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ABSTRACT: The hydrolysis of methyltin(IV) cations at fairly high concentrations was investigated to evaluate the formation of
polynuclear species in aqueous solution. The hydrolysis of monomethyltin(IV), dimethyltin(IV), and trimethyltin(IV) was studied
by potentiometry at T = 298.15 K and at I = 1 mol 3 L

-1 in NaNO3 aqueous solutions. The results obtained gave evidence for the
formation of the following polynuclear species, in addition to the mononuclear species already reported, which were also considered
in themodels proposed for the three systems investigated: [(CH3)Sn(OH)3]

0, [(CH3)Sn(OH)4]
-, [((CH3)Sn)2(OH)4]

2þ, [((CH3)Sn)2
(OH)5]

þ, [((CH3)Sn)2(OH)7]
-, [((CH3)Sn)3(OH)5]

4þ, [((CH3)Sn)3(OH)7]
2þ, [((CH3)Sn)5(OH)9]

6þ, and [((CH3)Sn)5
(OH)11]

4þ for the monomethyltin(IV) system; [((CH3)2Sn)(OH)]
þ, [((CH3)2Sn)(OH)2]

0, [((CH3)2Sn)(OH)3]
-, [((CH3)2Sn)2

(OH)2]
2þ, [((CH3)2Sn)2(OH)3]

þ, [((CH3)2Sn)3(OH)4]
2þ, and [((CH3)2Sn)4(OH)6]

2þ for the dimethyltin(IV) system; [((CH3)3Sn)
(OH)]0, [((CH3)3Sn)(OH)2]

-, [((CH3)3Sn)2(OH)]
þ, [((CH3)3Sn)2(OH)2]

0, and [((CH3)3Sn)2(OH)4]
2- for the trimethyltin(IV)

system. The formation constants βpq
OH (relative to the equilibrium p(CH3)nSn

(4-n)þ þ qOH- = ((CH3)nSn)p(OH)q
(p(4-n)-q)) can

be expressed as a function of the cation charge z (z= 4- n) by the general equation: logβpq
OH/(pþ q) = 1þ (2.50( 0.05)z, that allows

the calculation of rough values of βpq
OH for any (p,q) couple. The reliability of the proposed speciationmodels is discussed. As expected

for a tricharged cation, by increasing the concentration of (CH3)Sn
3þ, the yield of polynuclear species becomes predominant; this

behavior is less marked for (CH3)2Sn
2þ and (CH3)3Sn

þ.

’ INTRODUCTION

Organotin(IV) compounds are used as active components in
many industrial formulations for different purposes.1-3 The
most important applications are as pesticides in agriculture,4,5

as antifouling preservatives in coatings for wood and stones and
in paints for ships (see ref 6 and refs therein), as additives for
thermal stabilization in the plastic industry,7 and as catalysts for
polyurethane and foams production8,9 in the glass industry.10

The wide distribution into the environment of organotin(IV)
compounds, whose toxicity is well-recognized,11-13 is a reason of
great concern, also considering their high stability and, as a
consequence, their accumulation in biota.14-20 In spite of the
policy adopted by many countries to reduce the use of organotin-
(IV) compounds in industrial applications,21 especially as addi-
tives in antifouling paints,22 these compounds, owing to their
persistence, are still present in aquatic ecosystems.23-26 There-
fore, it is important to keep under control the environmental
distribution and fate of organotins, as well as their reactivity in
natural fluids. As a consequence of the acidic character of the
organotin(IV) cations, hydrolysis is the most important reaction
undertaken by this class of compounds in aqueous solution, often
leading to the formation of polynuclear hydroxo-complexes in
solution (RnSn)p(OH)q

(p(4-n)-q) with p > 1, depending on the
organotin(IV) cation concentration. The hydrolysis of
organotin(IV) cations has been subject of investigation for more
than fifty years by different research groups,27-46 using different
techniques. To give a contribution to the speciation of organotin-
(IV) compounds in natural waters, the hydrolysis of themono-,47

di-,48-50 and trimethyltin(IV)50-52 cations has also been inves-
tigated in our laboratories in different ionic media and at different
ionic strengths and temperatures. Moreover, some databases
report quantitative data on the hydrolysis of organotin(IV)
compounds,53-55 and some recommended hydrolysis constants
were given by Baes and Mesmer.56

Recently we were involved in the study of mixed metal
hydrolytic species formation, in aqueous solution.57,58 In these
investigations, the use of rather high metal concentrations was
necessary to evidence mixing effects, in particular the enhance-
ment of hydrolysis. The results obtained in our previous studies
show that the deviation of experimental data from those
calculated, by considering only the hydrolysis constants deter-
mined for the single metal systems, is in general fairly
small. Therefore, constants as precise as possible, determined
under the same conditions for both single and mixed systems,
are needed. We are now investigating some mixed metal
systems that include the methyltin(IV) cation [(CH3)n
Sn(4-n)þ]. For this reason we need accurate values of hydrolysis
constants for these cations determined at fairly high metal
concentrations.
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’EXPERIMENTAL SECTION

