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EIS technique was applied to study the adsorption behaviour of the polyether
laprol 2402 C on Cu electrode in strongly acidic solutions. The impedance
spectra obtained for halide- and/or laprol-containing Cu(II) solutions may be
well described using the equivalent circuit R ([R,Q,][R,Q,]Q,) allowing to
separate the faradaic elements R, Q , R,, Q, from the constant phase element
Q,, reflecting double-layer capacitance. Halides act as surface-active anions
increasing double-layer capacitance in laprol-free solutions. Adsorption of the
polyether laprol 2402 C is enhanced by the halides in the sequence Cl- < Br-
< I. An additional [RL] sub-circuit was found to occur in the case of iodide-
containing solutions, this being indicative of the processes controlled by poten-

tial-dependent adsorption.
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INTRODUCTION

Plating baths used for producing bright copper coat-
ings usually contain polyether organic compounds
in combination with some sulphur-containing addi-
tives. Polyethylene glycol (PEG), polypropylene gly-
col (PPG) are among the most widely used
polyethers. Recently, laprol 2402 C with the aver-
age molecular mass of ca 3200 has been applied as
an effective surface-active substance (SAS) for bright
bronze plating [1, 2]. The approximate formula of
this compound may be written as X-O-X, where X
represents the chain

~(CH,-CH-0) ~{(CH,-CH,-0) -(CH,-CH-0)],-H

CH, CH,
with p = 10, ¢ = 12, m = 2. As one can see from
the above, this SAS might be treated as a block
copolymer of PEG and PPG with expected similar
adsorption behaviour.

According to the comprehensive reviews provided
by Stoychev et al. [3, 4], the adsorption of polyethers
on copper substrate can be weak or strong, depend-
ing on the cathodic polarization, solution composi-
tion and, especially, on the presence of other ions
(particularly CI) in the solution. It has been stated
that Cl” ions can act as particles enhancing SAS
adsorption which, in turn, is responsible for a strong
inhibition of Cu(II) reduction.
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At the same time, some contradictions can be
found in the literature. For instance, a 50-60 mV
decrease in the open-circuit potential caused by PEG
addition has been reported [5, 6], this being indica-
tive of the formation of moderately strong com-
plexes. On the other hand, complexes between Cu*
or Cu** and PEG are supposed to be unstable [3,
4]. According to [7], the inhibiting effect of PEG is
very strong even in chloride-free solutions and re-
sults in a decrease in current density by around three
orders of magnitude. However, the same effect has
also been found [5, 8] to be much weaker. As have
been suggested in [9], Cl- ions suppress a specific
adsorption of PEG molecules occurring in H,SO,
solutions, and all models assuming the adsorption
of neutral PEG molecules cannot be correct. Nev-
ertheless, the authors of Ref. [9] came to the con-
clusion that it is impossible to predict a correct
mechanism for copper electrodeposition in the pres-
ence of PEG and chloride.

Some different literature data seem to arise from
a poor control of the purity of solutions. As has
been emphasized (8], the effect of trace chloride is
so great that any inhibition found on adding PEG
to the base electrolyte may well be the effect of
chloride impurity. Certainly, voltammetric and im-
pedance data [10-12] obtained recently for solutions
protected from chloride traces have shown a rather
weak surface activity of laprol on copper electrode.

It is well known that chloride improves the anodic
process, and therefore this substance is a necessary
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component of most plating baths. It seems plausible
that chloride, as well as the rest halides, may affect
the adsorption of laprol on copper. A comparison of
the data obtained for different halides might provide
a useful insight into the nature of copper electrodepo-
sition.

EXPERIMENTAL

The solutions under investigation contained 0.01 M
CuSO, (Mallinckrodt, USA, with chloride impuri-
ties of 0.0005%), 0.6 M H_ SO, (analytical grade) as
a supporting electrolyte, potassium halides (high
purity) and laprol 2402 C (Russia) which was used
as received. Thrice-distilled water was used for the
preparation of solutions. A pure argon stream was
passed through the solutions before measurements
for 0.5 h and over solutions when the curves were
recorded.

