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The complexity of the anodic process taking place during electroless nickel plating in
a solution containing hypophosphite as a reducing agent and amino acetic acid as a
ligand has been verified by the results of electrochemical investigations. In the case
p C2 2—4 pmh™, an electrochemical reaction played
the main role in the autocatalytic process. With an increase in the intensity of the

of low nickel deposition rate, v,

plating process, the difference between v, = and the maximal anodic current intensity

Ni-P
i increased due to the difficulties in estimating the i value (coupled cathodic Ni
deposition reaction has a retarding effect on the anodic process) as well as due to the
participation of chemical reactions in the catalytic process. Voltammetric measure-
ments carried out at potentials more positive than the mixed potential showed the
increase in Ni-P electrode activity with an increase in anodic polarization.

The rate of catalytic hypophosphite oxidation by H,O estimated as the difference
between the volumes of H, evolved in the anodic process and in Ni-P deposition
process was independent of the potential applied. These results as well as the results
obtained for hypophosphite solutions, when Ni-P deposition does not proceed, in-
dicate the pure chemical nature of the catalytic oxidation of hypophosphite by H,O.

The stability of the solutions had no relation to the values of neither v, , nor i.
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INTRODUCTION

Electroless (autocatalytic) metal deposition is rather com-
plicated and incomprehensible investigating process. For
example, it is supposed that the catalytic behavior of
surfaces has both chemical, throughout the formation of
intermediate active products, and electrochemical nature
[1-4]. In the latter case, the metal surface serves as an
electron transmitter from the reducing agent to metal
ions since the oxidation of the reducing agent and the
reduction of the metal ion reactions proceed separately
on the surface. Recent investigations have shown also
the relevancy of electrochemical reactions to the reac-
tions proceeding during the electroless copper plating
when Co(Il) salt is used as a reducing agent [5, 6]. The
authors of these works have shown that the rate of
copper deposition depends strongly on the mixed poten-
tial and obeys the mixed potential equation for systems
containing both reducing and oxidizing agents indepen-
dent of the chemical composition of the solutions.

In the case of hydrogen containing reducing agents,
the coincidence of chemical reactions with the electro-
chemical ones is not so evident. However, the relations
between electroless nickel deposition rate and the rate of
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partial electrochemical reactions taking place during the
oxidation of the reducing agent and the reduction of the
metal ions has been observed in all the investigated ca-
ses. Evidently, the main reason of the discrepancy be-
tween the processes in electrochemical modeling solu-
tions and electroless plating solutions is the interactions
of the coupled electrochemical reactions during electro-
less plating. Such interactions are evident in the case of
electroless nickel plating when hypophosphite is used as
a reducing agent [7]. Though the oxidation of hypho-
phosphite is rather complicated process, it has been shown
earlier [8] that there exists a correlation between the ma-
ximal anodic current density of hypophosphite oxidation
and electroless nickel deposition rate. These maximal ano-
dic current intensities are considerably lower than the
rate of nickel deposition. They make up from 30 to 40%
only implying that the electrochemical reactions are not
exclusive in the autocatalytic process. Direct interactions
of hypophosphite with Ni** are also possible.

The aim of this work was to evaluate the role of the
maximal anodic current density in the autocatalytic pro-
cess of electroless nickel deposition. In this study, a
solution containing hypophosphite as a reducing agent
and amino acetic acid as a ligand for Ni** ions was
used for the electrochemical investigations. Noteworthy,
this solution is characterized by a high deposition rate
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and the possibility to obtain Ni—P coatings with various
content of phosphorus in a wide range of pH.

EXPERIMENTAL

The main investigations were carried out in a solution
containing (in mol-1""): 0.1 NiCl,, 0.3 NaH,PO,, 0.33
NH,CH,COOH (amino acetic acid), 0.06 CH,(COONa),
(sodium malonate) at pH 6 (adjusted with NaOH solu-
tion and measured at room temperature) and 90 °C. The
depositions were obtained on Pt plates and the thick-
ness of Ni—P coatings was determined by weight gain
of the plate.

