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Abstract—The potentiometric titration of tin chloride SnCl, is performed in the concentration range of
0.00009—1.1 mol/L with a solution of sodium hydroxide NaOH. According to potentiometric titration data
based on modeling equilibria in the SnCl,—H,0—NaOH system, basic equations are generated for the main
processes, and instability constants are calculated for the resulting hydroxo complexes and equilibrium con-
stants of low-soluble tin(I) compounds. The data will be of interest for specialists in the field of theory of

solutions.
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INTRODUCTION

Semiconductor compounds of tin, such as sulfide
SnS, selenide SnSe, and oxide SnO, in thin-film state
are promising materials in different fields of modern
electronics, namely, holographic recording [1, 2], the
detection of IR radiation [3], infrared memory devices
[3—6], and in the design of sensors, lasers, thermo-
electric elements [2, 6—13], and photovoltaic devices
[14—17].

To prepare single-phase layers of SnS and SnSe,
vacuum [18—22] and vapor-phase technologies [23—
25], which require complex equipment, are widely
employed, along with simpler liquid-phase methods,
especially chemical precipitation from aqueous solu-
tions [2, 26—33]. It should be noted that the synthesis
of thin films of SnS, SnSe, SnO, via hydrochemical
technology is complicated, due to the hydrolysis of
tin(II) salts in bulk solution [34—38] with the forma-
tion of tin(II) hydroxide, which is characterized by a
very low solubility product (6.3 x 1072 [39]).

The results from studies aimed at investigating the
ionic state of tin(Il) in aqueous solutions, are quite
contradictory. According to [35], the formation of

complex forms of tin is possible (SnOH™*, Snz(OH)?,
and Sn3(OH)i+), while it was suggested in [38] that

binuclear complex Sn,(OH); can be present in a solu-
tion. The authors in this case rejected the possible for-
mation of mononuclear ions of SnOH™*. In [36], a

basic series of hydroxo forms with coordination num-
bers of 1 to 3 was discussed along with the abovemen-
tioned metal complexes, along with the formation of
the barely soluble compound Sn(OH),s,. These scat-
tered and contradictory data indicate a need for fur-
ther studies aimed at obtaining more reliable data on
the formation of hydroxo complexes and low-soluble
tin(II) compounds in aqueous solutions and deter-
mining their stability constants.

The formation of a theoretically rationalized basis
for the targeted synthesis of tin(II) sulfide and selenide
is helped by the potentiometric titration of tin chloride
solutions with sodium hydroxide using the original
procedure given in [40] for processing the results.

The aim of this work was thus to investigate equilib-
ria in the system SnCl,—H,0—NaOH via mathemati-
cal modeling of the results from potentiometric titra-
tion to determine the equilibrium constants and con-
ditions of the formation of hydroxo complexes in
solution and low-soluble tin(I1I) compounds.

EXPERIMENTAL

An experimental data set for the potentiometric
titration of tin chloride SnCl, solutions with concen-
trations of 0.00009 to 1.1 mol/L using sodium hydrox-
ide was obtained. The concentration of NaOH was
0.001—10.05 mol/L.
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Fig. 1. Diagram of the distribution of some concentrations
of Sn" ions and mononuclear tin(I1) hydroxo complexes in
the Sn2+—H2O—OH7 system vs. the pH of the medium at

total analytical concentration of tin Cszn(”) =0.03 mol/L
and 7= 298 K.

Experiments were conducted according to the
standard procedure: a particular volume of tin salt
solution with known concentration was introduced
into a glass beaker to which a titrated solution of
sodium hydroxide was added dropwise from a burette
with stirring using a magnetic stirrer. At the end of
each interval between drops of 30 to 180 s, the added
volume of alkali and corresponding pH of the salt
solution were recorded.

The results from titration were processed using
EQ-5 program package described in [40].

RESULTS AND DISCUSSION

Let us first examine the ionic equilibria that arise in
the system Sn?>*—H,O—OH~ by considering only
mononuclear metal hydroxo complexes. We used the
computational approach proposed in [41] to deter-
mine the fraction of uncomplexed tin(I1I) ions along
with all complex compounds in this system.

Figure 1 presents the dependence of the fractional
concentrations of free ions and Sn (II) hydroxo com-
plexes in the system Sn**—H,O—OH-, which are
characterized by the instability constants [39]
Pking1(SNOH™) = 11.60,  pkiyo(Sn(OH),) = 20.94,

and pk;..;(Sn(OH);3) = 25.39, depending on the pH
of the medium.