A Pt wire with a surface area of 0.36 cm? was
used as a substrate for preparation of working elec-
trodes. It was coated at 10 mA cm= with a 5-7 pm
thick copper layer in a solution containing (g dm™):
CuSO, - 5SH,O - 200, H,SO, — 50. The working
electrodes were rinsed with water, immediately im-
mersed into the solution under investigation and
kept in it for at least 5 minutes before measure-
ments. An Ag|AgCl|KCl(sat) electrode served as a
reference. To protect the solutions from CI- traces,
a chloride-free electrolytic junction was used and
changed after each experiment. The electrode po-
tentials were converted to the standard hydrogen
scale.

Impedance measurements were carried out with
5 mV AC-voltage amplitude within the frequency
() range from 107 to 5 x 10* Hz using a Zahner
Elektrik (Germany) IM6 Impedance Spectrum Ana-
lyzer. Each record took about 5 minutes and was
repeated 3-4 times. An average reproducibility of
impedance was at 95% confidence level at f > 1 Hz.
Only in the case of iodide-containing solutions a
tendency to some increase in the impedance with
exposure time was observed. Nevertheless, the re-
producibility of the phase shift (@) was nice in all
the cases. Computer programs elaborated by Bou-
kamp [13] were used to analyze the impedance
spectra.

RESULTS AND DISCUSSION

It is common knowledge that Cu(II) electroreduc-
tion proceeds by two consecutive one-electron trans-
fers: Cu®>* + ¢ » Cu* and Cu* + e - Cu. Halides
are known to form coordination bonds with most
of d-metal ions including both Cu?* and Cu* [14].
Micromolar concentrations of halides are not suffi-

cient to change essentially the state of Cu®* aqua-
complexes in the bulk of 0.01 M Cu(Il) solution.
However, the possibility of interaction between in-
termediate Cu* ions and halides should be taken
into account, since an estimation of equilibrium Cu*
concentration generated by the Cu + Cu** - 2 Cu*
reaction yields only 77 uM [12]. Though Cu* com-
plexes with some polyethers have been reported to
be weak [3, 4], the possibility of their formation
cannot be neglected, either. The interactions under
discussion seem to be of considerable importance
when the net cathodic process involves adsorption
steps.

Experimental data obtained for laprol-free so-
lutions (Fig. 1) are indicative of a significant effect
of halides on impedance spectra. The total impe-
dance involving real (Z/, positive values) and imagi-
nary (Z’, negative values) components increases in
the sequence: ClI- < Br < I. An addition of chlo-
ride gives rise to a decrease of impedance as com-
pared with that obtained for halide-free solution
(dashed lines in Fig. 1). This result is in accordance
with voltammetric data [12]: addition of chloride
results in a decrease of cathodic overvoltage. The
rest halides (Br- and I) exert an opposite influence
on impedance spectra.

As mentioned above, laprol exhibits a weak sur-
face activity on copper electrodes in halide-free
solutions. No pronounced effect on voltammetric [11,
12] and impedance [10, 12] characteristics has been
detected at laprol concentrations (c, ) ranging up
to 10 mg dm=. Only a slight increase in overvoltage
has been observed in the region of low cathodic
polarization at ¢, = 100 mg dm>. According to

120

80

40

Z/Q cm?

log f/ Hz

Fig. 1. Impedance spectra obtained for laprol-free 0.01 M
Cu(II) solutions containing none (dashed lines) and 30 pM
of different halides. Comparison of experimental (sym-
bols) and simulated (solid lines) data. Parameters of
equivalent circuit are listed in Table. Open-circuit condi-
tions, £ = 0.253 = 0.002 V
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[12], the effect of chloride is opposite for laprol-
free and laprol-containing solutions. In the former
case, addition of chloride results in depolarization
of the cathodic process. In contrast, a significant
increase in cathodic polarization with ¢~ was ob-
served in the presence of laprol. The latter effect
was found to become stronger in the sequence
mentioned above [15].