Voltammetric measurements were performed using a
potentiostat PI-50-1 and a three-camera thermostated elec-
trochemical cell at a potential sweep rate 2 mV-s'. In
this set-up, a Pt plate coated with Ni-P (or Pd—P) was
used as the working electrode, a Pt wire as a counter,
and Ag/ACI/KCI_ as the reference electrode. All poten-
tials are given vs the normal hydrogen electrode.

The unstability of electroless nickel plating solutions
was ascertained by determining the Ni—P powder content
formed during 1 h in 100 ml of the plating solution at
a load of 20 cm?. For this purpose, after the plating, the
solution was filtered and after rinsing with water, the
precipitate was dissolved in a dilute HNO, (1:1) solu-
tion. The obtained solution was evaporated to ~2 ml after
the addition of H,SO,, the content of Ni was determined
colorimetrically using dimethylglyoxime.

The content of hydrogen evolved during the deposi-
tion was measured volumometrically using a microbu-
rette. The reliability of such measurements was checked
by the determination of the concentrations of hypo-
phosphite and Ni*" after plating in parallel experiments.

The content of phosphorus was determined colori-
metrically using molybdate [9] after the dissolution of
the coating in a dilute HNO, (1:1) solution, while the
content of hypophosphite was according to [10].

All the data presented are averaged between the da-
ta obtained in 2-3 parallel experiments.

The rate of all the electrochemical reactions inves-
tigated was expressed as v (mol's'-cm™2), using the equa-
tion v = i/nF, where i is the current density in A-cm™2,
n is a number of electrons sharing during reaction (for
Ni(Il) reduction it is equal to 2, for the oxidation of
hypophosphite » =1, and for H, evolution n = 2). Thus,
for the Ni deposition at 1 mA-cm?, v is equal to 1.23
pm-h,

RESULTS AND DISCUSSION

Electroless deposition of nickel coatings using hypho-
phosphite is a rather complicated process. In this pro-
cess, hyphophosphite takes part in at least three diffe-
rent reactions [11-13]: Ni(Il) ion reduction according to
the reaction

Ni** +2H,PO, +2H,0 — Ni+2H,PO, +H,+2H, (1)

the catalytic oxidation in the reaction with water
HPO, + H,O — HPO, +H,; 2)

and the reaction resulting in phosphorus co-deposition:
4H PO, +H"+H,0 — 3HPO, +P+25 H,, (3)

As is well known, Ni(II) reduction is a pH-depen-
dent reaction; the rate of hypophosphite oxidation in-
creases with an increase in pH. Experiments carried out
at different pH values (Fig. 1) showed its crucial influ-
ence on nickel deposition rate (v, ,), maximal anodic
current density (i) and the stability of electroless nickel
plating solutions. The highest rate of the deposition and
the highest value of i are achieved at pH 7. However,
at this pH value the solution is most unstable.
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Fig. 1. Influence of pH on Ni-P deposition rate (1), intensity
of maximal anodic current (2) and unstability of solutions (3)
containing, moll': 0.1 NiCl, 0.3 NaH,PO, 0.33
NH,CH,COOH, 0.06 CH,(COONa), at pH 6 (measured at
room temperature) and 90 °C
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Fig. 2. Influence of temperature on electroless nickel plating

rate (1) and maximal anodic current intensity (2) containing,
mol1"": 0.1 NiCl, 0.3 NaH,PO,, 0.33 NH,CH,COOH, 0.06
CH,(COONa), at pH 6 (measured at room temperature)
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Fig. 3. Influence of hypophosphite concentration on electro-
less nickel plating rate (1) and maximal anodic current inten-
sity (2) in solutions containing, mol-I™: 0.1 NiCl,, 0.33
NH,CH,COOH, 0.06 CH,(COONa), at pH 6 (measured at
room temperature) and 90 °C
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Fig. 4. Influence of Ni(I) concentration on electroless nickel
plating rate (1) and maximal anodic current intensity (2) in
solutions  containing, moll': 0.3 NaH,PO,,  0.33
NH,CH,COOH, 0.06 CH,(COONa), at pH 6 (measured at
room temperature) and 90 °C