Reagents and Materials. All reagents were of analytical
grade, and the solutions were always prepared using CO2-free
freshly prepared distilled water (Rg 18 MΩ 3 cm). Nitric acid
and sodium hydroxide solutions were prepared by diluting
concentrated solutions (Riedel-de Ha€en), and standardized
by sodium carbonate (Aldrich) and potassium hydrogen
phthalate (Fluka), respectively. Sodium nitrate (Aldrich),
used as background salt, was always dried in a oven at
383.15 K before use. Monomethyltin(IV), dimethyltin(IV),
and trimethyltin(IV), as chloride salts (by Aldrich), with
purities of (> 97, 98, and 98) %, respectively, were used
without further purification.
Safety Considerations. The effects of methyltin compounds'

toxicity are skin and eye irritation, inflammation of the bile duct,
hepatotoxicity, and neurotoxicity. Trimethyltin chloride, the
most toxic, causes neuronal necrosis. Its ingestion or inhalation
can cause lethal poisoning. Certain dialkyltin compounds have
been shown to cause adverse effects on cell-mediated immunity,
specifically on the T cell lymphocyte. Experimental studies have
failed to reveal any evidence of carcinogenicity, mutagenicity, or
teratogenicity. Direct contact with the skin must be avoided.
Precautions and adequate clothing are absolutely necessary when
manipulating the reagent. Disposal of all tin-containing waste
from the experiment should be done in accordance with facility
guidelines.
Apparatus and Procedure. Potentiometric titrations were

carried out by using an apparatus consisting of a combination
Orion-Ross 8172 glass electrode connected to a Crison pH2002
potentiometer coupled with a Metrohm mod. 665 automatic
titrant dispenser. The equipment was connected to a personal
computer, and a homemade computer program was used to
control titrant delivery and data acquisition and to check for emf
stability. The estimated precision of this system was ( 0.15 mV
and( 0.003mL for electromotive force (emf) and titrant volume
readings, respectively. All titrations were carried out at T =
(298.15( 0.10) K, by using a HAAKE F3 digital thermocryostat,
under magnetic stirring and bubbling purified presaturated N2

through the solution to exclude O2 and CO2 inside the solution.
To determine the glass electrode formal potential (E�) and,

when necessary, the junction potential (Ej = ja[H
þ]), indepen-

dent titrations of acidic solutions (nitric acid) were performed
with standard sodium hydroxide solutions in the same experi-
mental conditions of ionic strength and temperature as the
systems under study. The free hydrogen ion concentration scale

was used for all measurements (pH � -log[Hþ]). A solution
volume of 25 mL containing monomethyltin(IV) trichloride,
dimethyltin(IV) dichloride, or trimethyltin(IV) chloride, nitric
acid, and sodium nitrate to adjust the ionic strength to the desired
values (1 mol 3 L

-1), was titrated with standard CO2-free sodium
hydroxide solutions up to pH∼ 7 for dimethyltin(IV) and up to
∼12 for the monomethyltin(IV) and trimethyltin(IV) cations,
respectively. The experimental conditions used are reported in
Table 1.
From separate titrations of strong acid in NaNO3 media, the

value-log Kw = 13.73( 0.02 at I = (1.00( 0.05) mol 3 L
-1 and

T = 298.15 K was obtained.
Calculations. To determine all of the parameters of an acid-

base titration (analytical reagent concentrations, electrode for-
mal potentialE�, junction potential coefficient ja) and to calculate
complex formation constants (and log Kw values), the computer
programs ESAB2M and BSTAC were used.59,60 The ES4ECI60

computer program was used to draw speciation diagrams and to
compute the formation percentage of the species.
Hydrolysis constants are expressed according to the equilib-

rium 1:

pðCH3ÞnSnð4 - nÞþ þ qH2O

¼ ððCH3ÞnSnÞpðOHÞqðpð4 - nÞ - qÞ þ qHþ βpq ð1Þ
and ((CH3)nSn)p(OH)q

(p(4-n)-q) species formation constants
are given by the equilibrium 2:

pðCH3ÞnSnð4 - nÞþ þ qðOH-Þ

¼ ððCH3ÞnSnÞpðOHÞqðpð4 - nÞ - qÞ βOHpq ð2Þ

Table 1. Experimental Conditions for Measurements at
I = (1.00 ( 0.05) mol 3 L

-1 and T = 298.15 K

methyltin(IV) HNO3

mmol 3 L
-1 mmol 3 L

-1 pH range runsa

(CH3)Sn
3þ

20-80 10-20 1-11 14

(CH3)2Sn
2þ

20-80 10-15 1.5-7 13

(CH3)3Sn
þ

60-85 5-10 2-12 13
a 40 to 70 titration points per run.

Figure 1. Distribution diagram of (CH3)Sn
3þ: (a) c(CH3)Sn

3þ = 1
mmol 3 L

-1: 1 (CH3)Sn
3þ free; 2 (1,1); 3 (1,2); 4 (1,3); 5 (1,4); 6 (2,5);

(b) c(CH3)Sn
3þ = 80 mmol 3 L

-1: 1 (1,3); 2 (1,4); 3 (2,4); 4 (2,5); 5
(2,7); 6 (3,5); 7 (3,7); 8 (5,9); 9 (5,11); in NaNO3 I = 1.00 mol 3 L

-1 at
T = 298.15 K.
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’RESULTS

Hydrolysis of (CH3)Sn
3þ. The hydrolysis of the

monomethyltin(IV) cation in dilute aqueous solutions (e 1
mmol 3 L

-1) includes the formation of the mononuclear species
(in parentheses the log βpq at infinite dilution and T = 298.15 K,
from refs 47 and 50):

½ðCH3ÞSnðOHÞ�2þ ðlog β ¼ - 1:5Þ

½ðCH3ÞSnðOHÞ2�þ ðlog β ¼ - 3:46Þ

½ðCH3ÞSnðOHÞ3�0 ðlog β ¼ - 9:09Þ

½ðCH3ÞSnðOHÞ4�- ðlog β ¼ - 20:47Þ
and the polynuclear species:

½ððCH3ÞSnÞ2ðOHÞ5�þ ðlog β ¼ - 7:69Þ
As shown in Figure 1a, this cation undergoes strong hydrolysis,
over the whole pH range 2 to 12, and at millimolar concentra-
tions, the formation of polynuclear species is quite significant in
the pH range 4 to 8. When higher concentrations are considered,
as in our experiments [(20 to 80) mmol 3 L

-1], other polynuclear
species are formed, namely, (p,q) = (2,4), (2,7), (3,5), (3,7),
(5,9), and (5,11). Several speciation models were tested: in
Table 2 seven models are summarized (other intermediate
combinations of species were rejected by the computer
program). The best model was chosen on the basis of lowest
overall variance. The speciation diagram drawn in Figure 1b
shows high yields for polynuclear species over the whole pH
range 2 to 12, and in this range the amount of free cation is
negligible.
Hydrolysis of (CH3)2Sn

2þ. The hydrolysis of the dimethyltin-
(IV) cation in dilute aqueous solutions (e 1 mmol 3 L

-1)
includes the formation of the mononuclear species (in parenth-
eses the log βpq at infinite dilution and T = 298.15 K, from refs 48
to 50):

½ðCH3Þ2SnðOHÞ�þ ðlog β ¼ - 2:86Þ

½ðCH3Þ2SnðOHÞ2�0 ðlog β ¼ - 8:16Þ

½ðCH3Þ2SnðOHÞ3�- ðlog β ¼ - 19:35Þ
and the polynuclear species:

½ððCH3Þ2SnÞ2ðOHÞ2�2þ ðlog ¼ - 4:99Þ

½ððCH3Þ2SnÞ2ðOHÞ3�þ ðlog β ¼ - 9:06Þ
This cation undergoes fairly strong hydrolysis, as shown in
Figure 2a, over the pH range 2 to 12, and at millimolar
concentrations the formation of polynuclear species is always

Table 2. Summary of Tested SpeciationModels for theHydrolysis ofMonomethyltin(IV) [I = (1.00( 0.05)mol 3 L
-1,T = 298.15

( 0.10 K]

log βpq
a Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

1,2 - - - -2.840(8)b - - -

1,3 -9.912(5)b -9.948(4)b -9.961(5)b -9.925(5) 10.567(13)b -9.702(18)b -9.767(15)b

1,4 -22.52(4) - -21.915(6) -21.888(5) - - -21.854(17)

2,4 -3.811(9) -3.824(8) -3.816(7) - -3.656(10) -3.036(13) -3.094(10)

2,5 -8.103(7) -8.151(7) -8.154(6) -8.093(7) -9.01(20) -7.762(27) -7.860(23)

2,7 -30.65(2) -30.477(8) - - -31.425(24) -30.146(32) -

3,5 -1.887(12) -1.891(11) -1.871(10) -1.873(13) -1.548(10) -1.227(16) -1.307(11)

3,7 -8.226(7) -8.272(8) -8.272(7) -8.252(8) -8.845(20) -7.652(23) -7.765(18)

5,9 -2.725(10) -2.789(11) -2.788(9) -2.845(12) - -3.57(11) -

5,11 -9.163(11) -9.232(12) -9.229(9) -9.290(13) -10.084(20) - -

σ2/σ0
2c 1.000 1.100 1.147 1.200 1.565 4.83 5.16

a βpq refers to the equilibrium p(CH3)Sn
3þþ qH2O = [((CH3)Sn)p(OH)q]

(3p-q) + qH+. b Standard deviation in the last figure(s) in parentheses. c σ2 =
variance in the fit; σ0

2 = variance in the fit for the best speciation model.

Figure 2. Distribution diagram of (CH3)2Sn
2þ: (a) c(CH3)2Sn

2þ = 1
mmol 3 L

-1: 1 (CH3)2Sn
2þ free; 2 (1,1); 3 (1,2); 4 (1,3); 5 (2,2); 6

(2,3); (b) c(CH3)2Sn
2þ = 80mmol 3 L

-1: 1 (CH3)2Sn
2þ free; 2 (1,1); 3

(1,2); 4 (1,3); 5 (2,2); 6 (2,3); 7 (3,4); 8 (4,6); in NaNO3 I = 1.00
mol 3 L

-1 at T = 298.15 K.
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lower than 0.05 (fraction of hydrolyzed cation). When higher
concentrations are considered, as in our experiments [(20 to 80)
mmol 3 L

-1], other polynuclear species are formed, namely,
(p,q) = (3,4) and (4,6). As for the monomethyl derivative,
several speciation models were tested: in Table 3 six models
are considered (other intermediate combinations of species
were rejected by the computer program), and the best model
was chosen on the basis of lowest variance. The speciation
diagram (80 mmol 3 L

-1) drawn in Figure 2b shows that high
yields of polynuclear species are obtained, in the pH range 3 to
6. Note that for (CH3)2Sn

2þ a shorter pH range was considered
since at pH > 7 the solubility is lower than 10 mmol 3 L

-1. In the
pH range 4 to 7 the dimethyltin(IV) cation is fully hydrolyzed.

