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The hydrolysis of methyltin(IV) trichloride
(CH3SnCl3) has been studied in aqueous NaCl
and NaNO3 solutions (0< I /mol dmÿ3� 1), at
different temperatures (15� T/°C� 45) by
potentiometric measurements (H�-glass elec-
trode). By considering the generic hydrolytic
reaction pCH3Sn3� � qH2O = (CH3Sn)p(OH)q

3pÿq

� qH� (logbpq), we have the formation of five
species and logb12 =ÿ3.36, logb13 =ÿ8.99,
logb14 =ÿ20.27 and logb25 =ÿ7.61. The first
hydrolysis step is measurable only at very low
pH values and was not determined: a rough
estimate of the hydrolysis constant is
logb11 =ÿ1.5 (� 0.5). The dependence on ionic
strength of logbpq is quite different in NaNO3
and NaCl solutions, and the formation at low pH
values of the species CH3Sn(OH)Cl� has been
found with logb =ÿ1.40. Hydrolysis constants
strongly depend on temperature and from the
relationships logbpq = f(T), DH ° values have
been calculated. Speciation problems of
CH3Sn3� in aqueous solution are discussed.
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INTRODUCTION

In speciation studies of organotin(IV) compounds
in aqueous solutions, hydrolysis processes play an
important role, as shown by recent studies
performed on dimethyltin(IV) and trimethyltin(IV)
in different aqueous media.1–4 Various hydrolysed
species of these cations are formed over a wide
pH range: in particular, the divalent cation
(CH3)2Sn2� forms five species, (CH3)2Sn(OH)�,
(CH3)2Sn(OH)2

0, (CH3)2Sn(OH)3
ÿ,

[(CH3)2Sn]2(OH)2
2� and [(CH3)2Sn]2(OH)3

�,
while the monovalent cation (CH3)3Sn� forms
only the two species (CH3)3Sn(OH)0 and
(CH3)3Sn(OH)2

ÿ.
Mono-organotin(IV) compounds have not

achieved as much commercial application as
diorgano and triorgano derivatives, and are con-
sidered as the least toxic among organotin(IV)
derivatives (R3Sn� > R2Sn2� > RSn3� > Sn4�, on
the toxicity scale). However, they are often used as
hydrophobic agents for building materials and
cellulosic matter5 and can be present in the aquatic
environment as the first step in the alkylation of
inorganic tin.6 Therefore, in order to draw a
complete picture of the chemical speciation of
mono-, di- and tri-organotin(IV) compounds, the
hydrolysis processes involved in the RSnX3 aqu-
eous chemistry must also be taken into account.

The behaviour of mono-organotin(IV) com-
pounds in aqueous solution has been little investi-
gated. Most studies concern complex formation
with N-donor molecules7 and with chloro8–10 and
fluoro ions.11,12 Raman measurements by Kriegs-
mann and Pauly8 showed the formation of
CH3SnCl2(OH)2

ÿ in the presence of high concen-
trations of chloride ions. Van den Beaghe and Van
der Kelen,10 by NMR measurements performed in
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very concentratedsolutionsof CH3Sn3� (from 210
up to 830mmoldmÿ3), reportedthe formation of
mixed chloro–hydroxo complexes CH3SnClx
(OH)y

3 with x decreasingin the more dilute
solutions. Analogous behaviour was found by
Tobias13,14 and more recently by De Stefanoet
al.3 in studyingthe interactionsof (CH3)2Sn2� in
chloridesolutions.Investigationson thehydrolysis
productsof ethyl-, butyl- andoctyl-tin trichlorides
have beenperformedby Luijten,15 who reported
their propertiesand preparationin the solid state.
Somepotentiometricstudiesonhydrolysis16–18and
complexformationwith sulphide19 of ethyl tin(IV)
trichloride in mixedwater/methanolsolution,have
beenperformedby Devaudandco-workers,in the
concentrationrange of the organometalliccom-
pound,around6–60mmoldmÿ3. Resultsobtained
by these authors are partially in contrast with
findingsfor methyltin trichloride (Van der Kelen),
probably owing to the different solvent and
concentration ranges used. Results of 1H-and
119Sn-NMR and 119Sn Mossbauerspectroscopy
studieson the hydrolysis of methyl-andbutyl-tin
trichloride (0.5mol dmÿ3) have beenreportedby
Blundenandco-workers.20,21

From literature data it can be affirmed that, in
general,investigationson the hydrolysisof mono-
organotin(IV)derivativeshavebeenperformedby
usinghigh concentrationsof monoalkytintrichlor-
ide. As a consequence,the formation of mixed
hydroxo–chloridepolynuclearcomplexescannotbe
avoided, and the determination of hydrolysis
constantsof simple species,most importantly in
dilute solutions such as natural fluids, becomes
quite difficult.

