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Abstract The study of the electrode reactions of palla-
dium(IT) at non-modified carbon paste -electrodes
(CPEs) in chloride solution has revealed the existence of
a chloropalladate(Il) complex at the electrode surface.
The complex is formed during the application of anodic
potentials after preceding palladium deposition. In the
present paper the electrode reactions of Pd" at CPEs
modified with some N’,N’-disubstituted derivatives of N-
benzoylthiourea [as selective ligands for palladium(II)]
are studied in chloride solution by cyclic voltammetry.
Two reduction peaks are observed in the cathodic scans
recorded after deposition of palladium and anodization
of the electrode. From the results it is concluded that [in
addition to the chloropalladate(IT) complex, observed at
the non-modified electrode] a second palladium complex
is formed at positive potentials. The formation of the
palladium(II) complex of the N-benzoylthiourea deriv-
atives by ligand exchange at the electrode surface is as-
sumed. The ligand exchange itself occurs without charge
transfer across the electrode|solution interface; there-
fore, it cannot be detected electrochemically. After pal-
ladium deposition and anodic treatment a pronounced
“inverse” peak (i.e., an anodic peak in the cathodic scan)
with peak currents up to 100 pA is observed at about
+0.8 V. Its peak current increases with the amount of
deposited palladium and the number of cycles. The re-
actions at the electrode surface are discussed. The results
of the study reveal the existence of two different surface
complexes of palladium(Il) at ligand-modified CPEs,
but the surface reactions could not be elucidated in
detail.
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Introduction

Electrodes modified with selective ligands enable the
immobilization of metal ions by the formation of surface
complexes at the electrode [1, 2, 3]. The procedure is
widely used for the pre-concentration of metals for an-
alytical purposes, often by the usage of modified carbon
paste electrodes (CPEs) [4]. The formation of silver(I)
complexes at CPEs modified with 2,5,8-trithia[9]-m-
cyclophane as ligand was studied recently [5].

The immobilization of palladium and its compounds
on solid surfaces is of interest because of their catalytic
activity [6, 7]. Different procedures are employed,
among them the electrolytic deposition on conducting
substrates. The immobilization at carbon electrodes
succeeds with tetrachloropalladate solutions [8, 9] by
potentiostatic treatment or treatment at open circuit [8].
Immobilization of palladium at the surface of modified
electrodes enables the electroanalytical determination of
traces of palladium [2, 8, 10]. Recently, the formation of
palladium-chloro complexes at the surface of non-
modified CPEs was observed, concluded from the ap-
pearance of additional redox peaks after the preceding
palladium deposition and anodic treatment [11]. Because
of the formation of the palladium-chloro complex at the
non-modified CPE, the question arises if the chloro
complex (or the presence of the chloride ions) influences
the reactions of Pd'" at electrodes modified with selective
organic ligands.

For this reason we started a voltammetric study
of Pd" at CPEs modified with N’,N’-disubstituted
derivatives of N-benzoylthiourea (see Scheme 1) with
potassium chloride as the supporting electrolyte. The
N-benzoylthiourea (BTU) derivatives are selective
complexing agents for thiophile metals and form
palladium(IT) complexes of high stability [12, 13],
which are sparingly soluble in water and used for the
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Scheme 1. Derivatives of N-
benzoylthiourea used as
modifying agents
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determination of traces of palladium by means of atomic
absorption spectrometry [14]. Furthermore, BTU de-
rivatives were utilized for the modification of CPEs in
order to immobilize silver(I) [15]. Therefore, N’,N’-di-
substituted BTU derivatives should be suitable for the
modification of electrodes in order to immobilize palla-
dium(IT) at the electrode surface.

In the present work the reactions of Pd" at a ligand-
modified electrode in the presence of chloride as a
complexing anion are studied by cyclic voltammetry
(CV). Furthermore, the possibility for the immobiliza-
tion of palladium at the electrode surface by means of
BTU derivatives will be checked, where in particular the
formation of surface complexes of Pd" at the electrode is
of interest. Palladium surface complexes are of impor-
tance in catalytic reactions because reversible redox re-
actions of surface complexes enable the “electrochemical
recycling” of Pd complexes [16, 17]. Furthermore, the
results are of interest for the electroanalytical determi-
nation of palladium at modified electrodes in chloride-
containing solutions.

