic structure is observed
at highly oriented pyrolytic graphite (HOPG). Adsorp-
tion is more disordered at GC and less strong at poly-
crystalline gold support.

Keywords Binuclear copper macrocyclic complex -
STM images - Cyclic voltammetry - Electroreduction -
Aqueous medium

Introduction

Template binuclear complexes of transition metals with
Robson-type ligands [1-3] give a chance to discover new
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electrocatalytic systems with unusual mediating behav-
iour [4]. For aqueous systems, future applications of
these compounds are limited by their low solubility and
poorly studied electrochemistry.

We report below the study of [Cu,L]Cl, (Fig. la, L is
the product of [2+ 2] condensation of 2,6-diformyl-4-¢-
butylphenol and 1,3-diaminopropane), a representative
of this group which demonstrates satisfactory solubility
in aqueous medium at room temperature (millimolar
range), but rather slow dissolution kinetics. General
peculiarities of [Cu,L]Cl, aqueous electrochemistry are
reported in our recent paper [5]. The most unusual fea-
ture discovered in [5] is a single wave which corresponds
to four electron destructive reduction with formation of
metallic copper and precedes the reduction of ligand (in
contrast to well-separated single electron waves ob-
served in aprotic solvents [6-9]).

Further investigation of redox behaviour of
[Cu,L]Cl, immobilized at solid electrode materials is
crucial for estimating electrocatalytic prospects of reac-
tants under study because one cannot expect any medi-
ating ability for chemically irreversible redox process. It
is also important for future understanding of the nature
of the abovementioned four-electron wave (which evi-
dently consists of coalesced waves).

Recent attempt to study the redox behaviour of solid
mechanically attached binuclear and tetranuclear copper
complexes with Robson-type ligand in aqueous solu-
tions [l10] revealed that these reactants undergoes
reversible demetallation in the course of reduction pro-
cess and reforming upon oxidation cycle. On the other
hand, the insolubility of reactants under study in Ref.
[10] in aqueous medium prevents from direct comparing
of electroreduction features of dissolved and surface-
immobilized species using the same electrode material
and solvent.

To provide such comparison we studied the redox
properties of soluble [Cu,L]Cl, in aqueous medium at
highly oriented pyrolytic graphite (HOPG), glassy car-
bon (GC) and polycrystalline gold electrodes. The spe-
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Fig. 1 Schematic structure of [Cu,L]Cl, (a) and the ligand
compound [H4L](PFy), (b)

cific features of [Cu,L]Cl, immobilization at HOPG, GC
and gold supports was investigated by ex situ STM
technique. As the [Cu,L]Cl, reduction is closely related
to the free ligand redox behaviour, the DC-polaro-
graphic data for this reactant and free ligand protonated
salt ([H4L](PF¢),, Fig. 1b) are also compared.

Experimental
Chemicals

CH;COONa-3H,0 and glacial acetic acid (pure per
analysis, Merck) were used for preparation of buffer
supporting solution. All solutions were prepared with
twice deionized and filtered water (Milli-Q and Elix
purification system).

Reactants

[Cu,L]Cl'H,O was prepared using well-developed pro-
cedure for template condensation [3, 11], recrystallized
from water and characterized by elemental analysis
(calculated for C3oH33N4O->Cl,CuyH,O (%): C, 51.28;
H, 5.73; N, 7.93; found: C, 51.6; H, 5.4; N, 7.9), IR
analysis ((Nujol) v (cm™"): 1,640 (C=N), 1,330 (C-O),
1,570 (C=C)), TGA (decomposition point is 326°C (in
air), incombustible residue calculated for CuO: 22.6%,
found: 19.4%).

The protonated salt of free ligand was synthesized
according to procedure [12], then was twice recrystal-
lized from the mixture of acetonytrile and diethyl ether
and characterized by elemental analysis (calculated for
C3()H42N402P2F12 (0/0): C, 4616, H, 542, N, 718,
found: C, 45.8; H, 5.6; N, 7.2), "H NMR (300 MHz,

acetone dg: 6=1.2 (18H, s), 2.55 (4H, m), 4.28 (8H, d),
7.7 (4H, s), 8.68 (4H, d), 13.75 (br s)).

