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A plateau of limiting current observed in ligand-deficient Cu|Cu(II), ethylene-
diamine system is a prewave resulting from abrupt changes in solution composition
at the electrode surface. Voltammograms may be quantitatively described by equa-
tions of formal kinetics accounting for two consecutive one-electron steps and
involving aqua-complexes of Cu(Il) as electrically active species. The process of
Cu** + ¢ — Cu* seems to be a rate-determining step.
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INTRODUCTION

Cathodic processes proceeding in ligand-deficient sys-
tems offer some peculiarities which are mostly inte-
resting from the theoretical point of view. Early stu-
dies in this field deal with reversible processes, as
applied to polarography [1] or voltammetry [2]. Ac-
cording to a more general approach describing mass
transfer in labile complex systems [3], prewaves in
voltammetry, two transition times in chronopo-
tentiometry, two current peaks in potential sweep
voltammetry [4] are expected. The systems under
discussion are still not clearly understood; among
these is Cu|Cu(Il), ethylenediamine system.

Although solutions of Cu(II)-ethylenediamine
complexes were used as plating baths more than 60
years ago, only much later a start has been made to
investigate the kinetics and mechanism of cathodic
processes. Delahay and Berzins [5] have established
by means of chronopotentiometry that an electrical-
ly active complex (EAC) of Cul2* (L is ethylene-
diamine) takes part in a charge transfer step on
mercury electrode. The same conclusion has been
arrived at in the case of copper electrode in solu-
tions containing an excess of ligand [6-8]. Neverthe-
less, some other complexes have been also referred
to as possible EAC: aqua-complexes of Cu?* [6],
Cul?* [8, 9]. Two consecutive charge transfer steps
generating intermediate product of CuL* have been
considered in [9].

Ambiguous judgments on EAC composition se-
em to result from the fact that it depends on the
amount of ligand. Peculiarities of ligand-deficient sys-
tems are also insufficiently studied. This paper aims
to fill some gaps in these problems.
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MODEL OF THE SYSTEM

The model of labile complex system [3] is used in
the present paper. It allows to estimate the distribu-
tion of complexes and protonated species of ligand
both in the bulk of solution and at the electrode
surface. This model has proved itself in investiga-
tions of some complex systems and has made it pos-
sible to describe quantitatively voltammograms in-
volving prewaves [3, 10]. The determination of sur-
face concentrations of species is based on the follo-
wing regularities of diffusive mass transfer:

i) the concentration profile of total metal is line-
ar over the whole area of Nernst-type diffusion la-
yer;

ii) the gradient of total ligand concentration is
absent in it;

iii) the latter statement is also valid for proton
donors and acceptors.

A deficit of ligand narrows the pH range of so-
lutions under investigation because of the precipita-
tion of Cu(OH), at pH > 5.3. An analysis of solu-
tion composition based on cumulative stability cons-
tants of Cu(ll)-ethylenediamine complexes (B,) and
those of protonated species of ligand (B ) availab-
le in literature [11] has shown that it is essential to
account for such species as Cu**, CuL**, CuL*, L,
LH*, LH**. Concentrations of other possible par-
ticles (CuL;**, hydroxo-complexes) are negligible in
acid media. The material balance equations for elec-
trode surface take the form

[Cu] (1 + B, [L] + B,[LI) = ¢, (1=, (1)

[Cu™] (B, [L] + 2 B, [L]) + [L] (1 + B [H*] +
+ BELHT) = ¢ )
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[L](B", [H*] + 2", [H'F) + [H*]-[OH] = ¢, (3)

where ¢, ¢, ¢, are total bulk concentrations of
Cu(Il), ethylenediamine, proton donors and accep-
tors respectively, i, is a limiting current density. Con-
trary to c,, or ¢, which have real physical meaning,
the quantity c,, is somewhat formal and is necessary
for determination of surface pH under electrolysis
conditions.

The relation between current density and over-
voltage may be specified by kinetic equation accoun-
ting for the consecutive transfer of two electrons:
Cu(Il) + e —» Cu(I) + e — Cu. The steps of this
process are characterized by respective values of ex-
change densities, namely, i | and i ,. The special ca-
se of kinetic relationship is discussed below.

Simulations were carried out using the following
values of stability constants [11]: log B, = 10.7,
B, = 199, log B = 10.2, log B, = 17.7. At i =0,
equations 1-3 involve the bulk concentrations of
species. Since the bulk pH is known in this case,
it is essential to solve equations 1 and 2 with
[H*] = 107%/y,*, where the activity coefficient of
H* ions y,* = 0.5 [10]. Once the value of ¢, is
determined by equation 3, this value is used fur-
ther at i # 0. The formal potential of Cu|Cu?*
couple was taken to be equal to 0.307 V at y **=
= 0.07 [12].