Experimental

As the working electrode, a CPE with 8 mm diameter for the active
electrode area (no. 6.0802.000, Metrohm, Germany) was used. A
silver/silver chloride electrode in saturated KCIl (SE 10) served as
the reference electrode and a Pt electrode (MC 20, both from
Sensortechnik Meinsberg, Germany) as the counter electrode. All
potentials are referred to the Ag/AgCl electrode. The carbon paste
consisted of graphite powder (RW-B, Ringsdorff, Bonn-Bad
Godesberg, Germany), paraffin oil (Uvasol, Merck, Darmstadt,
Germany) and additions of 20-25% of the BTU derivative (with
respect to the total mass of the carbon paste). The components
were thoroughly mixed in an agate mortar and the electrode surface
smoothed on a Teflon plate.

A stock solution of 4x10> M tetrachloropalladate was pre-
pared from Na,[PdCl,] (Bergbau- und Huettenkombinat, Freiberg,
Germany) and 0.5 M KCl. KCI and HCl were purchased from
Merck (Darmstadt, Germany), buffer solutions from Sensortechnik
Meinsberg. Aqueous chloride solutions of different pH, made from
0.5 M KCI and additions of HCI, were used as supporting elec-
trolyte. The solutions were deaerated with nitrogen.

N-benzoylthiourea derivative

N-benzoyl-N’,N"-diethylthiourea (BDETU), m.p. 98.0 - 98.5°C

N-benzoyl-N",N"-di-n-butylthiourea (BDBTU), m.p. 92 - 93°C

-(morpholine-4-thiocarbonyl)benzamide (MTBA), m.p. 165 - 157°C

N-(piperidine-1-thiocarbonyl)benzamide (PTBA), m.p. 133 - 134°C

@vatives N-benzoyl-N’,N’-diethylthiourea (BDETU), N-ben-
zoyl-N’,N’-di-n-butylthiourea (BDBTU), N-(morpholino-4-thio-
carbonyl)benzamide (MTBA) and  N-(piperidino-1-thiocar-
bonyl)benzamide (PTBA) were used as modifying agents (see
Scheme 1). They were synthesized according to the procedure
described by Hartmann and Reuter [18] and recrystallized from
ethanol; melting points are given in Scheme 1.

Voltammograms were recorded with the potentiostat SI 1286
(Solartron-Schlumberger, Farnborough, UK) by means of the
software “DC CorrWare” (Scribner, Charlottesville, Va., USA). A
scan rate of 20 mV/s was used. CVs were recorded either immedi-
ately after renewing the electrode surface or after the pre-treatment.

Results

At first, CVs of the CPE modified with derivatives of
BTU were recorded in the supporting electrolyte. In
cycles between —0.8 V and +1.0 V, no redox peaks
were observed. After a preceding cathodic treatment
(at £E<-0.9 V) or a preceding cycle to corresponding
potentials, a broad anodic peak with a maximum at
about +0.4 V was observed. The anodic current is
caused by the oxidation of the product from the reduc-
tive cleavage of the -CO-NH- group of the BTU deriv-
ative, as known from the study of the BTU derivatives at
carbon electrodes (in ethanolic solution) [19].

Voltammograms obtained at a CPE modified with
BDBTU in the presence of 1.8x10* M and 3.5x10 % M
Pd" in the solution are shown in Fig. 1. Besides two
anodic peaks (A1, A2) at +0.15 V and +0.5 V, a small
anodic current at +0.8 V (A3) and the “inverse” anodic
current A* appear at about +0.80 V in the scan to
negative potentials. Furthermore, the cathodic peak Cl
at about +0.1 V is noticeable. The anodic currents de-
pend strongly on the preceding cycle or the pre-treat-
ment. In CVs recorded without pre-treatment or
preceding cycles to negative potentials, no anodic cur-
rents are observed in the range from +0.2 Vto +1.0 V.
The CV of [PACl,]*" at the non-modified CPE is shown
for comparison (inset of Fig. 1).