Instrumentation

Cyclic voltammograms were recorded using an EG&G
PARC 273A potentiostat:galvanostat controlled by
software running on a PC. The measurements were
carried out in a three-electrode glass cell with separated
compartments using a saturated calomel electrode (SCE)
as the reference connected with a cell via Luggin capil-
lary with saturated KClI salt bridge and a Pt plate as the
auxiliary electrode. The working electrode was either a
HOPG (ZH, NTMDT, Russia), or a GC (Alfa Aesar) or
gold wire.

DC-polarography was carried out on DME with the
mercury flow rate of 0.91 mg s ' and open circuit drop
life time of 8.1 s under the same conditions as described
in Ref. [5]. Polarogramms are presented with subtraction
of background currents. All potentials below are re-
ferred to SCE.

For STM characterization, a homemade LitScan
device was applied. Base voltage and base current were
specially chosen for each sample to obtain better reso-
lution. This choice was based on preliminary measure-
ment of various tunneling spectra [13].

Procedures

Before taking measurements, the working electrodes
were pretreated with concentrated sulfuric acid for 3—
5 min (GC electrode) or with a hot mixture of concen-
trated nitric and hydrochloric acids (1:3) (gold wire
electrode) and rinsed with deionized water. The working
surface of HOPG was cleaved mechanically by adhesive
tape before each series of experiments. In order to
eliminate the contribution of lateral faces in overall
capacitance of HOPG electrode, before CV measure-
ment these sides of HOPG were covered with chemically
pure paraffin. A textured film of Au on mica was an-
nealed at 800°C.

All solutions of [Cu,L]Cl, (0.33 mM) for CV exper-
iments were supported with acetate buffer (0.1 M
pH 6.0) and were deaerated with argon during at least
25 min before measurements. The cyclic voltammo-
grams in solutions under study were registrated after
CVs in supporting buffer solution, without additional
pretreatment of the working electrode, except for the
case of [Cu,L]Cl, immobilized onto HOPG surface.
Measured at HOPG, GC and gold electrodes CVs of
[Cu,L]Cl, became stabilized from the second scan except
for scan rate 0.5 Vs~ ' at HOPG.

For immobilization of [Cu,L]Cl, at HOPG support a
droplet of 20-40 pl of [Cu,L]Cl, solution (0.085 mM) in
water was deposited on a freshly cleaved HOPG surface
and was allowed to dry in air under ambient conditions.
The same immobilization procedure was applied in STM



experiments at HOPG, GC and gold supports. The
quantity of immobilized species was estimated on the
basis of crystallographic data for [Cu,L]Cl, molecule
[11] to obtain several monolayers per geometric surface,
area of HOPG celectrode. To study redox activity of
[Cu,L]Cl, attached to GC surface GC electrode was
immersed into 0.33 mM buffered solution of [Cu,L]Cl,
for ca. 30 min before CV measurements in supporting
solution.

For DC-polarographic measurements the solutions
of [H4L](PFy),, 2,6-diformyl-4-¢-butylphenol and [Cu,L]
Cl, (0.2 mM) were prepared in an acetate buffer (0.1 M
pH 6.0).

Results and discussion

Comparative electrochemical study of [Cu,L]Cl, and
[H4L](PFg), in solution

The experiments on electroreduction of binuclear com-
plexes of Robson-type ligands are in close connection
with the redox behaviour of their free macrocyclic ligand
and are especially crucial if the reduction of metal
complex leads to demetallation. Possible potential range
of the ligands redox activity in organic solvents was
estimated on the basis of data on electroreduction of
their complexes with redox inactive ions (for example
Zn(II)). Synthesis and isolation of metal-free Schiff-base
macrocycles were poorly available for a long time since
the first synthesis of binuclear metal complexes of
Robson-type ligands [12]. As far as we know the elec-
trochemistry of free ligand corresponding to the
[Cu,L]Cl, or its protonated salt was never reported.