It was found that the deposition rate increased with
an increase in the bath temperature (Fig. 2), hyphophos-
phite concentration (Fig. 3) and Ni(II) concentration (Fig.
4). The plating rate in most cases investigated was high-
er than i . However, some exceptions were observed in a
slightly acidic solution at pH close to 34 or in the
cases of low concentration of Ni** c.a. 3 to 20 mM. In
these cases, v, , was also low (less than 5 um-h™'). How-
ever, the low plating rate does not always indicate the
approach of i to v, value. This was evidenced in the
case of low temperatures. On the other hand, when
Vyp exceeded 5 pm-h™' it was always higher than i
Moreover, higher values of v, , resulted in the increase
of the disparity between v, and i, A v ..

We suggest that A v, could be attributed to the
reactions of electroless nickel plating proceeding accor-
ding to direct chemical interactions between Ni*"ions and
hypophosphite. If so, it can be assumed that the direct
interactions caused the formation of Ni—P particles in the
bulk and unstability of the solution. Actually, the stability
of electroless plating solutions decreased with an in-
crease in temperature and hyphophosphite concentration.
The data presented in Figs. 2 and 3 also showed the
increase of A v, with the increase in hypophosphite
concentration and the temperature of the solution. How-
ever, this relation was not seen in the case of electroless
nickel plating in neutral and alkaline solutions (Fig. 1),
since the extremely high unstability of the solutions at
pH 6-8 was not related to A v, ,, which practically was
invariable in the range of pH from 6 to 11. The influ-
ence of Ni(I) salt concentration on the stability of elec-
troless plating solutions was also ambiguous. When the
concentration of hypophosphite was sufficiently high, the
decrease in Ni(Il) concentration led to the decrease of
the deposition rate and solution stability (Table 1), mean-
while the value of A v, decreased as well. Thus, the
overall relation between the measured v, , and i in mo-
deling experiments does not exist. Actually, the stability
of electroless nickel plating solutions containing amino
acetic acid as a ligand depends on the ratio between
hypophosphite and Ni(I) concentrations in the solution.
The higher is this ratio, the lower is the stability of
solutions (Table 1). So, the stability of the solution can-
not be connected with the deposition rate; it may be high
in the cases of both low and high deposition rates.

P

Table 1. The influence of Ni(Il) and H,PO,” concentrations on the stability of electroless plating solutions at 90 °C at

ratio Ni(I) : NH,CH,COOH : CH,(COONa), 1 : 3.3 : 0.6

Concentration, mol-I™!

Unstability, mg,,

Deposition rate v, ,, umh

H,PO, Ni(II)

0.3 0.1 3.6 19.8
0.3 0.05 22 113
0.3 0.01 52 0.3
0.15 0.1 1 14.5
0.6 0.1 36 19.6
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Fig. 5. Anodic voltammograms of Ni-P electrode in solutions
containing, mol'I"": 0.1 NiC12, 0.33 NH,CH,COOH, 0.06
CH,(COONa), and NaH,PO,: 0.01 (1); 0.02 (2); 0.05 (3);
0.09 (4); 0.28 (5) at pH 6 (measured at room temperature)
and 90 °C

Figs. 3 and 4 show that with the increase of v,
owing to the increase in Ni(II) ions and hypophosphite
concentrations, value i, remained constant after its ma-
ximal value at about 5 mA-cm™ had been obtained.
However, the shape of anodic voltammograms changed
drastically with the increase in H,PO,” concentration. At
low concentrations, the current rapidly reached the limi-
ted value with an increase in the potential, meanwhile
at high concentrations, the voltammetric curve had a
pronounced peak. The similar relations in the anodic
voltammograms were also observed when the concen-
tration of Ni(I) ions was increased (Fig. 6). The dis-
tinct limited current density was observed only at low
concentrations of Ni(I) when the plating process was
slow enough. Again, the increase in pH had the same
effect on the anodic process.