Hydrolysis starts with the formation of mononu-
clear ion SnOH™, whose fraction in solution at
pH = 3.5 is ~0.85. The range of existence of the
molecular form of Sn(OH), agrees with the literature
data on pH, from ~2.0 to the complete precipitation of
hydroxide at 4.7—10.0 [34, 39]. At pH > 10, almost all
tin(II) (more than 99%) in the solution exists in the
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form of complex ions of Sn(OH)5, the product of the
hydrolytic process with the participation of previously
formed metal hydroxide.

Analysis of the ionic equilibria in the system Sn>"—
H,O—OH~ thus proves the ability of tin(II) com-
pounds to hydrolyze, which starts with the formation
of mononuclear hydroxo complex with a coordination
number of 1. In the broad range of pH 5.0—9.5, metal
in the form of neutral particles of Sn(OH), predomi-
nates. In a strongly alkaline medium, stannate ion

Sn(OH); is formed at pH > 10, due to the hydrolytic
decomposition of tin(II) hydroxide.

Despite the relevance of the problem, there are few
works on investigating equilibria in the system SnCl,—
H,0—NaOH, and the results are quite contradictory.
For example, it is known [35] that when diluting SnCl,
solution with water, it becomes turbid because of the
formation of barely soluble basic salt SnOHCI [35, 36,
42, 43], but during the titration of tin(II) chloride
solution with alkali a precipitate forms whose compo-
sition during titration varies from Sn(OH), ¢ Cl, 55 to
Sn(OH), 4¢Cl, 4. The authors of [35] believed these
compounds exist in the system at a slight deviation
from equilibrium, since only basic tin(II) chloride
with a composition of 3SnOSnCl, 3H,0
(Sn(OH), sCl, 5 - 0.75H,0) was isolated from chloride
aqueous solutions. The statement that all composi-
tions of the resulting barely soluble compounds in the
system Sn?*—H,0—OH~ differ by minimum nuclear-
ity (i.e., they are mononuclear) is, in our opinion, not
correct.

During hydrolysis, the probability of polynuclear
tin(IT) hydroxo complexes emerging is quite high. One
example is that in works devoted to the potentiometric
titration of tin(II) sulfate with alkali, the formation of
solid-phase compounds of the below compositions
was determined by modeling the equilibria in the sys-
tem: Sn(OH),s), Sny(OH),SOys), Sny(OH)¢SOys),
Sng(OH)4S0ys), and SnOys, [44—46]. Most of these
are complex polynuclear formations. Assuming this is
true, it is of practical importancr to investigate the
equilibria that arise in solutions of tin chloride SnCl,—
H,0—NaOH. Determining the composition and
ranges of existence of complex forms and tin(II) com-
pounds in a solution is necessary in order to predict
the concentration boundaries of the formation and
further optimization of hydrochemical synthesis of
tin(II) sulfide and selenide films when using its chlo-
ride salt.

The results from the potentiometric titration of
0.00009—1.1M SnCl, solutions with 0.001—
10.05 mol/L NaOH are presented in Fig. 2 in coordi-

nates n - = f(pH). The authors of [37] noted that

solutions of tin(II) salts are quickly oxidized with
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Fig. 2. Dependences of the function of formation on hydroxide ion n

- on the pH of SnCl, solutions, according to the results

from processing experimental (crosses) and theoretical (bold lines) curves of the potentiometric titration of tin(II) salt with
sodium hydroxide at the following initial concentrations of components, mol/L: (a) CSn(H) =0.00009, Cn,0n = 0.001;

(b) Csn(”) = 00008, CNaOH = 001, (C) Csn(”) = 003, CNaOH = 030, (d) Csn(”) = 012, CNaOH = 098, and (e) Csn(n) = 110,

Cnaon = 10.20; T=25°C.

atmospheric oxygen, so freshly prepared solutions of
chloride SnCl, were used to avoid this process.

More complete hydrolysis of tin salt solution SnCl,
with an increase in its concentration from 0.00009 to
1.10 mol/L is indicated by the shift of pH of the start of
potentiometric titration curves from 3.8 to 0 (Fig. 2).

The function of formation of metal ion, which
determines the number of atoms of complexing agent
(Sn?* ions) on one molecule of compound was evalu-
ated from the slope at the start of the step on the curve;
the higher the slope of potentiometric titration curve
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or the lower the slope, the higher the function of for-
mation on a metal ion [47]. The slope of curve n - =
f(pH) does not change up to the content of tin(II)
chloride of 0.0008 mol/L (Figs. 2a, 2b). However,
raising the initial concentration of SnCl, in solution
up to 0.03 mol/L lowers the slope of the potentiomet-
ric titration curve (Fig. 2c), due presumably to the
simultaneous formation of polynuclear complexes and
barely soluble metal compounds. At the maximum
concentration of SnCl, corresponding to 1.10 mol/L,
there is in fact a straightening of the initial section of
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the curve (Fig. 2e), due presumably to a reduction in
the number of complex forms of Sn(IT).