In accordance with our previous data [5] the reduc-
tion of [Cu,L]Cl, by preparative electrolysis at mercury
pool electrode leads to metallic copper and free ligand
formation with parallel or subsequent hydrolysis in
aqueous medium (pH 6.0). These data correspond to
potential region of the first polarographic wave (Fig. 2,
solid curve). The subsequent waves are surely related to
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E/V (SCE)

Fig. 2 DC polarographic curves recorded in acetate buffer (pH 6.0)
solutions of: solid line 0.2 mM of [Cu,L]Cl,, dashed line partly
hydrolyzed solution of [H4L](PFs), (see text), dotted line saturated
2,6-diformyl-4-z-butylphenol
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the reduction of organic species, which is discussed for
the first time in this section.

The dissolution of [H4L](PF¢), in acetate buffer
(11.7 mg of ligand salt for 100 ml, pH 6.0) is found to be
complicated by low solubility of the ligand itself or likely
its hydrolysis products (one of them being 2,6-diformyl-
4-t-butylphenol denoted as dfph). Hence, to prepare the
solution which would model the species associated with
[H,L]*" in aqueous medium, undissolved portion was
filtered out and the resulting solution, denoted here as
solution of [H4L](PFg),, is studied by DC-polarography
at dropping mercury electrode. Comparing polarograms
of this solution and the saturated solution of dfph
(Fig. 2, dashed and dotted curves, respectively) the fol-
lowing features are to be noted. Both curves are char-
acterized by two waves, but the fraction of the first wave
limiting current (£}, ca. —0.9 V) in overall response for
solution of [H4L](PF)- is lower than those for solution
of dfph. The reduction in the solution of [H4L](PFy),
starts at —0.85 V that is ca. 0.1 V less negative than the

Fig. 3 STM data for HOPG: a bare support; b—d modified surface
(20 pl of 85 uM [Cu,L]Cl,, ca. five monolayers, with subsequent
washing), e Fourier transformed spectra obtained from (d), the
same scale as for (d). Modes: base voltage 0.15 V, base current
130 pA, a—c constant current mode, d constant height mode
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onset of dfph reduction. These facts may be explained by
the presence of another redox active product of [H4L]*"
hydrolysis (besides dfph) in the solution under study, or
by redox activity of non-destructed protonated ligand.

The polarogram of [Cu,L]Cl, reduction (solid curve
in Fig. 2) demonstrates three waves at the same poten-
tial region. Compared to the curve for the solution of
[H4L](PFg), the second wave of [Cu,L]Cl, commence at
even more positive potentials (ca. —0.7 V) and the onset
of the third wave (ca. —1 V) is close to the onset of dfph
reduction. This observation contradicts the simplified
assumption of ligand destruction starting only after
transfer of four electrons. More realistic hypothesis is
the formation of [H4L]*" hydrolysis products in the
course of earlier chemical steps, i.e. after formation of
Cu(I) containing species.

[Cu,L]Cl, interaction with solid surfaces as observed
by STM

Obvious STM manifestations of [Cu,L]Cl, strong
adsorption were obtained for HOPG. After thorough
washing some portion of initially deposited reactant was
deleted, but the difference of bare (Fig. 3a) and modified
HOPG surfaces was still visible. Adsorbate monolayer
of periodic structure was imaged under both constant
current (Fig. 3c) and constant height (Fig. 3d) modes.
To estimate the geometry of 2D adlattice, Fourier
transformation was applied (Fig. 3e). Disordered hex-
agonal cell with parameters ca. 1.25 nmx1.15 nm? and
126° angle can be assumed on the basis of this analysis.

These parameters do not contradict the molecular size
and 3D cell parameters (0.7x1.9x1.7 nm?) [11]. The unit
cell area is close to the areas of some 2D projections of
crystal unit cell.

Accumulation of excess quantity of [Cu,L]Cl, was
found in the vicinity of HOPG steps (compare Fig. 3a,
b). This phenomena was most probably responsible for
complications met when cleaving HOPG surface after
previous immobilization.