The investigations of the peculiarities of anodic
H,PO," oxidation allowed to draw the following con-
clusions:

1. The distinct limited anodic current shows the possi-
bility to run the autocatalytic Ni—P deposition process
according to the electrochemical mechanism. It takes
place at a low concentration of Ni(Il) and low values
of pH when the deposition rate is low. In all these
cases v, , is equal to the limited current density and
can be described as resultant of two coupled reactions:
anodic oxidation of HPO,” and cathodic reduction of
Ni(1D).

2. In the cases when the voltammograms have sharp
anodic peaks, the measured values of the maximal cur-
rent density i, may be imprecise due to a shift of a
mixed potential towards the direction of more negative
values or due to the retarding effect of the reaction (1)
taking place in the electroless plating solution (Fig. 5,
curves 3-5 and Fig. 6, curves 4-6). On the other hand,

i, mA cm™
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Fig. 6. Anodic voltammograms of Ni-P electrode in solutions
containing, molT': 0.3 NaH,PO,, 0.33 NH,CH,COOH, 0.06
CH,(COONa), and NiCl,: 0.005 (1); 0.01 (2); 0.016 (3); 0.032
(4); 0.05 (5); 0.1 (6) at pH 6 (measured at room temperature)
and 90 °C
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Fig. 7. Anodic voltammograms of Pd-P electrode (1 and 1"
and Ni-P electrode (2, 2’) in: solution containing, mol-I™':
0.011 PdCl, 0.1 NaH,PO,, 1.6 NH,OH, 0.5 NH,CI at 60 °C
(1,1) and solutions containing, moll™': 0.05 NiCL, 0.03
NaH,PO,, 0.16 NH,CH,COOH, 0.03 CH,(COONa), at pH 6
(measured at room temperature) and 90 °C (2, 2'). The poten-

-250 -150

tial sweep in direction of positive values (1 and 2), in rever-
se order (1' and 2"

the Ni—P coating deposition rate was twice and more
higher than i . It hardly can be explained by the retar-
ding effect of the nickel deposition process. Therefore,
it can be assumed that at high deposition rate the auto-
catalytic process proceeds according to the two parallel
mechanisms — electrochemical and chemical.

The retardation of the anodic process at more nega-
tive values of the potential may be attributed to the Ni—P
electrode surface state as well. The data presented in
Figs. 5 and 6 pointed not to the oxidation on the sur-
face (the passivation proceeds at more negative poten-
tials), but, probably, to the retarding effect of interme-
diate products forming on the surface during the elec-
troless plating process. It could be the hydrogen formed
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in catalytic oxidation of hypophosphite and sorbed on
the surface.

To check this assumption, further studies were carried
out for electrochemical oxidation of H,PO,” on Pd-P and
Ni—P electrodes in the corresponding electroless plating
solutions (Fig. 7). The results obtained showed that Pd
activity in the hypophosphite anodic oxidation reaction
is lost more easily than that of Ni—P electrode. In the
latter case, the shape of voltammograms is similar in
both directions of the potential sweep. It is worth no-
ting that the passivation of Ni—P electrode in plating
solutions under anodic polarization was not observed
independent of pH, Ni(Il) and H,PO,” concentrations,
meanwhile the passivation of Pd—P proceeded in all the
cases investigated. The different character ocelectroche-
mical of H,PO,” oxidation on different electrodes de-
notes the significance of the chemical interactions.

The influence of the surface state was confirmed
also by the data presented in Fig. 8. It has been known
[7] that anodic current is considerably lower in the hy-
pophosphite solutions without Ni(II) ions, when electro-
less nickel plating in not proceeding. We found that the
rate of anodic oxidation can be increased by the anodic
pre-treatment of the Ni—P electrode in the same hypo-
phosphite solution. Slight anodic polarization had an in-
considerable influence on the anodic current density
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Fig. 8. Influence of duration of Ni-P electrode polarization at
constant potential, mV: —500 (1); —450 (2); —350 (3); —300
(4); —250 (5) and —200 (6) on maximal anodic current den-
sity in solutions containing, mol-1"'": 0.1 NiCl,, 0.3 NaH,PO,,
0.33 NH,CH,COOH, 0.06 CH,(COONa), at pH 6 (measured
at room temperature) and 90 °C

(Fig. 8, curves 1 and 2), while a long term polarization
at higher potentials (from —300 to —200 mV) increased
the anodic current by 5-6 times (Fig. 8, curves 4-6)
reaching i values comparable to v, .