Voltammetric as well as impedance characteris-
tics are very sensitive to the presence of halides.
The effect of chloride becomes detectable even at
¢o > 0.1 uM; this limit is at least one order of
magnitude lower for Br- and I. Addition of halides
into laprol-containing solutions results in a signifi-
cant increase in total impedance (Fig. 2), which is
most pronounced at sufficiently low frequencies, i.e.
in the region where kinetic characteristics of fara-
daic processes dominate over adsorption features.
To separate these phenomena, an analysis of impe-
dance data was carried out on the basis of adequate
equivalent circuits containing electric analogues of
the electrochemical system. The equivalent circuit
modelling the consecutive charge transfer process
has been proposed in [16]. It contains two parallel
sub-circuits, each including charge transfer resistance
(R) and Warburg impedance (W). This construction
should be shunted by double-layer capacitance (C,)
with the following addition of the ohmic resistance
of the solution (R_). According to [13], the descrip-
tion code of this circuit may be written as
R, ([R,W J[R,W,]C,) (here elements in series are
given in square brackets and elements in parallel
are in parentheses). Such circuit is valid for ideally
smooth electrode surfaces in the absence of other
processes, including adsorption-controlled charge
transfer.

In the case of non-ideal real systems, a modified
equivalent circuit is often used, where W and C,
are replaced by constant phase elements (CPE) Q
with admittance equal to Y (jw)",
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Fig. 2. The same as in Fig. 1 on addition of 10 mg dm™
of laprol. E__is equal to 0.255, 0.232 and 0.260 V for chlori-
de-, bromide- and iodide-containing solutions respectively

are attributable to the respective charge transfer
resistances. CPEs Q, and Q, determined for laprol-
containing solutions might by treated as Warburg
impedances to some extent (n is close to 0.5), but
this is not the case of laprol-free solutions, espe-
cially when the CPE Q, is concerned (Table). This
circumstance suggests that some additional sub-cir-
cuits have not been identified. In the case of laprol-
free solutions, Q, increases in the sequence CI- <
< Br < I'. This effect is well known for different
electrodes, including Hg, and is indicative of respec-
tive increase in specific adsorption of listed halides.
In contrast, the effect of halides is inverted when
laprol is present. At the same time, resistances R,
and R, increase to a great extent. These phenom-
ena show that halides enhance laprol adsorption
which in its turn reduces the rate of charge transfer
process.

where @ = 21 and J :\/__1' At Table. Parameters of equivalent circuit R_ ([R.Q,][R,Q,]Q.) obtained
o ulv. 1rcul 1

fl: _.1’ 0, 0.5 and 1’, CPE transforms for 0.01 M Cu(Il) solgtions containing ."30 ui\’[lof 2ditz'fer(laﬂnt halides.

into inductance, resistance, Warburg R, = 048 Q cm’ Dimensions: [R] = Q cm?, [Y,] = S em? s"

impedance and capacitance respec-

tively [17]. Analysis has shown that the

experimental data can be described Halide | R Q, R, 2 Q.

with a 2% frequency error using the b2 Y, | n 10* v, | n 107, | n

equivalent .Circuit Ro([RlQI][RZQZ],QdI)' a) laprol-free solutions

The established parameters are listed C- 39 157 0379 04 77 0523 29 0973

21 Taa]l’clie;si;sgﬁfc’iag:; f((’)fr et)l(lIl):rclcheuIit Br 75 67 0224 12 93 0499 39 0950

. . . I 35 1.2 0.142 17 23 0.627 62 0.902

is shown in Figs. 1 and 2. . g i

Considering that the factor n char- ) Cup me cm

acterizing le is close to 1, this CPE Cl- 700 0.67 0.424 63 10.6  0.469 41.7 0.892

may be treated as a non-ideal double- Br 1900 0.04 0.446 26 52 0493 14,6 0.950

layer capacitance. Elements R, and R, I 920 017 0474 83 77 0531 106 0955
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It should be emphasized that impedance charac-
teristics strongly depend on the electrode potential
(E). In turn, variations of Z with £ depend both on
¢,, and ¢, . An example of experimental data shown
in Fig. 3 is typical of all the halides at ¢, , = 30
UM. Even a small E shift from its open-circuit value
(E,,) results in a significant increase in Z (cf curve
a in Fig. 3 and the curve for bromide in Fig. 2).
Further, Z decreases, passes the minimum and in-
creases again. A comparison of the data obtained
at the same E for bromide- and iodide-containing
solutions shows that the impedance for the latter
solutions is 2-3 times higher than that in the pres-
ence of bromide. Consequently, the inhibitive effect
of halides according to the sequence CI- < Br < I
is clearly evident for cathodically polarized elec-
trodes. Some inversion in this sequence obtained
under open-circuit conditions (Fig. 2) seems to re-
sult from the fact that £ depends on the halide
nature and is most negative in the presence of bro-
mide in laprol-containing solutions (see the caption
of Fig. 2).