Interpretation of STM data for GC surface is much
more difficult because of inhomogeneous morphology of
bare support (Fig. 4a). The majority of morphological
features remain the same after immobilization (Fig. 4b,
¢). More degraded images resulting from surface modi-
fication make it possible to assume the formation of
[Cu,L]Cl, monolayer or even thicker films. It is rather
probable that [Cu,L]Cl, forms nm-size fragments which
are distributed between larger native fragments of GC
(Fig. 4c). Fourier analysis fails to extract any periodic
structure, which can result from less strong adsorption
(as compared to HOPG). However, one cannot exclude
that nm-size disorder of GC support is responsible for
this fail. Basically, we can conclude STM manifestations
of [Cu,L]Cl, adsorption on GC.

When depositing ca. 10 monolayers of [Cu,L]Cl, on
gold we observe the fragments of several nm size
(compare Fig. 5a, b) which can be interpreted as nano-
crystals. These fragments disappear after washing
(Fig. 5¢), and no manifestations of residual adsorbate
are observed. The unclear shape of gold atomic steps
after washing gives evidence of [Cu,L]Cl-induced

Fig. 4 STM data for GC: a bare support, b, ¢ modified surface
(20 o of 85 uM [Cu,L]Cl,, ca. five monolayers). Base voltage
—1.0 V, base current 300 pA

Fig. 5 STM data for Au film on mica: a bare support, b modified
surface (40 pl of 85 uM [Cu,L]Cl,, ca. 10 monolayers), ¢ modified
surface after washing. Base voltage 0.7 V, base current 700 pA



reconstruction, which phenomenon is out of frames of
this study.

In general STM demonstrates the following difference
in [Cu,L]Cl, interaction with solid surfaces under study.
The most strong and ordered adsorption takes place on
HOPG. GC also seems to be able to adsorb the reactant,
but adlayers are more disordered. Adlayers of [Cu,L]Cl,
formed on carbon supports remain stable after washing.
Contrary, for gold no exact evidence of [Cu,L]Cl,
adsorbate remaining at the surface after washing is
found.

Electrochemical behaviour of dissolved [Cu,L]Cl, at
solid electrodes

Typical cyclic voltammograms of [Cu,L]Cl, in aqueous
solutions are presented in Fig. 6. At CVs recorded
varying cathodic boundary potential (Ej;;,,) from —0.5 to
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Fig. 6 Cyclic voltammograms for 0.33 mM solution of [Cu,L]Cl,
(pH 6.0) recorded with cathodic limits —0.5, —0.6, —0.7, —0.8,
—0.9 and —1 V (scan rate 0.05 V s~ ') at: a HOPG (0.49 cm?), b GC
(2.3 em?), ¢ gold electrode (0.16 cm?) (arrows denote a tendencies
resulting from the shift of cathodic limit)
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—1 V the most pronounced reduction process (denoted
below C1) is observed at all electrode materials under
discussion. The presence of either plateau or peak cor-
responding to C1 process at gold electrode seems to be
dependent on the electrode pretreatment. The onset of
the reduction (Cl1) for [Cu,L]Cl, at solid electrodes is
close to that found in DC-polarography experiment on
mercury (solid curve in Fig. 2).

All voltammetric curves under discussion (Fig. 6)
show an anodic response in the vicinity of potential ca.
0V, denoted below as Al. The deeper is the cathodic
process Cl1, the higher charges pass in the course of
anodic Al process giving evidence of coupling of these
processes. Interrelation of C1 and Al is especially pro-
nounced for gold electrode (Fig. 6¢c). A coalesced nature
of peak corresponding to Al is associated with desorp-
tion of copper adatoms (peak at ca. 0.15 V) and copper
overlayer (peak at ca. 0 V) [5].

The charge spent for adatoms oxidation is always
lower as compared to the charge of complete monolayer
desorption (420 uC cm~?) and remains constant (ca.
270 uC cm™“) even when the second anodic peak (at
0 V) is already observed. Further copper accumulation
appears to be possible only in the overlayer. Partial
surface blocking by another adsorbate can be responsi-
ble for preventing the formation of complete copper
monolayer. We assume this adsorbate to be organic li-
gand and/or its fragments.