Cycling leads to alterations in particular of the anodic
part of the voltammograms. For example, three cycles
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Fig. 1. CVs of (a) 1.8x10* M
Pd"" and (b) 3.5x10* M Pd"" at
a CPE modified with 22%

-400

BDBTU (with respect to the
total mass of the carbon paste).
Supporting electrolyte 0.5 M
KCI+ 1x10* M HCI (pH~3.0).
Cycles from 0 V to -1.0 V,
+1.0 V and return. Scan rate
20 mV/s. CPE surface renewed
before (a). Inset: CV of 1.6x107*
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M Pd" at a non-modified CPE. 08 o4
Supporting electrolyte 0.5 M
KCI+ 1x103 M HCI (pH~3.0).
Cycle from +0.25V to-1.2'V,
+1.0 V and return. Scan rate

20 mV/s

-100
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E/V vs. Ag/ACH
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recorded at the CPE modified with PTBA in the pres-
ence of 5x10™* M Pd" are shown in Fig. 2. Character-
istic features are the two small oxidation currents (A2
and A3) and the remarkable increase of the “inverse”
anodic current A* with the number of cycles.

At the non-modified CPE, pre-treatment at potentials
E < +0.2 V causes one or two oxidation peaks in the
subsequent cycle. The anodic currents are caused by the
oxidation of Pd® deposited during the pre-treatment,
where the two oxidation peaks are attributed to the
dissolution of a Pd° monolayer (or sub-monolayer
respectively) and the palladium multilayer [11, 20]. In
the present study, corresponding experiments were
conducted at a CPE modified with BTU derivatives.
Even pre-treatment for some minutes causes an appre-
ciable increase of the oxidation current A2 in subsequent
cycles; longer treatment leads then to the appearance of
two reduction currents. For example, after 90 minutes
pre-treatment at open circuit, a peak current of 1.6 mA
at £,=+0.57 V (A2) and a small anodic current at
+0.12 V (A1) are observed in the first cycle, besides the
two cathodic peaks at +0.17 V (C2) and —0.01 V (C1),
as shown in Fig. 3. The large half-width of peak A2 [e.g.,
AE(I,/2)=0.15V in Fig. 3] in contrast to the
non-modified electrode is remarkable. The “inverse”
anodic current A* at about +0.8 V seems to be smaller,
as in other CVs. However, the current is of the same
order (peak current of about +80 pA); different current
scales cause the apparent difference.

Cycling after preceding treatment causes the increase
of the redox currents Al and C1 and the simultaneous
decrease of peaks A2 and C2 (see Fig. 5). The appear-

-0.4
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E/V vs. Ag/AgCl

0.6 0.4 0.2 0.0

E/V vs. Ag/AgCl
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Fig. 2. Part of the CVs of 5x10* M Pd" at a CPE modified with
20% PTBA (with respect to the total mass of the carbon paste).
Supporting electrolyte 1.0 M KCI+HCI (pH 4.0). Three cycles at
the same CPE surface (with a stop after each cycle). Cycles from
0 Vto-1.0V, +1.0 Vand return. Scan rate 20 mV/s. Dotted line:
first cycle; solid line: second cycle; dashed line: third cycle

ance of the two cathodic peaks as well as the alterations
during cycling lead to the assumption that different
redox couples are formed at the modified electrode.
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Fig. 3. CV of a CPE modified with 23% MTBA (with respect
to the total mass of the carbon paste) after 90 min pre-treatment
(at open circuit with stirring) in the presence of 4x10° M Pd>".
Supporting electrolyte 0.5 M KCI, pH 5.5. Cycle from +0.3 V to
+0.9 V,-0.8 V and return to +0.3 V (recorded after two cycles at
the new surface and pre-treatment). Scan rate 20 mV/s

The influence of the pre-treatment time is shown in
the next figure, where the CVs of 8x10° M Pd'" at the
modified CPE were recorded (at the same electrode
surface) after 2.5, 5, 10 and 15 minutes of pre-treatment
(Fig. 4). After short pre-treatment, two small anodic
currents (A2 and A3) are observed, whereas the drastic
increase of peak A2 and the two distinct cathodic peaks
are typical for CVs after longer pre-treatment. The
“inverse” anodic current A* appears also, but seems to
be small for the same reason as in the preceding figure.