The impedance obtained at different cathodic
polarizations may be well described using the same
equivalent circuit as at the open-circuit potential.
Consequently, no substantial changes in the mecha-
nism are probable. Since iodide ions show the high-
est surface activity, specification of the reasonable
equivalent circuit is possible in this case. Insertion
of the additional [RL] sub-circuit makes it possible
to describe the experimental data with excellent
(0.5% frequency error) precision (Fig. 4). The pres-
ence of the above sub-circuit is typical of the pro-
cesses controlled by potential-dependent adsorption
(see, e.g., [18]).

Co-adsorbtion of laprol and halides seems to be
of irreversible nature. It is particularly remarkable

-Z”7/7kQ cm?

Z’/kQ cm?

Fig. 3. Nyquist plots obtained for 0.01 M Cu(II) solutions
containing 30 uM of bromide and 10 mg dm= of laprol.
The left inset shows the position of the electrode poten-
tials applied.
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Fig. 4. Phase shift spectrum obtained at E_ for Cu|Cu(II)
system containing laprol and iodide. Comparison between
experimental (symbols) and simulated (lines) data obtained
for indicated equivalent circuits. The case with [RL] sub-
circuit (R = 2.1 kQem? L = 15 H cm?) is preferable

that the effect of halides actually disappears when a
-0.3 — 0.5 V electrode potential is applied for 10—
15 minutes before measurements under open-circuit
conditions (Fig. 5). This takes place only at suffi-
ciently low halide concentrations not exceeding ca 5
UM. The data obtained show that a certain amount
of halides is utilized during copper electrodeposi-
tion and can be incorporated into the coating. Pre-
liminary X-ray photoelectron spectroscopy data have
shown that about 10 atomic % of bound halide may
be found on the electrode surface
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Fig. 5. Nyquist plots obtained under open-circuit conditions
for 0.01 M Cu(II) solutions containing 10 mg dm of laprol
and different amounts of Br~. The effect of bromide actu-
ally disappears after preliminary cathodic polarization

CONCLUSIONS

1. Impedance spectra obtained for halide- and/or
laprol-containing Cu(1I) solutions may be well-describ-
ed using the equivalent circuit R ([R,Q,][R,Q,]Q,)
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making it possible to separate the faradaic elements
R,Q, R, Q, from the constant phase element Q,
reflecting double-layer capacitance.

2. Halides CI, Br and I act as surface-active
anions increasing double-layer capacitance in laprol-
free solutions. The adsorption of polyether laprol
2402 C is enhanced by halides in the sequence:
Clr < Br < I.

3. An additional [RL] sub-circuit, typical of pro-
cesses controlled by potential-dependent adsorption,
was found to occur in the case of iodide-containing
solutions.
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HALOGENIDU SUSTIPRINTA POLIETERIO
LAPROLO 2402 C ADSORBCIJA ANT VARIO
ELEKTRODO

Santrauka

Taikant elektrocheminio impedanso spektroskopijos (EIS)
metoda, iStirta polieterio laprolo 2402 C adsorbciné
elgsena ant vario elektrodo labai riig§ciuose tirpaluose.
Impedanso spektrus, gautus Cu(II) tirpaluose su halogeni-
dais ir/arba laprolu, gerai apraSo ekvivalentine grandiné
R,([R,Q,][R,Q,]Q,), igalinanti atskirti faradéjinius ele-
mentus R, Q,, R,, Q, nuo pastoviosios fazes elemento
Q,, atspindin¢io dvigubojo sluoksnio talpa. Halogenidai
Cl, Br ir I' veikia kaip pavirSiuje aktyviis anijonai,
didindami dvigubojo sluoksnio talpg tirpaluose be laprolo.
Jie stiprina polieterio laprolo 2402 C adsorbcijg sekoje:
CI- < Br < I. Tirpaly su jodidu atveju aptikta papildoma
[RL] sub-grandiné, budinga procesams, kuriuos kont-
roliuoja nuo potencialo priklausanti adsorbcija.