Though an anodic response Al is less pronounced at
CVs of [Cu,L]Cl, recorded at HOPG and GC elec-
trodes, its charge also correlates with the charge spent
for reduction C1 (Fig. 6a, b). HOPG electrode is likely
to be more sensitive (than GC or gold) to possible
irreversible processes resulting in the changes of the
surface state in the course of [Cu,L]Cl, reduction. So
with subsequent shifting of Ej;,, from —0.5 to —1 V the
CVs at HOPG undergo less distinct changes. The
deposition and desorption of copper on GC are studied
in detail in recent Ref. [14]. No evidence of adatoms
formation is observed, and nucleation and desorption
kinetics is also found to differ from known for noble
metal electrodes. Complications of cuprous ions reduc-
tion and stripping experiments in neutral solutions is
found at carbon microelectrode [15]. Thus, the difference
of anodic peaks associated with process Al at carbon
(Fig. 6a, b) and gold (Fig. 6¢) electrodes agrees well with
the specific properties of copper deposits at these
materials.

In contrast to CVs at other electrodes, voltammo-
grams for HOPG demonstrate an additional redox fea-
ture corresponding to cathodic process C2 and
associated anodic peak of process A2 (Fig. 6a). These
peaks are observed at CV, when Ej;, is —0.8 V or more
negative. Possible nature of C2 and A2 is discussed
below. The voltammetric data on [Cu,L]Cl, reduction at
HOPG, GC and gold electrodes are summarized in
Table 1.

To exclude the potential region of the ligand redox
activity (polarographic waves at potentials more neg-



586

Table 1 Peak potentials or potential ranges (V/SCE) of redox process (denoted in brackets) observed at CVs (0.1 M acetate buffer
pH 6.0): for dissolved [Cu,L]Cl,, for immobilized [Cu,L]Cl,

Scan direction Electrode
HOPG GC Gold
Dissolved Immobilized Dissolved Immobilized Dissolved
[CUZL]CIQ [CUZL]CIZ [CU2L]C12 [CUQL]CIQ [CU2L]C12
Cathodic (C1) -0.7 to —1* (C1) —0.75 to —0.9 (C1) —0.65° (C1) —=0.7 to —0.9
(C2) —0.4* (C2) —0.6
Anodic (A1) 0 to 0.2° (A1) 0 (A1) O (A1) O (A1) 0 to 0.3¢
(A2) —0.4* (A2) —0.5
—0.25°
(A3) 0.5 (A3) —0.5°

“Dependent on the number of preceding cycles and/or scan rates
Peak/coalesced peak shaped only at 0.010-0.025 V s~
“Observed at scan rates higher than 0.050 V s~!

Two coalesced peaks

ative than —0.7 V, solid curve in Fig. 2) the redox
behaviour of [Cu,L]Cl, at carbon electrode materials
is studied in the range from 0.3 to —0.7 V. CVs at
HOPG and GC of [Cu,L]Cl, at different scan rates for
potential being swept in this restricted region (Fig. 7)
demonstrate an important additional feature. Besides
the peaks associated with C1 and Al a broad anodic
voltammetric response A3 appears in the region ca.
—0.5 V at scan rate exceeding 0.025 V s~'. This peak
potential slightly shifts with scan rate at HOPG
(Fig. 7a); less distinct peak at —0.55 is found at GC at
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Fig. 7 Cyclic voltammograms for 0.33 mM solution of [Cu,L]Cl,
(pH 6.0) recorded in the restricted potential region (Ej;, = —0.7 V)
at: a HOPG (0.42 cmz), scan rates 0.025, 0.05, 0.1, 0.2 and
0.35 V s~ ! (inser: the enlarged fragment of CVs), b GC (2.3 cmz?
electrode, scan rates from 0.025, 0.05, 0.1, 0.35 and 0.5V s~
(arrows indicate the tendencies resulting from increase of scan rate)

°Indistinct peak
'Observed only in the potential range from 0.3 to —0.7 V; at scan
rates 0.025 to 0.05 V s~ ! a coalesced peak at —0.4 V is detected

scan rate higher than 0.05 V s~' (Fig. 7b). Because of
rather negative potential the anodic process A3 cannot
be assigned to oxidation of copper metal and should
be considered as manifestation of redox activity of
intermediate Cu(I) containing product of [Cu,L]Cl,
reduction. Since this peak is observed only when the
reduction process is less deep (that is cathodic Ej, is
more positive than —0.7 V) and at scan rate is not too
low, an intermediate chemical reaction of finite rate is
supposed to take place. Taking into account the fea-
tures of [Cu,L]Cl, reduction at DME the fact that
chemical step affects the intermediate product of
reactant reduction is rather plausible.