By projecting the plateau on the ordinate axis that
characterizes the function of formation on OH™ ions,
we can estimate the composition of the solid-phase
metal compounds. The value of this function is 2 over
the range of tin salt concentrations in the system
SnCl,—H,0—NaOH, which corresponds to the for-
mation of a phase with the stoichiometric composition
Sn(OH),,s).

At a content of tin chloride SnCl, corresponding to
0.00009 mol/L (Fig. 2a), the formation of the above-
mentioned barely soluble compound is possible in the
fairly narrow pH range of 7 to 8, as is indicated by the
broad line modeled according to the results from
potentiometric titration.

Raising the initial concentration of metal salt in the
considered system to 0.12 mol/L (Fig. 2d) consider-
ably extends the range of existence of the phase
Sn(OH),,s, in the interval of pH 4.5-12.1. At
[SnCl,] = 1.10 mol/L, however, the pH range in
which this compound can be isolated is again limited
to 5.9—11.7.

In all of the potentiometric titration curves, a step
can be observed with function of formation Aoy = 1.5;
at salt contents of up to 0.0008 mol/L (Figs. 2a, 2b),
this is indicated in the figure by a thin line suggesting
that the formation of solid phase with the formula
composition Sn,(OH), 5,Cl, 5., does not occur under
these conditions. However, the fractional concentra-
tion of the corresponding polynuclear hydroxo com-

plex Sn (OH) (2x7L3)% greatly exceeds the content of
other complex forms and compounds of tin(II) in the
solution. A further increase in the concentration of
SnCl, in solution yields a barely soluble compound
with a stoichiometric composition of
Sn,(OH), 5,Cly sy Its range of existence lies within
23<pH<44 at a concentration of SnCl,=
0.03 mol/L and varies up to pH 1.9—5.9 at the maxi-
mum concentration of tin(II) salt corresponding to
1.10 mol/L (Fig. 2e).

At concentrations of tin chloride higher than
0.03 mol/L (Fig. 2¢) in acidic media (pH < 2.4), we
observe an additional step on the potentiometric titra-
tion curves with the function of formation on hydrox-
ide ion Aoy =1 confirming the isolation of primarily
solid phase Sn,(OH),Cl,s, from the solution. Only
after that is the formation of a weakly soluble com-
pound with the composition Sn,(OH), 5,Cl s, pos-
sible.

Using the results from computer modeling of the
main equilibrium processes in the system SnCl,—
H,0—NaOH during potentiometric titration, we gen-
erated the corresponding equations:

[SnOH 1kingy = [Sn*"][OH T, (1)
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[Sn(OH),lk;» = [SNOH*][OH], 2)
[Sn(OH); ki3 = [Sn(OH),][OH], 3)
[Sn(OH); Jkipys = [SN(OH);][OH"], 4)
[Sn(OH); Jkings = [Sn(OH); J[OH-],  (5)
[Sn(OH) 1kings = [SN(OH)I J[OH7],  (6)
[Sn,(OH);" Tkipgy = [Sn(OH) 2, (7)

[Sn,(OH)§ TKings = [Sn(OH) " P[Sn(OH), 1%, (8)

where ki, —ki.s are the equilibrium constants of the
corresponding processes that characterize the stability
of the inner sphere of complex ions or instability con-
stants.

It was noted earlier that the formation of different
mono- and polynuclear barely soluble compounds in
the considered system is possible: these include
Sn(OH),s  (Kinsas),  Snp(OH)Clys  (kjngrs),  and
Sn (OH)¢Clys (Kingss), Where Kingos, Kinszs—Kinsiss are
the equilibrium constants of the formation of corre-
sponding solid phases.