Hydrolysis of (CH3)3Sn
þ. The hydrolysis of the trimethyltin-

(IV) cation in dilute aqueous solutions (e 10 mmol 3 L
-1)

includes the formation of the mononuclear species (in parenth-
eses the log βpq at infinite dilution and T = 298.15 K, from refs 50
to 52):

½ðCH3Þ3SnðOHÞ�0 ðlog β ¼ - 6:14Þ

½ðCH3Þ3SnðOHÞ2�- ðlog β ¼ - 18:88Þ
and the dinuclear species:

½ððCH3Þ3SnÞ2ðOHÞ�þ ðlog β ¼ - 5:19Þ
This cation undergoes fairly strong hydrolysis, as shown in
Figure 3a, at pH > 4.5, and at millimolar concentrations the
formation of polynuclear species is fairly negligible. When higher
concentrations are considered, as in our experiments [(60 to 85)
mmol 3 L

-1], other polynuclear species are formed, namely,
(p,q) = (2,2) and (2,4). Also in this case, several speciation
models were tested: in Table 4 four models are considered (other
intermediate combinations of species were rejected by the
computer program). The best model was chosen on the basis
of lowest variance. The speciation diagram drawn in Figure 3b
shows that at these concentrations high yields of polynuclear
species are obtained, and at pH > 6.5 the trimethyltin(IV) cation
is fully hydrolyzed.

Table 3. Summary of Tested SpeciationModels for the Hydrolysis of Dimethyltin(IV) [I = (1.00( 0.05) mol 3 L
-1,T = (298.15(

0.10) K]

log βpq
a Model 1 Model 2 Model 3 Model 6 Model 5 Model 4

1,1 -3.185(2)b -3.222(3)b -3.248(3) -3.181(6)b -3.155(6)b -3.179(3)b

1,2 -8.459(3) -8.473(4) -8.525(4) -8.442(9) -8.466(11) -8.430(4)

1,3 -15.939(18) - - - -15.582(20) -

2,2 -5.293(4) -5.255(4) -5.210(4) -5.341(10) -5.284(11) -5.331(4)

2,3 -9.449(7) -9.646(10) -9.660(9) -9.513(11) -9.312(10) -9.493(5)

3,4 -11.548(12) -11.358(9) -11.358(6) -11.328(27) - -11.454(8)

4,6 -18.65(5) -17.872(24) -17.721(15) - - -

4,7 - - - -23.89(12)d - -

5,10 - - -36.426(24)d - -

σ2/σ0
2c 1.000 1.177 1.232 1.895 1.705 1.303

a βpq refers to the equilibrium p(CH3)2Sn
2þþ qH2O= [((CH3)2Sn)p(OH)q]

(2p-q)þ qHþ. b Standard deviation in the last figure(s) in parentheses. c σ2

= variance in the fit; σ0
2 = variance in the fit for the best speciation model. dVery low formation percentages observed for this species.

Figure 3. Distribution diagram of (CH3)3Sn
þ: (a) c(CH3)3Sn

þ = 1
mmol 3 L

-1: 1 (CH3)3Sn
þ free; 2 (1,1); 3 (1,2); 4 (2,1); (b) c-

(CH3)3Sn
þ = 80 mmol 3 L

-1: 1 (CH3)3Sn
þ free; 2 (1,1); 3 (1,2); 4

(2,1); 5 (2,2); 6 (2,4); in NaNO3 I = 1.00 mol 3 L
-1 at T = 298.15 K.

Table 4. Summary of Tested Speciation Models for the
Hydrolysis of Trimethyltin(IV) [I = (1.00 ( 0.05) mol 3 L

-1,
T = (298.15 ( 0.10) K]

log βpq
a Model 2 Model 1ad Model 1 Model 2ad

1,1 -6.250(6)b -6.280(16)b -6.240(5)b -6.177(5)b

1,2 -18.655(14) -18.968(30)

2,1 -4.958(9) -4.969(20) -4.932(7) -5.156(10)

2,2 -11.81(8) -11.75 (6) -11.75

2,4 -35.726(24)

σ2/σ0
2c 1.150 1.000 1.000 1.179

a βpq refers to the equilibrium p(CH3)3Sn
þ þ qH2O = [((CH3)3Sn)p-

(OH)q]
(p-q) + qH+. b Standard deviation in the last figure(s) in par-

entheses. c σ2 = variance in the fit; σ0
2 = variance in the fit for the best

speciation model. d pH range < 8.
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’DISCUSSION

Reliability of the Proposed Models. As above reported, the
best model was chosen on the basis of a lower variance ratio (see
Tables 2 to 4). Nevertheless, it must be emphasized that the
reliability of quite complex hydrolysis models, for large pH
ranges, can be different in acidic or in alkaline or even in small
parts of these regions.
Models 1 to 4 reported in Table 2 for monomethyltin(IV)

hydrolysis show statistical parameters that are not very different
(even if the differences are significant at the 95% level), and these
models differ mainly for the presence/absence of species formed
in the very acidic or alkaline ranges. Moreover, the analysis of
residuals shows a small but significant worsening of the least-
squares fit in these ranges. On the basis of this evidence we are
able to define the reliability ranges:

pH 4:5 to 10 ¼ good

pH 2 to 4:5 and 10 to 12 ¼ fairly good

The model proposed for the dimethyltin(IV) cation is more
robust and does not show worsening of the fit at low pH values,
but the uncertainty for the equilibrium constant of [(CH3)2Sn-
(OH)3]

- species is significantly higher with respect to those of
other species. In this case the reliability ranges are:

pH 2 to 6 ¼ good

pH 6 to 7 ¼ fairly good

Analogous observations for the hydrolysis of the trimethyltin-
(IV) cation allow definition of the reliability ranges:

pH 5 to 10 ¼ good

pH 2 to 5 and 10 to 12 ¼ fairly good

Relevance of Polynuclear Species. Quite high yields of
polynuclear species are observed for the three methyl derivatives
with, as expected, the trend:

ðCH3ÞSn3þ > ðCH3Þ2Sn2þ . ðCH3Þ3Snþ

and, in several conditions, these species are predominant, in
particular for the monomethyltin(IV) cation. Themean ratio q/p
of polynuclear species follows the opposite trend, and this
indicates that the tendency to form these species is favored by
the possibility to form hydroxo bridges. Moreover, we can
observe that most of the q/p (for p > 1) values are lower than
the charge of methyltin(IV) cations, that is, q/p < z, while for
mononuclear species we observe themaximum values q/p = zþ 1.
This means that in the highly alkaline region mononuclear species
become predominant. For example, (CH3)Sn

3þ is characterized
by a crossing pH point where the fraction of mononuclear species
becomes higher than that of polynuclear ones, and this point is a
positive function of the analytical cation concentration [pH∼ 8.4,
(0.5 to 1) mmol 3 L

-1; pH = 10, 20 mmol 3 L
-1 and pH = 10.5, 80

mmol 3 L
-1]. The formation of hydrolysis products with p. 1 has

been recognized for some 2þ cations56 and, in particular for 3þ
cations, such as Al3þ and Fe3þ.61-64

Empirical Relationships. Another way to report equilibrium
constants for the formation of hydrolytic species is given by eq 2

where the binding of OH- by the cation is considered (βpq
OH).

In Table 5, we give these formation constants for the mono-,
di-, and trimethyl cation derivates. The analysis of these data
reveals that log βOH is a fairly linear function of the sum of
the stoichiometric coefficients p and q of eq 2, according to
the relationship:

log βOH
pq ¼ Aðpþ qÞ ð3Þ

Moreover, A can be expressed as a function of the cation
charge z [(CH3)nSn

(4-n)þ, z = 4-n]:

A ¼ 1þ Bz

and therefore log βpq
OH values for all methyltin(IV) deriva-

tives can be expressed by the single parameter:

B ¼ 2:50 ( 0:05

Table 5. Formation Constants of (CH3)nSn
(4-n)þ Species

[I = (1.00 ( 0.05) mol 3 L
-1, T = (298.15 ( 0.10) K]

log βpq
OH

pq (CH3)Sn
3þ (CH3)2Sn

2þ (CH3)3Sn
þ

1,1 10.54( 0.02a 7.49( 0.02a

1,2 19.00( 0.03 8.49( 0.07

1,3 31.28 ( 0.04a 25.25( 0.05

1,4 32.40( 0.09

2,1 8.80( 0.02

2,2 22.17( 0.03 15.71( 0.16

2,3 31.74( 0.04

2,4 51.11( 0.04 19.19( 0.06

2,5 60.55( 0.05

2,7 65.46( 0.07

3,4 43.37( 0.05

3,5 66.76( 0.05

3,7 87.88( 0.05

4,6 63.73( 0.11

5,9 120.84( 0.06

5,11 141.87( 0.07
a( 95 % C.I.

Figure 4. Experimental vs calculated log βpq
OH values, according to eq 4.

O, monomethyltin(IV); 4, dimethyltin(IV); 3, trimethyltin(IV).
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In Figure 4, we show log βpq
OH (exp) vs log βpq

OH (calcd), where
one can see a quite good linearity (R = 0.995). The general
equation:

log βOH
pq =ðpþ qÞ ¼ 1þ 2:50z ð4Þ

allows the calculation of rough values of βpq
OH for any (p,q) couple,

that, in turn, can be useful in determining the extra stability of
mixed hydrolytic species.57,58 In fact, to calculate the quantitative
parameters for the tendency to form mixed metal species, it is
necessary to know the formation constants of some homopoly-
nuclear species often not experimentally accessible.57,58 Equations
with more than one parameter can be obtained, such as that
proposed by Brown et al.63 for the hydrolysis of Al3þ (-log βpq =
5.73- 3.6pþ 4.64q). As an example, for the polynuclear species
of (CH3)Sn

3þ, we have -log βpq = 3.33 - 5.78p þ 3.16q.

’FINAL REMARKS

To show the effect of the supporting electrolyte, we report in
Table 6 some literature data in different salts at 1 mol 3 L

-1

aqueous solutions. The differences are generally quite small, even
if there is a systematic lowering for log βpq

OH determined in NaCl.
This means that the methyltin(IV) cations form very weak ion
pairs with chloride ions. Attempts were already made to calculate
the formation constants for these ion pairs,47,48,50,51 with quite
small constants resulting. Therefore we can affirm that the
amount of Cl-, deriving from methyltin(IV) chlorides, does
not seriously affect the equilibrium constants reported in
this work.

A comparison with literature data can be done only for the di-
and trimethyl derivatives (data for the monomethyl derivative
come from these laboratories). Formation constants reported in
Tables 5 and 6 are in fairly good accordance, also taking into
account that in the present investigation many other polynuclear
species were found. These species are predominant, in particular
for (CH3)Sn

3þ, over a large pH range, as shown in Figure 2. This
result, together with the possibility of using the general empirical
eq 4, is quite useful for the analysis of mixed metal systems. The
formation of large amounts of homopolynuclear species, in
particular those with p > 2, allows the prediction of the formation
of heteropolynuclear species in mixed solutions containing
different kinds of alkyltin(IV) compounds and other highly
charged metal ions.