The coalesced nature of peak assigned to process A3
(Fig. 7a, inset) is more evident at scan rates 0.025-
0.05 V s~ !. Thus the peak at ca. —0.4 V (Fig. 7a) cannot
be assigned uniquely to process A3, especially taking
into account the presence of responses (A2) and (C2) at
the same potential at HOPG (Fig. 6a). On the other
hand, the peak at ca. —0.5 V (another component of
coalesced response (A3)) is strongly dependent on scan
rate and is detected at both HOPG and GC electrodes
only if Ej, remains in the region of the first polaro-
graphic wave.

The peaks assigned to processes C2 and A2 are
most pronounced at CVs of [Cu,L]Cl, when the po-
tential is swept from 0 to —1 V (Fig. 8a). It is to be
emphasized that the CVs for [Cu,L]Cl, at HOPG
electrode are sensitive to the sequence of scan rates,
Ejim, values and the number of preceding cycles. Such
specific feature of HOPG can be explained by accu-
mulation of solid product (metallic copper) at the
surface in the course of reactant reduction and copper
incomplete dissolution at certain scan rates. In par-
ticular, C2/A2 redox process is very sensitive to this
cycling history, and its small response is sometimes
hardly detectable at low scan rates (Fig. 8a). The
dependence of peak current on scan rate is found to
be linear for the peak associated with A2 and deviates
from linear (to lower current values) for the peak
associated with C2. This type of current dependence
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Fig. 8 Cyclic voltammograms for 0.33 mM solution of [Cu,L]Cl,
(pH 6.0) recorded in a wide potential region (E;,=-—1V) at:
a HOPG (0.42 cmz), scan rates 0.01, 0.025, 0.05, 0.2, 0.35 and
0.5 V's', b GC electrode (2.3 cm?), scan rates 0.05, 0.1, 0.2, 0.35
and 0.5 Vs~ (arrows indicate the tendencies resulting from
increase of scan rate)

on scan rate can evidence the presence of quasi-equi-
librium redox transition for adsorbed species which
occurs in parallel with dissolved [Cu,L]Cl, reduction.

The evolution of CVs at HOPG manifests the fol-
lowing features. At slow scan rates (0.01-0.05 V s~ ') the
CV curves at HOPG demonstrate a broad cathodic peak
corresponding to C1 (E, ¢; shifts from —0.75 to —1 V).
The peak current I, ¢ slightly decreases in subsequent
potential cycles at high scan rates (0.35-0.5 V s~ 1). It is
coupled with coalesced anodic peaks in the potential
range from 0 to 0.1 V (process Al). With an increase of
scan rate the anodic peak current I, o, decreases, and a
pair of cathodic (C2) and anodic (A2) peaks is detected
(from —0.45 to —0.25 V).

CV curves of [Cu,L]Cl, at GC (Fig. 8b) demonstrate
less pronounced voltammetric features as compared to
those at HOPG. The reduction process Cl1 is detected at
potentials below —0.8 V, which wave looks like two
coalesced waves. With increasing the scan rate the anodic
peak at 0 V (process Al) and anodic response at ca.
—0.5 V (process A3) become indistinct.

Unfortunately, for the majority of data the pro-
nounced background contributions complicate the use
of traditional quantitative tests based on the scan rate
dependence. In general, for Cl a linear current
dependence on a square root of scan rate is found,
with non-zero intersect at ordinate. The latter most
probably corresponds to hydrogen evolution. This
dependence favours an assumption that process ClI
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corresponds to reduction of dissolved [Cu,L]Cl, with
mass transfer control.