Results of theoretical analysis show that the sys-
tem is very simple at a sufficiently low pH. Only
aqua-complexes of Cu** and LHZ* species incapable
of forming coordination bonds prevail at pH < 3.
Such a situation leaves unchanged under cathodic
polarization conditions (Fig. 1). Consequently, the
protonated ligand acts as supporting electrolyte in
this case. The complexation degree of the system
increases with pH and ca 40% of total Cu(Il) is in
form of Cul** at pH 5.3, while the free ligand holds
a form of LH** (see data for i = 0 in Fig. 2).

A certain amount of ligand is released during
cathodic reaction resulting in an increase in comple-
xation degree at the electrode surface. A redistribu-
tion of surface species is shown in Fig. 2. Although
the total concentration of Cu(Il) varies linearly with
i, variations of concentrations of individual species
are obviously non-linear. Abrupt changes in surface
concentrations occur at i/i, = 0.8 due to a transition
from ligand-deficient state to that with an excess of
ligand. The latter effect manifests itself as a prewa-
ve on a voltammogram (Fig. 3). This is a characte-
ristic property of so-called “partially complexed sys-
tems”; prewaves disappear when an excess of ligand
in the bulk is attained [3].

Similar considerations can be applied to quasi-
reversible processes. The height of prewave remains
the same in this case, but the range of its potentials
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Fig. 1. Variation of surface concentrations of species in-
dicated at the curves with normalized cathodic current
density. The molar fraction o is equal to [CuL**] / ¢, or

to [LH,™*] / ¢, for species involving Cu(II) or ligand,
respectively. ¢, = 0.01 M, ¢, = 0.005 M, pH 3.0
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Fig. 2. The same as in Fig. 1 at pH 5.3
becomes dependent on kinetic parameters of charge

transfer process. This information may be obtained
from experimental data.
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Fig. 3. Simulated cathodic voltammograms for reversible
process at ¢, = 0.01 M, ¢, = 0.005 M and various bulk
pH indicated at the curves. Development of pre-waves is
seen with increase in pH

EXPERIMENTAL

A conventional technique of rotating disc electrode
was used. Solutions under investigation contained,
as a rule, 0.01 M of CuSO,, 0.005 M of ethylene-
diamine and 0.3 M of K, SO, as a supporting elec-
trolyte. Analytical grade salts were purified addition-
ally by means of recrystallization and heating; ethy-
lenediamine was distilled at reduced pressure. Some
experiments with 0.04 M of ligand were carried out
at pH 8.2. Solutions were deaerated by argon stream
over 0.5 h. Triple-distilled water was used for prepa-
ration of solutions.

A 5-7 um thick copper layer was coated on Pt
substrate in acid sulphate solution at a current den-
sity of 10 mA cm™. This electrode was exposed to
the solution for less than 3 min. A saturated
Ag|AgCl, KCI couple served as a reference electro-
de. A potential sweep rate was equal to 5 mV s,
Potentials of the electrode are converted to the stan-
dard hydrogen scale. All experiments were carried
out at 20 = 0.5 °C.

RESULTS AND DISCUSSION

Voltammograms recorded using RDE technique ex-
hibit a well-defined plateau of limiting current den-
sity (i,) which varies linearly with w’ (Fig. 4). Lines
approximating experimental data pass through the
origin. Data obtained at pH 3 with ¢, = 0.005 M
(system involving only aqua-complexes) and those
at pH 8.2 with ¢, = 0.04 M (excess of ligand) coin-
cide very closely, while the data for pH 5.3 are dis-
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Fig. 4. Variation of current density in the region of vol-
tammogram plateau with o* (o is the angular velocity of
electrode rotation). Data for pH 8.2 were obtained at ¢,
= 0.04 M.

posed significantly lower. It is reasonable that diffu-
sion coefficients determined by Levitch equation dif-
fer as well: D = 5.7 x 10 cm?s™ (line 1) and D =
=40 x 10° cm? s (line 2). The first value is in
good agreement with data obtained in [13, 14] for
an excess of ligand. It is particularly remarkable that
the ratio of two limiting currents at fixed o is equal
to 0.8 and gives an excellent agreement with the
ratio between i, and i, at pH 5.3. This result sug-
gests that the current plateau could be treated as a
prewave. According to the analysis that follows, a
true limiting current of diffusive nature is expected
to arise at significantly more negative potentials whe-
re the evolution of hydrogen is very intensive. The-
refore, it cannot be detected experimentally.

To determine the composition of EAC, we used
the method of normalized Tafel plots (NTP) [3]. It
accounts for redistribution effects at the electrode
surface and requires to normalize the cathodic cur-
rent density (i) to the surface concentration of EAC
(c,)- A special feature of such plots lies in the fact
that experimental data can be fitted by the same
line at various compositions of solutions (different
i,), if the EAC remains the same, provided that ef-
fective standard rate constant and charge transfer
coefficients do not change noticeably (double layer
effects are weak). An example of NTP is shown in
Fig. 5 for two possible EAC: Cu?* and Cul?* (in
the case of CuL* as EAC, the plot passes the ma-
ximum, and therefore it cannot be interpreted in
terms of formal kinetics). Data for pH 3.0 and 5.3
fall actually on the same line when a reduction of
Cu?* ions is suggested. It is evident (see Fig. 1)
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Fig. 5. Normalized Tafel plots at various pH. The com-
position of postulated EAC is given at the curves
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that there is no other alternative at pH 3.0. So,
aqua-ions of Cu** seem to remain as electrically ac-
tive complexes at pH 5.3 as well.