The result is confirmed by repeated experiments with
different palladium concentrations. Three cycles reco-
rded at the modified CPE in the presence of 1.2x10™* M
[PACL,]* after 15 minutes pre-treatment at open circuit
are shown in Fig. 5. Here, the anodic peak Al is more
pronounced than in the preceding figures, possibly
because —0.3 V is chosen as the negative reversal
potential.

The “inverse” anodic current A* is also observed
after pre-treatment at open circuit and solution ex-
change (exchange of the palladium-containing solution
by the supporting electrolyte). Therefore, it is concluded
that the current A* is caused by a surface reaction.
When the modified CPE is pre-treated at open circuit
with stirring in presence of Pd", e.g. for more than
10 min with >4x10~> M palladium(II), a yellowish pre-
cipitate is observed at the electrode surface. The com-
position of the precipitate could not be elucidated;
presumably a palladium(II) complex of the BTU deriv-
ative is formed.

Discussion

The system under study comprises palladium in the
oxidation states +2 and 0, chloride ions (in solution) as
well as the BTU derivative (on the electrode surface) as
possible ligands for the palladium(IT). The modified
electrode consists of the carbon, the paraffin oil and the
BTU derivative as modifying agent. Therefore, different

reactions are to be expected at the two phases of the
“heterogeneous” electrode surface (consisting of the
“carbon phase” and the “ligand phase’) as redox reac-
tions at the carbon phase and surface reactions at the
ligand phase without charge transfer across the elec-
trode|solution interface. Since palladium is deposited at
potentials negative to +0.2 V [11, 20], Pd® at the elec-
trode surface has also to be considered. This means that
the carbon surface changed (at least partly) to a palla-
dium electrode after cathodic cycles, potentiostatic
treatment at potentials £< + 0.2 V or treatment at open
circuit.

Voltammograms of tetrachloropalladate(II)
at the non-modified CPE

Palladium(II) forms in chloride solution (chloride con-
centration 20.5 M) predominantly the tetrachloropalla-
date complex [PdCl,]*" [23]. At the non-modified CPE a
pronounced oxidation peak (designated as A2) appears
at about +0.5 V after preceding palladium deposition
(by treatment at open circuit or potentials more negative
than +0.2 V) [8]. The peak current of A2 increases at
the non-modified electrode about linearly with the pre-
treatment time and the palladium(II) concentration of
the solution [8]. Furthermore, an additional oxidation
peak at about +0.1 V is observed when low amounts of
palladium are deposited, presumably caused by a pal-
ladium monolayer [11, 20].

After deposition of Pd® and anodic treatment (at
E>+0.9 V) or cycling to corresponding potentials, an
additional cathodic peak is observed at about 0 V and a
corresponding anodic peak at +0.1 V, caused by a
palladium-chloro complex formed during the anodic
treatment at the electrode surface [11]. The voltammetric
behaviour of the non-modified CPE in the presence of
[PACL,]* in the range of negative potentials is described
in a preceding paper [21]. A CV recorded at the non-
modified CPE is shown in the inset of Fig. 1.