’AUTHOR INFORMATION

Corresponding Author
*Silvio Sammartano. E-mail: ssammartano@unime.it. Fax:
þ39090392827.

Funding Sources
We thank the Universities of Messina and Palermo for partial
financial support.

’REFERENCES

(1) Davies, A. G.Organotin Chemistry; Wiley-VCH Verlag: Weinheim,
2004.

(2) Champ, M. A.; Seligman, P. F. Organotin. Environmental fate and
effects; Chapman & Hall: London, 1996.

(3) Cima, F.; Craig, P. J.; Harrington, C. Organotin compounds in
the environment. In Organometallic compounds in the environment,
2nd ed.; Craig, P. J., Ed.; John Wiley & Sons: Chicester, U.K., 2003;
pp 101-157.

(4) Crowe, A. J. Organotin compounds in agriculture since 1980.
Part. I. Fungicidal, bactericidal and herbicidal properties. Appl. Organo-
met. Chem. 1987, 1, 143–156.

(5) Shukla, S. K.; Tiwari, V. K.; Rani, S.; Ravi, K.; Tewari, I. C.
Studies on insecticidal and pesticidal activity of some organotin com-
pounds. Int. J. Agric. Sci. 2010, 2, 5–10.

(6) Champ, M. A.; Seligman, P. F. An introduction to organotin
compounds and their use in antifouling coatings. In Organotin. Environ-
mental fate and effects; Champ, M. A., Seligman, P. F., Eds.; Chapman &
Hall: London, 1996; Chapter 1, pp 1-27.

(7) Ayrey, G.; Hau, S. Y.; Poller, R. C. The use of organotin
compounds in the thermal stabilisation of poly(vynylchloride). VI. An
assessment of the reactive importance of HCl scavenging, exchange and
addition reactions. J. Polym. Sci. 1984, 22, 2871–2886.

(8) Jousseaume, B.; Noiret, N.; Pereyre, M.; Saux, A.; Frances, J. M.
Air activated organotin catalysts for silicone curing and polyurethane
preparation. Organometallics 1994, 13 (3), 1034–1038.

(9) Gaina, C.; Gaina, V.; Cristea, M. Poly(urethane-urea) varnishes
containing tributyltin groups. J. Inorg. Organomet. Polym. 2009,
19, 157–165.

(10) Le Bourhis, E. Glass: mechanics and technology; Viley-WCH,
Verlag: Weinheim, 2008.

(11) Fent, K. Ecotoxicology of organotin compounds. Crit. Rev.
Toxicol. 1996, 26, 1–117.

(12) Arakawa, Y., Wada, O. Biological properties of alkyltin com-
pounds. InMetal ions in biological systems; Sigel, H., Sigel, A., Eds.;Marcel
Dekker Inc.: New York, 1993; pp 101-137.

(13) Fent, K. Ecotoxicology of organotin compounds. Crit. Rev.
Toxicol. 1996, 26, 3–117.

(14) Mizukawa, H.; Takahashi, S.; Nakayama, K.; Sudo, A.; Tanabe,
S. Contamination and Accumulation Feature of Organotin Compounds
in Common Cormorants (Phalacrocorax carbo) from Lake Biwa, Japan.
Interdiscip. Stud. Environ. Chem.— Environ. Res. Asia 2009, 153–161.

(15) Suzuki, T.; Yamamoto, I.; Yamada, H.; Kaniwa, N.; Kondo, K.;
Murayama,M. Accumulation,Metabolism, andDepuration of Organotin
Compounds in the Marine Mussels Mytilus graynus and Mytilus edulis
under Natural Conditions. J. Agric. Food Chem. 1998, 46, 304–313.

(16) Kannan, K.; Corsolini, S.; Focardi, S. Accumulation Pattern of
Butyltin Compounds in Dolphin, Tuna and Shark Collected from Italian
Coastal Waters. Environ. Contam. Toxicol. 1995, 31, 19–23.

(17) Meng-Pei, H.; Shiu-Mei, L. Accumulation of organotin com-
pounds in Pacific oysters, Crassostrea gigas, collected from aquaculture
sites in Taiwan. Sci. Total Environ. 2003, 313, 41–48.

(18) Iwata, H.; Tanabe, S.; Tatsukawa, R. Bioaccumulation of
butyltin compounds in marine mammals: the specific tissue distribution
and composition. Appl. Organomet. Chem. 1997, 11, 257–264.

(19) El Hassani, L. H.; Frenich, A. G.; Martinez Vidal, J. L.; Muros,
M. J. S.; Benajiba, M. H. Study of the accumulation of tributyltin and

Table 6. Literature Data for the Formation of (CH3)n
Sn(4-n)þ-OH- species at I = 1 mol 3 L

-1 and T = 298.15 K

log βOH

cation species NaCl NaNO3 NaClO4 ref

(CH3)Sn
3þ (1,2) 23.51 23.47 50

(1,3) 31.89 31.88 50

(1,4) 34.33 34.41 50

(2,5) 59.93 59.61 50

(CH3)2Sn
2þ (1,1) 9.98 10.58 10.68 53

(1,2) 18.15 18.98 19.02 53

(1,3) 20.9 21.7 21.6 53

(2,2) 21.8 22.4 22.5 53

(2,3) 30.1 31.6 31.8 53

(CH3)3Sn
þ (1,1) 7.44 7.49 53



1114 dx.doi.org/10.1021/je101069y |J. Chem. Eng. Data 2011, 56, 1108–1115

Journal of Chemical & Engineering Data ARTICLE

triphenyltin compounds and their main metabolites in the sea bass,
Dicentrachus labrax, under laboratory conditions. Sci. Total Environ.
2005, 348, 191–198.
(20) Strand, J.; Jacobsen, J. A. Accumulation and trophic transfer of

organotins in a marine food web from the Danish coastal waters. Sci.
Total Environ. 2005, 350, 72–85.