Table 1 presents the instability constants of pro-
cesses (1)—(8) for systems SnCl,—H,0—NaOH and
SnSO,—H,0—NaOH, calculated using the results
from potentiometric titration and the known reference
data. The instability constants we calculated for the
first three tin(II) complex ions given in a basic series
agree with the values given in reference literature.
However, there is a slight divergence of the exponents
of constants, which were obtained using the results
from mathematical modeling for the systems with tin

Table 1. Instability constants of hydroxo complexes and
equilibrium constants of low-soluble tin(II) compounds
calculate using potentiometric titration data of tin chloride
with sodium hydroxide. Calculated values of corresponding
parameters are given for comparison for the system SnSO,—
H,0—NaOH using the data from [46] (II) and reference
values from [39] (1IT)

Parameters I 11 11
DPKinst1 9.6+0.3 10.60 11.60
PKinst2 18.7£0.5 21.10 20.94
PKinst3 244 +£0.8 25.55 25.39
DPKinsta 28.510.6 29.35 —
PKinsts 31.4+0.3 32.65 —
PKinste 31.7x£0.7 35.85 —
PKinst7 6.6 0.1 5.65 —
PKinsts 18.5+0.5 19.0 —
Pkinstas —57+04 — _
pkinsns —45+0.2 — _
Pkinstss —1.9+0.9 — _
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Fig. 3. Calculated overlapping ranges of (/) the existence of Sn?" ions and formation of hydroxo complexes (2) Snz(OH)%Jr,

(3) SNOH™, (4) Sny(OH)Z", (5) Sn(OH),, (6) Sn(OH)3, (7) Sn(OH)3 ™, (8§ Sn(OH)2™, and (9) Sn(OH)¢~ plus low-soluble com-
pounds (10) Sn(OH),g, (11) Sny(OH),Cl,g, and (12) Sny(OH)Cl,g in aqueous solutions of SnCl, at the following initial concentra-
tions of tin(Il) chloride and sodium hydroxide, mol/L: (a) Cgp(y = 0.00009, Cnaon = 0.001; (b) Cgppry = 0.0008, Cnzon = 0.01;
(C) CSH(H) = 003, CNaOH = 030, (d) CSH(H) = 012, CNaOH = 098, and (e) CSn(II) = 110, CNaOH = 1020, T=25°C.

chloride and sulfate. This could be due to either the
nature of the metal salt anion, the conditions of pre-
paring or storing the titrated solutions, or the conduct-
ing of potentiometric titration.

The shared distribution of complex forms and low-
soluble tin(II) compounds formed in the system
SnCl,—H,0—NaOH depending on pH at different

initial concentrations of the reagents is given in Fig. 3.

The possibility was noted above of the formation of
just mononuclear barely soluble tin(II) compound

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 92

with the formula composition Sn(OH),,, at a con-
centration of metal salt in the analyzed solution of
0.00009 mol/L (Fig. 2a). In Fig. 3a, which presents
the calculated ranges of the formation of various com-
plex forms of tin and its low-soluble compounds, we
can see that this phase corresponds to hydroxide
Sn(OH),s,. The complex ion with function of forma-

tion RS 1.5 in turn corresponds to composition
Sn4(OH)§+. Along with these complex forms of
Sn(II), the formation of a full basic series of hydroxo
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complexes with coordination numbers of 1 to 6, along

with polynuclear Snz(OH)§+, is possible. As shown
above, raising the concentration of SnCl, to
0.0008 mol/L (Fig. 3b) extends the pH range of exis-
tence of metal hydroxide from 4.4 to 11.7, and the for-
mation of barely soluble compounds of different com-
position is not observed.

As follows from Figs. 3c—3e, compounds with
compositions Sn,(OH),Cl,s, and Sn,(OH), 5,Cl 5.,
form in a solution of tin(IT) chloride in the 0.03 to
1.10 mol/L range of concentrations, depending on the
pH and the mononuclear solid-phase compound in
the relatively acidic medium. A barely soluble phase of
Sny(OH),Clys, forms at pH < 2.4 in particular, while
polynuclear compound Sny(OH)¢Cl,s, forms at
higher values of pH =2.4—4.4. In a strongly basic
medium at pH > 11, complete hydrolytic cleavage of
the precipitates occurs with the formation of tin

hydroxo complexes Sn(OH);, Sn(OH)if, Sn(OH)g’,
and Sn(OH);".

CONCLUSIONS

Potentiometric titration of tin chloride SnCl, solu-
tions with a concentration of 0.00009—1.1 M with
sodium hydroxide NaOH 0.001—10.05 mol/L showed
that an increase in the content of salt ensures its more
complete hydrolysis, plus an increase in the amount of
polynuclear hydroxo complexes and low-soluble com-
pounds with a drop in their number at the maximum
concentration of metal salt and alkali. Instability con-
stants of tin(II) hydroxo complexes and equilibrium
constants of the resulting low-soluble metal com-
pounds, calculated from the results of the conducted
potentiometric titration, can be recommended as ref-
erence values.
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