Voltammograms of tetrachloropalladate(II)
at the CPE modified with N’,N’-disubstituted
BTU derivatives

The characteristic features of the CVs recorded at the
modified electrode are the two cathodic peaks C1 and
C2 and the peak or current A3 and the “inverse” peak
A* in the anodic scan, besides the peaks Al and A2
which appear at the non-modified CPE as well. Fur-
thermore, the pronounced oxidation peak at 0 V (cf.
inset of Fig. 1), which is caused by the oxidation of
hydrogen sorbed at the deposited palladium [21], dis-
appears at the modified CPE. This is presumably at-
tributed to the modifier BTU, since the addition of
thiourea to the electrolyte impedes the sorption of
hydrogen at palladium [22]. C2 appears only after the
preceding deposition of large amounts of Pd’ (when the
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Fig. 4. CVs of a CPE modified
with 23% MTBA (with respect
to the total mass of the carbon
paste) in the presence of 8x107
M Pd?>". Supporting electrolyte
0.5 M KCI, pH 5.5. Cycles
from +0.3 Vto +09V,

—0.8 V and return. CVs record-
ed after (a) 2.5, (b) 5, (¢) 10 and
(d) 15 min pre-treatment at
open circuit (with stirring) at the

-1.0

-0.5

0.0

same CPE surface. After each
pre-treatment, one cycle was
recorded. Scan rate 20 mV/s

If/mA

+0.5

product of the palladium concentration and the pre-
concentration time, ¢xt, is about 0.1 mol L™ s), indi-
cated by the corresponding large peak A2 (Figs. 3, 4, 5).
A2 is caused by the oxidation of deposited Pd® under
formation of the tetrachloropalladate(Il) complex.
Peaks C1 and A1l are the corresponding redox peaks of
the palladium-chloro complex formed during anodic
treatment at the carbon surface (cf. [11]).

The small anodic peak A3 with a round maximum
appears at about +0.8 V (cf. Figs. 1, 4). Its peak height
depends on the deposited palladium amount (cf. Figs. 1,
2), but to a considerable lower degree than peak A2.
After the deposition of larger Pd amounts, peak A2 in-
creases much more than A3 and becomes broader, so
that only the comparably small anodic current A3 is
observed (Figs. 3, 4). Both peak A3 and the broadening
of A2 are not observed at the non-modified CPE.

The appearance of C2 indicates that at the modified
electrode an additional reducible product is obviously
formed, but the corresponding oxidation peak of C2 is
not observed. Therefore, an additional reaction at
potentials more positive than the E,, of A2 is assumed.

The features of the CVs are observed with all BTU
derivatives used as modifying agents. The anodic and
cathodic electrode reactions are discussed below in
detail.

“Inverse” peak A*
The “inverse” peak A* appears only after preceding

palladium deposition (by treatment at open circuit or at
negative potentials or cycles to negative potentials) and is

+04 0.0

E/V vs. Ag/AgCI

more pronounced in the case of low palladium coverage
(Figs. 1, 2). Its peak height increases with the duration
of the cathodic treatment or the number of cycles
(Fig. 2). The ““inverse” peak A* is not observed at low
pH (pH=1). Furthermore, it is either small or not ob-
served when the CV is recorded without pre-treatment
or without preceding cycles to negative potentials.
Because the inverted peak is also observed after
pre-treatment and subsequent exchange of the palladi-
um-containing solution with the supporting electrolyte,
it is obviously caused by a surface reaction.

A very small “inverse” current ([, <2 pA) is also
observed at the non-modified CPE, but only in the first
cycle after palladium deposition and subsequent treat-
ment at potentials more positive than +0.9 V [11],
whereas peak A* appears at the BTU-modified electrode
in all cycles (after preceding palladium deposition) and
its peak current is in the 10-100 pA range (cf. Figs. 1, 2).