(21) Champ, M. A. A review of organotin regulatory strategies,
pending actions, related costs and benefits. Sci. Total Environ. 2000,
258, 21–71.
(22) Omae, I. Organotin antifouling paints and their alternatives.

Appl. Organomet. Chem. 2003, 17, 81–105.
(23) Chau, Y. K.; Maguire, R. J.; Brown, M.; Yang, F.; Batchelor, S. P.

Occurence of organotin compounds in the Canadian aquatic environ-
ment five years after the regulation of antifouling uses of tributyltin.
Water Qual. Res. J. Can. 1997, 32, 453–521.

(24) Díez, S.; Abalos, M.; Bayona, J. M. Organotin contamination in
sediments from the Western Mediterranean enclosures following 10
years of TBT regulation. Water Res. 2002, 36, 905–918.

(25) Gibson, C. P.; Wilson, S. P. Imposex still evident in eastern
Australia 10 years after tributyltin restrictions. Mar. Environ. Res. 2003,
55, 101–112.
(26) Murai, R.; Takahashi, S.; Tanabe, S.; Takeuchi, I. Status of

butyltin pollution along the coasts of western Japan in 2001, 11 years
after partial restrictions on the usage of tributyltin. Mar. Pollut. Bull.
2005, 51, 940–949.
(27) Tobias, R. S.; Ogrins, I.; Nevett, B. A. Studies on the mono- and

polynuclear hydroxo complexes of dimethyltin(IV) ion in aqueous
solution. Inorg. Chem. 1962, 1, 638–646.
(28) Janssen, M. J.; Luijten, J. G. Investigations on organotins

compounds. XVIII The basicity of triorganotin hydroxides. Rec. Trav.
Chim. 1963, 85, 1008–1014.
(29) McGrady, M. M.; Tobias, R. S. Raman, Infrared and Nuclear

Magnetic Resonance Spectroscopic studies on aqueous solutions of
dimethyltin(IV) compounds: structure and bonding of the aquo
dimethyltin ion. Inorg. Chem. 1964, 3, 1157–1163.
(30) Tobias, R. S.; Yasuda, M. Studies on the soluble intermediates

in the hydrolysis of dimethyltin dichloride. Can. J. Chem. 1964,
42, 781–791.
(31) Tobias, R. S.; Freidline, C. E. Raman spectroscopic and e.m.f.

studies on aqueous solutions of the trans-tetrahydroxidodimethylstannate-
(IV) ion. The four acid dissociation constants of dimethyltin(IV) aquo ion.
Inorg. Chem. 1965, 4, 215–220.
(32) Van den Bergue, E. V.; Van der Kelen, G. P. On the NMR

spectra of methyltintrichloride in solution. Bull. Soc. Chim. Belges. 1965,
74, 479–480.
(33) Tobias, R. S. Bonded organometallic cations in aqueous solu-

tions and crystals. Organometal. Chem. Rev. 1966, 1, 93–129.
(34) Luijten, J. G. A. Investigations on organotin compounds. XXII.

Hydrolysis products of alkyltin trichlorides. Recueil. 1966, 85, 873–877.
(35) Tobias, R. S.; Farrer, H.; Hughes, M.; Nevett, B. A. Hydrolysis

of the aquo ions R3Sn
þ and R2Sn

2þ: steric effects on the dissociation of
aquo acids. Inorg. Chem. 1966, 5, 2052–2055.
(36) Asso, M.; Carpeni, G. Recherches sur le point isohydrique et les

�equilibres acido-basique de condensation ou association en chimie.
XXVII. Les hydroxocomplexes des sels organo stanniques (CH3)3SnCl
et (C2H5)2SnCl, en solutions aqueuses, �a 25 �C et �a differentes forces
ioniques. Can. J. Chem. 1968, 46, 1795–1802.
(37) Devaud, M. Etude en solution hydroalcoolique de l'ethyltri-

chloroetain. J. Chim. Phys. 1969, 66, 302–312.
(38) Devaud, M. Etude potentiometrique en milieu hydroalcoolique

du trichlorure e du triperchlorate d’ethyletain. J Chim. Phys. 1979,
67, 270–278.
(39) Devaud, M. Comportement de l'ethyltrichlorostannane en

milieu hydroalcoolique basique. J. Chim. Phys. 1972, 69, 460–469.
(40) Blunden, S. J.; Smith, P. J.; Gillies, D. G. An investigation of the

hydrolysis products of mono alkyltin trichlorides by 119Sn Mossbauer
and 1H and 119Sn NMR spectroscopy. Inorg. Chim. Acta 1982,
60, 105–109.

(41) Arena, G.; Purrello, R.; Rizzarelli, E.; Gianguzza, A.; Pellerito, L.
Thermodynamics of hydroxo complex formation of dialkyltin(IV) ions
in aqueous solution. J. Chem. Soc., Dalton Trans. 1989, 773–777.

(42) Blunden, S. J.; Hill, R. An investigation of the base hydrolysis of
methyl- and butyl-tin trichloride in aqueous solution by 1H and 119Sn
NMR spectroscopy. Inorg. Chim. Acta 1990, 177, 219–223.