When the charge transfer process proceeds by
two steps,

Cu** + e —» Cu*, @)
Cu* + e » Cu 5)

and the transfer of the first electron is a rate-deter-
mining step (i, << i), the kinetic equation takes

the form

L (Lo, )F [Cu*] o F

':2"’1{9“{ RT n]— [Cu2+]ZeXp(_ R ”]} ©)
where subscripts s and b denote surface and bulk
concentrations, o, and o, are anodic and cathodic
charge transfer coefficients of the process (4), res-
pectively, m is an overvoltage.

Relationship (6) is derived on the assumption
proposed by Vetter [15] that partial current densi-
ties of consecutive transfer of two electrons (i, and
i,) are equal. This is approximately valid at suffi-
ciently high cathodic overvoltages (1) under steady-
state conditions [16]. At high m_, equation reduces
to

i o, F

Iog[ﬁqj log3,) —lodCu™], + e (7)

where cathodic i/ and n are taken as positive. Equa-
tion 7 serves as a basis for analysis of experimental
data presented in Fig. 5.
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The kinetic parameters determined were used to
calculate voltammograms by equation. A comparison
of simulated and experimental data is given in Fig. 6.
An exchange current density at pH 3.0 agrees quite
well with that (24 HA cm™) obtained from impedan-
ce data for a similarly prepared electrode [17]. Si-
mulated voltammogram attains the true diffusion
limiting current at significantly negative potentials
(ca-1.7 V), where an evaluation of hydrogen is very
intensive.
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Fig. 6. Comparison between experimental and simulated
voltammograms at given values of kinetic parameters. The
case of consecutive transfer of two electrons to Cu?*(aq)
as an electrically active complex. The level of true limi-
ting current density, i,, , is shown in the upper part

At pH 5.3, i  is lower due to lower [Cu**], in
this case; but it has the same order of magnitude as
determined in [14, 18]. A weak maximum observed
at E = -0.75 V (Fig. 6) seems to be conditioned by
reduction of a small amount of surface Cu,0O. Such
an effect may be strongly pronounced under certain
conditions; this problem will be discussed in our next
communication.
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CONCLUSIONS

A good agreement between simulated and experi-
mental voltammograms allows to conclude that the
current plateau observed at pH 5.3 is in fact a pre-
wave amounting to ca 0.8 of the true limiting cur-
rent density. It is conditioned by abrupt changes in
solution composition at the electrode surface where
the transition from a ligand-deficient system to that
with an excess of ligand occurs.

Voltammograms may be quantitatively described
by equations of formal kinetics accounting for two
consecutive one-electron steps and involving aqua-
complexes of Cu(ll) as electrically active species.
The process of Cu** + e — Cu* seems to be a rate
determining step.
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KATODINIU PROCESU YPATUMAI SISTEMOJE
Cu|Cu(Il), ETILENDIAMINAS SU LIGANDO
TRUKUMU

Santrauka

Ribinés srovés plato, stebima sistemoje Cu|Cu(Il), etilen-
diaminas su ligando trikumu, yra priesbangis, salygoja-
mas staigiy tirpalo sudéties pokyciy prie elektrodo pavir-
Siaus. Voltamperogramas galima kiekybiskai apradyti for-
maliosios kinetikos lygtimis, jvertinanciomis nuosekly dvie-
ju elektrony perneSima j elektriSkai aktyvius Cu(II) akva-
kompleksus, tariant, kad procesas Cu** + ¢ — Cu* yra
limituojanti stadija.

A. Cypsuia, C. Kananenkaiite

OCOBEHHOCTHU KATOJHBIX ITPOIIECCOB B
CUCTEME Cu|Cu(l), STHWJIEHJUAMHUH C
HEJOCTATKOM JIMTAHJA

Peswowme

Ilnato mpeAeNbHOr0 TOKa, HAOMIOJaeMOe B CHCTEME
Cu|Cu(Il), sTunEHOMAMHUH C HEAOCTaTKOM JIMTaHJa, SB-
JSIETCSl TPEJBOJNIHOM, OOYCIOBICHHOW PE3KUMH H3MEHe-
HHUSIMH COCTaBa PacTBOpa y MOBEPXHOCTH 3IEKTpona. Boib-
TaMIEPOrpaMMbl MOTYT OBITh KOJIMYECTBEHHO OIHCAHBI
ypaBHEHUSAME (HOPMATbHOW KHHETHKH, YYHTBHIBAIOIIUMHE
MOCJIEOBATENBHBIN TEPEHOC JIBYX DJICKTPOHOB Ha IJeK-
TPUYECKH akTHBHBbIC akBa-komruiekcbl Cu(Il), cumTasi, 4to
npouecc Cu?* + ¢ — Cu® sBIAETCA CKOPOCTH ONpEJE-
JAOUEe cTaaue.
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