“Inverse” peaks have been observed in different
electrochemical systems. In the Ag/Ag,O/OH™ system,
for instance, the appearance of an “inverted” peak is
associated with the formation of higher oxidation states
of silver at positive potentials [28]. Baldwin et al. [29, 30]
described “‘inverted” peaks at electrodes modified with
cobalt phthalocyanine in the presence of thiols and at-
tributed the peaks as general phenomena in the elect-
rocatalysis with these compounds. Furthermore, an
“inverse” peak is observed in course of the catalytic
oxidation of hydrazine at carbon electrodes coated with
Au and Cu as catalysts [31]. Zhang et al. [32] observed
an “inverse” reduction current in the course of the cat-
alytic reduction of nitrite and nitric oxide at a graphite
electrode modified with an iron-alizarin complex, where
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Fig. 5. CVs of a CPE modified
with 23% MTBA (with respect
to the total mass of the carbon -0.8} 1
paste) in the presence of 1.2x107*
M Pd>*. Cycles from +0.3 V C2
to +0.9 V, 0.3 V and return.
Scan rate 20 mV/s. Three cycles 04}
are recorded (without stop)
after 15 min pre-treatment at
open circuit (with stirring). A%
Peaks A2 and C2 decrease 0.0 Jp—
during cycling, whereas peaks < ’
C1 and Al increase = = \
= \
\,\ /
+0.8 |- \ // ;
Y. |
+1 2 1 ] 1 Il i I
+0.8 +0.4 0.0 -0.4

the formation of a surface compound of the reactant
with the iron complex is assumed. “Inverse” peaks in
voltammograms can also be attributed to electron
transfer catalysis [33]. Here, the “inverse” peak is
probably associated with surface reactions at the modi-
fied electrode in the presence of palladium(II).

Anodic electrode reactions

The peak current of A2 increases with the pre-treatment
time (Fig. 4). Peak A2 is also observed at the non-
modified CPE, but at the modified electrode very large
peak currents (up to 1.5 mA) are recorded. As men-
tioned, the anodic current A2 is caused by the oxidative
formation of a palladium-chloro complex according to
Eq. 1[8, 11]:

(1)

where the subscript s indicates surface-confined species.
The deposited Pd® is not completely oxidized and re-
mains partly at the electrode surface [8, 11], i.e. Eq. 1
proceeds until equilibrium is attained. The formed tet-
rachloropalladate(I) complex is at first sorbed at the
electrode surface. Peak A2 is not observed in solutions
without chloride (Lubert K-H, unpublished results).
The formation of the reducible species, which causes
the peak C2, occurs in a further anodic reaction, pre-
sumably in the potential range of peaks A3 and A*. Since
C2 is not observed at the non-modified electrode, it is
concluded that the reaction occurs under participation of
the BTU derivative. The [PdCl,]* formed according to
Eq. 1 is adsorbed at palladium islands on the electrode
surface. If its surface concentration increases, the

{Pd’} +4C1” = {[Pd"Cly)" | +2¢-

E/V vs. Ag/AgCl

complex diffuses into the solution and/or moves on the
electrode surface by surface diffusion. At the ligand re-
gion of the surface the [PACl4]* complex can react with
the BTU derivative H-L, e.g. according to Eq. 2:

{Pd"cL]} 42 -1}, = {Pd"L,} +2H" +4C1”
S

(2)

where H-L is the BTU derivative (modifying agent) and
the subscript s designates a surface-confined species
again.

The Pd"L, complex of the BTU derivative is con-
siderably stronger than the chloro complex because of
the chelating effect of the ligand L [13]. The stability of
the Pd" surface complexes at electrodes is not known,
but their stability can be roughly estimated from the
complex stability in solution [13, 23]. The stability con-
stants (log f,) of complexes of Pd" with derivatives of
BTU are in the range from 37 to 40 in dioxane/water
(75:25) and about 32 in aqueous solution [13], in con-
trast to the corresponding constant (log f4) for [PACL,]>
which is 11.5 [23].

The mechanisms of ligand exchange at the electrode
surface could not be elucidated in detail. However, it is
concluded that Eq. 2 occurs certainly in ligand regions of
the surface and without electron transfer across the elec-
trode|solution interface. Therefore, the surface diffusion
of [PdCl4]* ions from the carbon region and/or palladi-
um-coated sites to the “ligand region” of the surface is
necessary. The ligand exchange causes also the release of
protons (cf. Eq. 2), which diffuse into the solution.
However, charge transfer across the ligand|solution in-
terface causes no current, since the ligand region of the
surface is not part of the electrode. Therefore, the ligand
exchange reaction (Eq. 2) does not cause a redox current.