(43) Cunningham, D.; McManus, J.; Hynes, M. J. Nuclear magnetic
resonance studies and structural investigations of the chemistry of
organotin compounds. J. Organomet. Chem. 1990, 393, 69–82.

(44) Hynes, M. J.; Keely, J. M.; McManus, J. Investigation of
[Sn(CH3)3(H2O)2]

þ in aqueous solution by Tin-119NuclearMagnetic
Resonance Spectroscopy. J. Chem. Soc., Dalton Trans. 1991, 3427–3429.

(45) Barbieri, R.; Silvestri, A. The hydrolysis of Me2Sn
IV and

Me3Sn
IV moieties monitored through 119Sn M€ossbauer spectroscopy.

Inorg. Chim. Acta 1991, 188, 95–98.
(46) Takahashi, T.; Natsume, N.; Koshino, S.; Funahashi, Y.; Takagi,

D. Speciation of trimethyltin(IV): hydrolysis, complexation equilibria,
and structures of trimethyltin(IV) ion in aqueous solution. Can. J. Chem.
1997, 75, 1084–1092.

(47) De Stefano,C.; Foti, C.; Gianguzza, A.;Marrone, F.; Sammartano,
S. Hydrolysis of methyltin(IV) trichloride in aqueous NaCl and NaNO3

solution at different ionic strengths and temperatures. Appl. Organomet.
Chem. 1999, 13, 805–811.

(48) De Stefano, C.; Foti, C.; Gianguzza, A.; Martino, M.; Pellerito,
L.; Sammartano, S. The Hydrolysis of (CH3)2Sn

2þ in different ionic
media. Salt Effects and Complex Formation. J. Chem. Eng. Data 1996,
41, 511–515.

(49) Foti, C.; Gianguzza, A.; Millero, F. J.; Sammartano, S. The
speciation of (CH3)2Sn

2þ in electrolyte solution containing the major
components of natural waters. Aquat. Geochem. 1999, 5, 381–398.

(50) Foti, C.; Gianguzza, A.; Piazzese, D.; Trifiletti, G. Inorganic
speciation of organotin(IV) cations in natural waters with particular
references to seawater. Chem. Spec. Bioavail. 2000, 12, 41–52.

(51) Cannizzaro, V.; Foti, C.; Gianguzza, A.; Marrone, F. Hydrolysis
of trimethyltin(IV) cation in NaNO3 and NaCl aqueous media
at different temperatures and ionic strengths. Ann. Chim. 1998,
88, 45–54.

(52) De Stefano, C.; Foti, C.; Gianguzza, A.; Millero, F. J.; Sammar-
tano, S. Hydrolysis of (CH3)3Sn

þ in various salt media. J. Solution Chem.
1999, 28 (7), 959–972.

(53) Martell, A. E.; Smith, R. M.; Motekaitis, R. J. NIST Critically
selected stability constants of metal complexes database, 8.0; National
Institute of Standard and Technology: Gaithersburg, MD, 2004.

(54) Pettit, L.; Powell, K. J. The IUPAC Stability Constants Database;
Academic Software: Otley, U.K., 2001.

(55) May, P. J.; Murray, K. Joint Expert Speciation System (JESS
Primer); Murdoch University: Perth, Western Australia, 2000.

(56) Baes, C. F.; Mesmer, R. E. The Hydrolysis of Cations; Wiley:
New York, 1976.

(57) Crea, F.; Milea, D.; Sammartano, S. Enhancement of hydrolysis
through the formation of mixed hetero-metal species. Talanta 2005,
65, 229–238.

(58) Crea, F.; Milea, D.; Sammartano, S. Enhancement of hydrolysis
through the formation of mixed hetero-metal species: dioxouranium-
(VI)-cadmium(II) mixtures. Ann. Chim. (Rome) 2005, 95, 767–778.

(59) De Stefano, C.; Princi, P.; Rigano, C.; Sammartano, S.
Computer Analysis of Equilibrium Data in Solution. ESAB2M: An
Improved Version of the ESAB Program. Ann. Chim. (Rome) 1987,
77, 43–675.

(60) De Stefano, C.; Mineo, P.; Rigano, C.; Sammartano, S. Ionic
strength dependence of formation costants. XVII. The calculation of
equilibrium concentrations and formation costants. Ann. Chim. (Rome)
1993, 83, 243–277.

(61) Ciavatta, L.; Grimaldi, M.On the hydrolysis of the iron(III) ion,
Fe3þ, in perchlorate media. J. Inorg. Nucl. Chem. 1975, 37, 163–169.

(62) Daniele, P. G.; Rigano, C.; Sammartano, S.; Zelano, V. Ionic
strength dependence of formation constants—XVIII. The hydrolysis of
iron(III) in aqueous KNO3 solutions. Talanta 1994, 41, 1577–1582.



1115 dx.doi.org/10.1021/je101069y |J. Chem. Eng. Data 2011, 56, 1108–1115

Journal of Chemical & Engineering Data ARTICLE

(63) Brown, P. L.; Sylva, R. N.; Batley, G. E.; Ellis, J. The hydrolysis
of metal ions. Part 8. Aluminium(III). J. Chem. Soc., Dalton Trans.
1985, 1967–1970.
(64) Cigala, R. M.; De Stefano, C.; Giacalone, A.; Gianguzza, A. The

hydrolysis of Al3þ in fairly concentrated solutions (20 to 200mmol L-1) at
I = 1 mol L-1 (NaNO3), in the acidic pH range, at different temperatures.
Chem. Spec. Bioavail., DOI: 10.3184/095422911X12971889727358.