It must be emphasized that the increase in Ni-P
surface anodic polarization leads to the increase in i
and also in remarkable changes of H,PO, anodic vol-
tammograms (Fig. 9). After the further polarization, the
passivation of Ni-P electrode decreased, and after a
more prolonged polarization disappeared completely. The
surface of Ni—P electrode even at high rates of anodic
oxidation of hypophosphite remained active; actually,
more active than that in the electroless nickel plating
solutions. It is unlikely that the increase in the surface
activity is related to the renewal of Ni—P surface due to
its electrochemical oxidation and chemical reduction by
hypophosphite as in the electroless plating solutions the
surface renewal does not prevent the decrease in the
current intensity with anodic polarization. It is also un-
likely that the reason of the surface renewal could be
the dissolution or oxidation of phosphorus as its quan-
tity in the coatings is low and independent of the po-
tential (Table 2). Again, the dissolution of Ni at these
values of potentials is impossible.

The distinct activation of the surface was observed
at the potentials more positive than these of the
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Fig. 9. Anodic voltammograms of Ni-P electrode in the so-
lutions containing, mol-1": 0.1 NiCIQ, 0.3 NaH,PO,, 0.33
NH,CH,COOH, 0.06 CH,(COONa), at a pH 6 (measured at
room temperature) and 90 °C after polarization at —200 mV
for 0 (1); 2 (2); (3); 10 (4) and 30 (5) min

Table 2. The influence of anodic potential on the average maximal anodic current i, volume of H, evolved, deposited

Ni-P and content of P incorporated. Surface area 16 cm’; deposition duration 15 min

E, mV i, mA H,, ml Ni-P, mg P, mg P, mass. %
—440 0 51 77.2 6.5 8.4
—400 62 40 47.8 4 8.4
-375 82 30 25.5 2.2 8.7
=350 73 30 18.2 1.5 8.1
-325 70 16 6.2 0.53 8.5
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Fig. 10. Influence of potential on the hydrogen evolution rate
(1), nickel deposition rate (2), anodic current intensity (3) and
the calculated value of hydrogen evolving rate (4) in the solu-
tions containing, moll™: 0.1 NiC12, 0.3 NaH,PO,, 0.33
NH,CH,COOH, 0.06 CH,(COONa), at pH 6 (measured at room
temperature) and 90 °C. Duration of experiments — 10 min

equilibrium potential of hydrogen electrode in these so-
lutions (~-360 mV). It is possible that the activation
throughout the anodic polarization proceeded due to the
oxidation of hydrogen or its compounds (hydride) pre-
sent in the surface layer of Ni—P coating. Besides, the
surface activity in the hypophosphite oxidation process
changed rather slowly; the activation as well as the sub-
sequent passivation without polarization proceeded du-
ring several minutes.

During the electroless nickel plating process, an in-
tensive evolution of hydrogen gas proceeds. In order to
evaluate its influence on the anodic hypophosphite oxida-
tion, measurements of hydrogen volumes evolved at dif-
ferent potentials were carried out. The data given in
Fig. 10 show that with the increase in the potential, the
rates of hydrogen evolution (curve 1), Ni—P deposition
(curve 2) and anodic current density (curve 3) decreased
(at more positive potentials than —300 mV). Taking into
account that during Ni—P deposition H, evolves in reac-
tions (1) and (2), the difference between curves 1 and 2
(Fig. 10, curve 4) gives the part of H, falling to reaction
(2), 1. e. to the catalytic oxidation of hypophosphite with
H,O. In these calculations, the amount of H, formed in
the reduction of phosphorus was not taken into account,
since it does not exceed 10% of the whole hydrogen
evolved. The rate of reaction (2) is independent of the
potential indicating its chemical nature.