Electrochemical behaviour of immobilized [Cu,L]Cl,

The reduction of [Cu,L]Cl, dissolved in aqueous solu-
tion seems to consist of several elementary steps, and is
likely to be complicated by adsorption of complex or
reduction products at the electrode surface. This
assumption results from the following general observa-
tions: (1) The formation of copper adlayer at gold
electrode in the course of [Cu,L]Cl, reduction demon-
strates saturation at submonolayer coverages, which
natural reason can be coadsorption with organic species.
(2) Some redox features (A2, C2) are found which vol-
tammetric behaviour complies with quasi-reversible
transformations of adsorbed reactant. (3) According to
our previous findings [5] the inhibition of hydrogen
evolution on gold in the presence of [Cu,L]Cl, is ob-
served at potentials from —0.9 to —1 V. (4) The STM
data give evidence of adsorbate formation and its sta-
bility on carbon support even after washing. So it is
interesting to explore the redox properties of [Cu,L]Cl,
immobilized on the electrode surface.

The attempts to immobilize [Cu,L]Cl, at polycrys-
talline gold electrode by dropping a portion of [Cu,L]Cl,
solution at the surface (as in the case HOPG electrode)
or by holding the electrode in the solution of reactant
were unsuccessful. The voltammetric responses of
resulting electrode were indistinct compared to CVs for
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Fig. 9 C¥clic voltammograms of [Cu,L]Cl, attached at: a HOPG
(0.56 cm?, 40 pl of 85 uM [Cu,L]Cl,), b GC electrode (1.6 cm?,
adsorption from 0.33 mM [Cu,L]Cl,); dotted line: cyclic voltam-
mogram of bare a HOPG, b GC electrode. Scan rate 0.05 V s
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bare gold electrode in supporting solution, which
behaviour probably results from surface reconstruction
(Fig. 5¢). The presence of residual redox-inactive
adsorbate also cannot be ruled out.

Being immobilized at HOPG electrode surface
[Cu,L]Cl, demonstrates three specific voltammetric re-
sponses as compared to CVs of bare electrode in sup-
porting solution (Fig. 9a). Characteristic potentials are
close to the values found for some peaks (Table 1) of
dissolved [Cu,L]Cl, reduction. Peak corresponding to
the process Al is observed at CVs for immobilized
reactant. The voltammetric responses at ca. —0.5V
(anodic) and —0.6 V (cathodic one) should be associated
with processes A2/C2. This pair was assigned above to
redox activity of surface-attached [Cu,L]Cl,. The
cathodic currents are by a factor of ten lower compared
to the values of currents for process C1 and those for
A2/C2 at CV for dissolved reactant (Fig. 6a) at the same
scan rate. At the same time the current values for A2 and
C2 do not depend crucially on the presence/absence of
[Cu,L]Cl, in solution.

The estimated charge spent for the process C2
(Fig. 9a) is approximately equal to total charge of
anodic responses A2 and Al (if background cathodic
contribution is taken into account). Thus, the fact that
the reduction of dissolved [Cu,L]Cl, at HOPG is really
accompanied by more reversible redox transformations
of adsorbed reactant is rather plausible. As follows from
the existence of two anodic peaks, a major portion of C2
products forms metallic copper, when a minor portion
presents another type of species. The metallic copper
desorption (Al) agrees with assumption of reversible
solid-state conversion of metal complex to metal deposit
and free ligand, by analogy with Ref. [10]. Fig. 9a gives
evidence of a parallel redox process (A2) with partici-
pation of copper containing surface-attached reactant,
which can be incompletely reduced [Cu,L]Cl, species.

The CV curve registrated at GC electrode with ad-
sorbed [Cu,L]Cl, is compared with CV for bare elec-
trode in supporting solution in Fig. 9b. Voltammetric
curves for [Cu,L]Cl, attached to HOPG and GC dem-
onstrate qualitatively similar voltammetric responses
except for the fact that cathodic peak at GC is rather
indistinct and broad. In contrast to the [Cu,L]Cl,
immobilized at HOPG surface, no anodic peak corre-
sponding to process A2 at CV curves was observed for
the complex adsorbed at GC electrode even with an
increase of scan rate. This fact is likely to be due to low
concentration of [Cu,L]Cl, at the surface layer otherwise
this means dissimilar redox features of the complex at
GC and HOPG electrodes.