Because both current A3 and the “inverse” anodic
current A* are not observed at non-modified electrodes
(under the same experimental conditions), both currents
are presumably connected with Eq. 2, for instance by
direct or indirect influence on the equilibrium. Provided
Eq. 2 occurs in the potential range of A3, [PACL]* is
consumed and its surface concentration decreases. Then
the formation of tetrachloropalladate(Il) according to
Eq. 1 is initiated, accompanied by an oxidation current.

Furthermore, the facilitation of the surface diffusion
of [PACl,]*" is possible in this potential range, e.g. by
weakening of the palladium-chlorine bond at positive
potentials under the influence of the BTU ligand. It is
reported that in the presence of suitable organic ligands
(such as trithiacyclononane) the oxidation of Pd' starts at
about +0.60 V vs. Fc/Fc™ (which corresponds to about
+0.95 V vs. Ag/AgCl) and that a stable palladium(III)
complex is formed [24]. BTU derivatives are oxidized at
carbon electrodes at potentials more positive than
+0.9 V [19], so that oxidation of the ligand can be ex-
cluded as the cause of the oxidation currents A3 and A*.

Besides Eq. 2, the Pd"L, complex could also be
formed by “direct” complex formation after the pre-
ceding oxidation of deposited palladium to Pd*", e.g.
according to:

{Pd*"} +2{H-L}; = {Pd"L,} +2H" (3)

However, this reaction seems of minor probability, be-
cause palladium oxidation leads in chloride solution to
the formation of the [Pd"Cl,]*" complex (Eq. 1) and the
reaction occurs (according to the results presented) also
at the modified CPE. Therefore, the existence of non-
coordinated Pd*" ions at the electrode surface is im-
probable, as is Eq. 3, which can only take place at the
ligand region of the electrode surface and requires the
surface diffusion of Pd*" ions.

The ““chlorination” of the carbon surface by the an-
odic reaction of chloride ions at carbon surfaces [25, 26]
can also influence Eq. 2. An electrode reaction at po-
tentials more positive than +0.8 V can be deduced from
the increasing anodic currents (cf. Fig. 2). Therefore, the
appearance of peak A* after the potential reversal could
be attributed to the increase of the reaction rate of Eq. 2,
caused by the ‘chlorinated” carbon surface and the
faster surface diffusion of the tetrachloropalladate(II).

The currents A3 and A* appear at nearly the same
potential (cf. Figs. 1, 2). According to the suggested
mechanism, both currents are caused by the formation
of [PACL,J* according to Eq. I, induced by the con-
sumption of [PdCl,]* in the ligand exchange of Eq. 2. In
acidic solutions (pH=:1), where the equilibrium of Eq. 2
shifts to the left side, the “inverse” peak A* as well as
the reduction current C2 are not observed.

The formation of palladium(IV) species at positive
potentials cannot be excluded, but it is improbable since
the corresponding oxidation peak at glassy carbon and
pyrolytic graphite (in chloride-containing solutions) is
observed at +1.35V (vs. SCE or Ag/AgCl/KCI, sat.)
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[34, 35], whereas +0.9 or +1.0 V are used as the posi-
tive reversal potential in the present study.

Cathodic electrode reactions

Peak C2 appears only after the deposition of large
amounts of palladium and their oxidation to tetrachlo-
ropalladate(II), indicated by the corresponding oxida-
tion currents A2. The surface concentration of the BTU
ligand (H-L) is constant. Therefore, the formation of
corresponding amounts of the [PdCly) complex is
necessary in order to initiate the ligand exchange of
Eq. 2. For this reason, the reduction peak C2 (reduction
of the Pd"L, surface complex) is not observed in the
case of low Pd’ coverage and low tetrachloropalla-
date(IT) surface concentration.