The feasible catalytic oxidation of hypophosphite with
H,O according to the chemical mechanism was con-
firmed also by the further electrochemical investigations
in hypophosphite solutions without Ni(II), when the de-
position of Ni—P did not proceed (Fig. 11). In this case
the experiments were also carried out at potentials more
positive than that equilibrium hydrogen potential in these
solutions, when the cathodic reduction of HO is im-
possible. The calculated values of H, formation rate
(Fig. 11, curve 3) did not depend also on the potential
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Fig. 11. Influence of potential on the hydrogen evolution rate
(1), anodic current intensity (2) and hydrogen evolution rate in
reaction of catalytic oxidation of H,PO,” with H,O (3) in so-
lutions containing, moll': 0.3 NaH,PO,, 0.1 NH,CH,COOH,
0.06 CH,(COONa), at pH 6 (measured at room temperature)
and 90 °C. Duration of experiments — 10 min

in a very wide range. Therefore, the catalytic oxidation
of hypophosphite with HO on Ni-P electrode is a che-
mical process and the electrochemical reactions do not
play any role.

CONCLUSIONS

When the electroless nickel deposition rate (v, ) is
low (2-4 pm-h™), the electrochemical reaction of hy-
pophosphite oxidation plays the main role in the auto-
catalytic process. With an increase in the intensity of
the process, the difference between v, , and maximal
anodic current intensity (i ) increases due to difficulties
in the estimation of the apparent value of i (coupled
cathodic Ni deposition reaction has a retarding effect
on the anodic process) as well as due to the participa-
tion of chemical reactions in the catalytic process. The
increased activity of Ni—P electrode due to the positive
polarization in the solutions containing hypophosphite
indicates a significant role of intermediate products in
the autocatalytic process.

The stability of the solutions is not related to the
values v, , or v, implying that the reactions having
proceeded in the bulk of the solutions and on the sur-
face are not related.

The catalytic oxidation of hypophosphite with H,O
on Ni—P surface does not depend on the potential, in-
dicating a reaction of a purely chemical origin.
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CHEMINIO NIKELIAVIMO TIRPALY, KURIUOSE
YRA LIGANDAS AMINOACTO RUGSTIS,
ELEKTROCHEMINIAI TYRIMAI

Santrauka

Elektrocheminiy tyrimy rezultatai patvirtino anodiniy procesy,
vykstan¢iy nusodinant cheminio nikelio dangas tirpaluose, ku-
rivose yra reduktorius hipofosfitas ir ligandas aminoacto rugs-
tis, sudétinguma. Kai nikelio nusédimo greitis (v,, ,) buvo
nedidelis — apie 2—4 pm h', elektrocheminé reakcija vaidino
pagrinding rolg autokataliziniame procese. Dangy nusédimo
«p IT iSmatuotos mak-
simalios anodinés srovés dydZio i didéjo dél i reikSmés nu-

procesui intensyvéjant skirtumas tarp v

statymo sudétingumy (kartu vykstanti nikelio nusédimo reakcija
létinanciai veikia anodini procesa) bei dél cheminiy reakcijy,
tuo pat metu vykstanéiy katalizés procese. Voltamperometriniai
matavimai, atlikti esant potencialams, teigiamesniems uz mis-
ry potenciala, parodé Ni-P elektrodo aktyvumo didéjima, didi-
nant anoding poliarizacija.

Katalizinés hipofosfito oksidacijos vandeniu greitis, {vertin-
tas skirtumu tarp vandenilio, i$siskyrusio anodiniame procese ir
nusodinant Ni—P dangas, thriy, nepriklausé nuo suteiktojo po-
tencialo reik§més. Sie rezultatai, taip pat duomenys, gautieji hi-
pofosfito tirpaluose nesant Ni(II) (kai Ni-P dangy nusédimas
nevyksta), rodo tik cheming hipofosfito katalizinés oksidacijos
vandeniu prigimtj.

Tirpaly stabilumas néra susijgs nei su v, nei su v, reik§mémis.