Arguments for hypothesis of reversible copper
demetallation in the course of [Cu,L]Cl, reduction

To compare the redox activity of [Cu,L]Cl, in solution
or being immobilized at electrode surface the following
observations are to be pointed out (Table 1). For all the

electrode materials the reduction process Cl and the
corresponding anodic voltammetric response Al are
detected. The latter one results from metallic copper
desorption.

There is no other anodic voltammetric responses
outside A1l potential region for [Cu,L]Cl, at gold elec-
trode and the reactant being attached to GC. For both
dissolved and immobilized [Cu,L]Cl, no voltammetric
response associated with aqueous copper ions reduction,
which would occur in subsequent potential cycle after
stripping of the metallic copper, is observed.

At high scan rates CV curves at carbon electrodes for
dissolved [Cu,L]Cl, manifest an anodic response (A3)
that cannot be detected at low scan rates. This specific
feature of process A3 results from chemical reaction that
complicates the overall reactant reduction. If subsequent
chemical reaction is possible for each electron transfer
step:

Cu''Cu"L> 15 cu'Cu'Lt 25 Cu'Cu'L 25 2Cu ) + L

the redox processes observed by cyclic voltammetry in-
cludes also the responses of redox active products of
chemical steps. At the cathodic scan each of one-electron
or two-electron steps may contribute to the voltam-
metric response (C1). In the case of high scan rates,
when the rate of electron transfer is supposed to exceed
the rate of chemical reaction step, process A3 is likely to
be an oxidation of Cu' Cu' L™ or Cu' Cu' L coupled
with (C1) reduction. Both Cu Cu' L* and Cu' Cu' L
are capable to undergo the disproportionation yielding
Cu(II) ions and metallic copper which is oxidized at the
anodic scan direction reverse (process Al). The dispro-
portionation with final free ligand formation is rather
plausible process taking into account the instability of
[H,L]*" in aqueous medium.

The hydrolysis of free ligand is likely to slow down
when the reduction of [Cu,L]Cl, attached to the HOPG
electrode surface takes place. If this is the case, Cu(Il)
ions formed in the course of desorption (process Al) can
bind with the ligand resulting in the initial [Cu,L]*"
species. Thus certain reversibility of chemically irre-
versible electroreduction of [Cu,L]Cl, seems to be
achieved by CV method in the case of reactant immo-
bilized on carbon electrodes.

In summary, the overall [Cu,L]Cl, reduction process
at the HOPG surface does not contradict the hypothesis
of copper demetallation and binuclear complex
[Cu,L]Cl, reformation during a reversal scan. However,
in the presence of dissolved reactant this process is
voltammetrically screened by much higher irreversible
responses.

Conclusions

The binuclear complex compound [Cu,L]Cl, demon-
strates redox activity at HOPG, GC and gold electrodes
in the potential range from 0.3 to —1 V being both



dissolved and immobilized on carbon materials. Copper
ions involving redox transitions of [Cu,L]Cl, seem to be
complicated by subsequent chemical reactions. The
chemically irreversible metallic copper formation is de-
tected at all electrodes under discussion. In accordance
to STM and CV data the binding of cuprous ions with
free ligand during anodic scan is assumed to be possible
in the case of [Cu,L]Cl, immobilized on HOPG elec-
trode. The CV data obtained for the surface-immobi-
lized [Cu,L]Cl, demonstrate better redox reversibility,
which is interpreted in terms of higher ligand stability as
compared to dissolved ligand formed in the course of
demetallation in solution. These results in combination
with data on the free ligand electrochemistry studied for
the first time demonstrate the occurence of quasi-
reversible demetallation even for dissolved complex,
despite of its apparently irreversible voltammetric
behaviour.

These findings do not prevent a search for mediating
effects of [Cu,L]Cl, in aqueous electrocatalysis, as de-
spite of parallel irreversible processes the immobilized
species behave reversibly.
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