Since the Pd"'L, complex is insoluble in aqueous so-
lution, it exists as a surface complex which is reduced at
C2, presumably to the corresponding palladium(0)
complex [Pd°L,]*". However, an oxidation current of the
Pd’L, complex is not observed, because it is probably
not stable. Cycling leads to the increase of peak C1 and
the simultaneous decrease of C2 (cf. Fig. 4), indicating
the different stability of the surface complexes and their
mutual exchange, e.g. according to Eq. 4:

{[Pd'Lo]” } 4nCm — {[pdc1,]" } +2(L7),
(4)

As indicated by the two reduction currents C2 and
Cl1, at least two different palladium(II) complexes are
formed at the modified CPE. Because C1 and Al appear
at the same peak potentials as the corresponding peaks
at the non-modified electrode [11], it is concluded that
Cl is caused by the reduction of the coexisting
tetrachloropalladate(IT) complex. Reduction of the tet-
rachloropalladate(IT) at C1 leads probably to a chloro-
palladate(0) complex, e.g. according to Eq. 5:

{Pa"c1,] "} 12— {[pd'cl,]"} (5)
S S

provided that the corresponding palladium(I) complex is

not formed (discussed later). The appearance of the

corresponding oxidation peak Al shows that the palla-

dium(0) complex is rather stable (cf. [11]).

As mentioned, the reduction currents Cl1 and C2
appear only after deposition and re-oxidation of larger
amounts of Pd’. The cathodic peak currents increase
obviously with the increase of the redox charge
exchanged in the scan to positive potentials (Fig. 4).

Palladium(I) complexes at electrodes

Two anodic peaks are often observed in the course of
palladium oxidation at carbon electrodes. They are
attributed to the oxidation of hydrogen, co-deposited
with the palladium, and the Pd itself [27], the oxidation
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of a Pd monolayer and a Pd multilayer [20] or the
stepwise oxidation to Pd" via palladium(I) at a CPE
modified with sodium humate [10]. However, there is no
experimental evidence for the existence of Pd'. At
modified electrodes, the formation of palladium(I)
complexes at the electrode surface cannot excluded, in
particular in the presence of ligands which are able to
stabilize unusual oxidation states. On the other hand,
Pd' tends to fast disproportionation into the more stable
oxidation states 0 and + 2. In the case under study, there
are no indications for the formation of a Pd' complex at
the electrode. Palladium(I) complexes of BTU deriva-
tives are not known.

Conclusions

The formation of palladium-chloro complexes at a non-
modified CPE in chloride solution was found recently
[11]. For this reason the electrode reactions of a CPE
modified with N, N’-disubstituted derivatives of BTU (as
selective ligands for the Pd") in chloride solution were
studied by CV. After the deposition of Pd® (by pre-
treatment at open circuit or at potentials near 0 V), two
oxidation currents are observed in the range from
+0.4 Vto +0.9 V at the modified CPE, as well as two
cathodic peaks in the subsequent scan to negative po-
tentials. Furthermore, an “inverse” anodic peak is ob-
served at +0.8 V in all cycles after preceding Pd°
deposition. From the experimental results the formation
of two different complexes of palladium(II) during the
cycle to positive potentials is concluded. In addition to
the palladium(IT)-chloro complex, observed at the non-
modified CPE [11], the formation of a palladium(II)
complex Pd"L, with the organic ligand H-L is suggest-
ed. The complex formation occurs probably via a ligand
exchange reaction at the electrode surface, a reaction
without charge transfer across the electrode|solution
interface. Therefore, the elucidation of the reaction
mechanism by electrochemical means is difficult.

The present study reveals the co-existence of two
surface complexes of palladium(I) at the electrode in
the presence of chloride ions and the BTU derivative H-
L as competing ligands. The reaction mechanism is of
importance for the analytical utilization of ligand-
modified CPEs, e.g. for the determination of palladi-
um(II) in chloride media [10].

The suggested mechanism is in accordance with the
experimental results, but the conclusions are predomi-
nantly drawn by comparison with the corresponding
results obtained at a non-modified electrode in the
presence of chloride. Possible reactions of palladium(IT)
solution species with the ligand, with complex formation
at the surface during treatment at open circuit, have not
received much attention. In order to obtain better
insight into the electrode and surface reactions of
the system under study, additional experiments are
necessary, e.g. with palladium(II) at the electrode mod-

ified with BT U derivatives in the absence of chloride and
other coordinating anions.
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