In order to define a general schemefor the
speciationof organotin(IV)compoundsin aqueous
solution, we report here some results on the
hydrolysisof methyltin trichloride in NaNO3 and
NaCl media in the ionic strength range 0� I/
mol dmÿ3� 1, atdifferenttemperatures(15� T/ °C
� 45).

EXPERIMENTAL

Chemicals

Monomethyltin(IV)cationwasusedin the form of
the trichloride salt (Aldrich; purity = 98%).All the
otherreagentswereof analyticalgrade(from Fluka
or Merck), with purity always>99.5%. Sodium
nitrate and sodium chloride were used without

purification.Hydrochloricacid andsodiumhydro-
xide stock solutions were standardizedagainst
sodium carbonateand potassiumhydrogenphtha-
late, respectively.Concentrationsof NaOH and
strongacidswerealsocheckedby cross-titrations.
All solutionswere preparedwith analytical-grade
water(R = 18M
 cmÿ1), usinggradeA glassware.

Apparatus

Measurementswereperformedusingan apparatus
consistingof a model713Metrohmpotentiometer,
equippedwith a combinationglasselectrode(Ross
model, 8102, from Orion) and a model 654
Metrohm motorizedburette.The estimatedaccu-
racy was� 0.2mV and� 0.003cm3 for emf. and
titrant volume readings, respectively. Titrations
were performed automatically using a suitable
computer program which allows evaluation of
equilibrium potential valuesand determinationof
theamountof titrant to beaddedwhentheemf.was
stablewithin 0.1mV for 3 min. The measurement
cells (25 or 50cm3) were thermostattedat the
required temperature with an uncertainty of
� 0.1°C. All titrations were carried out with
magneticstirring, and bubbling purified and pre-
saturatedN2 through the solution in order to
excludeO2 andCO2 from it.

Procedure

A solution(25cm3) containing(CH3)SnCl3 (1, 2, 5
and 10mmoldmÿ3) in NaCl or NaNO3 as back-
groundsaltsto adjusttheionic strengthto different
values (in turn, 0.1, 0.25, 0.5, 0.75 and
1.0mol dmÿ3) was titrated with standardNaOH
solutionup to pH�11 (80 to 110points).For each
experiment,independenttitrations of acidic solu-
tions (hydrochloric or nitric acids) with standard
NaOH,in thesameionic strengthconditionsasthe
systemsto beinvestigated,werecarriedout in order
to determinethe formal electrodepotential (E °)
andtheacidic junctionpotential(Ej = ja [H�]). The
reliability of the calibration in the alkaline range
wascheckedby calculatingpKW values.

Calculations

The non-linear least-squarescomputer program
ESAB2M22 was used for the refinementof all
parametersof an acid–basetitration (E °, KW,
coefficient of junction potential, ja, analytical
concentration of reagents). For calculation of
hydrolysis and complex formation constants,to-
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gether with parametersfor dependenceon ionic
strength,BSTAC23 and STACO24 computerpro-
gramswere used.Concentrations,and hydrolysis
and formation constants,are given on the molar
scale.The LIANA 25 programwasusedto test the
dependenceof logK on ionic strengthandtempera-
tureby differentequations;theES4ECI26 program
was usedto draw the distribution diagrams.The
hydrolysis reactionsmay written as Eqns[1] and
[2]; Throughoutthe paperwe indicate,for simpli-
city, aquo–chloroand aquo–chloro–hydroxocom-
plexes as (CH3)Sn3� and [(CH3)Sn]p(OH)q

(3pÿq),
respectively.

pCH3Sn3� � qH2O��CH3Sn�p�OH�q�3pÿq�

� qH� ��pq� �1�

pCH3Sn3� � qOHÿ � �CH3Sn�p�OH�q�3pÿq�

��pq
OH� �2�

Dependence of formation constants
on ionic strength

Dependenceon ionic strength was taken into
accountby using a Debye–Hückel type equation
(Eqn [3])26,27

log K � logT K ÿ z�I 1=2�2� 3I 1=2�ÿ1 � CI

� DI 3=2� EI2 �3�
with

z� �
X
�charges�2reactantsÿ

X
�charges�2products

(K = formationconstant;TK = formationconstantat
infinite dilution; z= charge;C, D andE = empirical
parameters).TheparameterE canbeneglectedat I
<1 mol dmÿ3. Results of a series of investiga-
tions27,28 showedthat, when all interactionsare
takeninto account,theempiricalparametersof Eqn
[3] aregivenby Eqn [4]:

C � 0:1p� � 0:23z�; D � ÿ0:10z� �4�
with

p� �
X
�moles�reactantsÿ

X
�moles�products

The activity of water was taken into accountby
the simple relationship log aw =ÿ0.015 I. Both
STACO andBSTAC computerprogramscandeal
with measurementsat different ionic strengthsand
can refine the empirical parametersof Eqn [3] in
additionto formationconstants.

RESULTS

Hydrolysed species

The monomethyltin(IV) cation undergoesstrong
hydrolysis,evenat very low pH values.The first
hydrolysis step cannot be studied quantitatively
since the speciesCH3Sn(OH)2� is neutralizedto
give thefreecationsat [H�]/[CH3Sn3�] �1 ratios,
and in these conditions quite small errors in
analytical concentrationsproduce unacceptable
errorsin thedeterminationof hydrolysisconstants.
Threeother hydrolysisstepsare observed,giving
the species CH3Sn(OH)2

�, CH3Sn(OH)3
0 and

CH3Sn(OH)4
ÿ, in the pH range2–10.5.Between

the second and third hydrolysis steps there is
experimental evidence for the formation of a
polymeric species (CH3Sn)p(OH)q

(3pÿq). Least-
squares calculations were consistent with the
formationof thehydrolytic productCH3Sn(OH)2.5,
which can be expressedas (CH3Sn)2(OH)5

�,
(CH3Sn)4(OH)10

2�, etc. The comparisonbetween
different fits doesnot give significantdifferences
andthereforewe decidedin favourof the simplest
species.Thereforethe speciationschemefor the
hydrolysisof CH3Sn3� includesfour mononuclear
speciesCH3Sn(OH)q

(3ÿq) (q = 1–4), and the poly-
nuclear species (CH3Sn)2(OH)5

�. Calculations
performedat low ionic strengthvalues,and the
extrapolation to zero of equilibrium constants
determinedat higher ionic strength,allowedus to
obtain logbpq values in pure water, reported in
Table 1. As already mentioned, the hydrolysis
constantfor the speciesCH3Sn(OH)2� cannotbe
determined but it can be estimated to be

Table 1 Equilibrium constantsfor the hydrolysis of
CH3Sn3� at 25°C andI = 0 mol dmÿ3

Reaction logb� S.D.

M3� � H2O = M(OH)2� � H� ÿ1.5� 0.5a

M3� � 2 H2O = M(OH)2
� � 2H� ÿ3.36� 0.05

M3� � 3 H2O = M(OH)3
0� 3H� ÿ8.99� 0.04

M3� � 4 H2O = M(OH)4
ÿ � 4H� ÿ20.27� 0.06

2 M3� � 5 H2O = M2(OH)5
� � 5H� ÿ7.61� 0.08

M3� �OHÿ = M(OH)2� 13.5a

M3� � 2OHÿ = M(OH)2
� 22.64b

M3� � 3OHÿ = M(OH)3
0 33.01b

M3� � 4OHÿ = M(OH)4
ÿ 35.73b

2M3� � 5OHÿ = M2(OH)5
� 62.38b

a Estimatedvalue.
b pKW = 14.00� 0.01.
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logb11 =ÿ1.5� 0.5; this is a roughestimatewhich
canbe calculatedby usingthe predictiveequation
log K1� 0.4 log K2ÿ 1, obtained from literature
data for hydrolysis of di- and tri-valent cations.
Equilibrium constantsreportedin Table1 demon-
stratequantitativelythe strongtendencyof mono-
methyltin(IV) to hydrolyse.A comparison(seealso
discussion)canbe madewith iron(III): hydrolysis
constantsof thatcationaresignificantlylower than
thoseof CH3Sn3�. In Fig 1 wereportthespeciation
diagramin NaNO3 (I = 0.5mol dmÿ3). For pH >2
monomethyltin(IV) is fully hydrolysed (only a
smallpercentageof freecationis present)andin the
pH range5–9,which is of interestfor naturalfluids,
the main species are CH3Sn(OH)3

0 and
(CH3Sn)2(OH)5

�, in the experimentalcondition
C(CH3Sn3�) = 1 mmoldmÿ3.

Ionic strength and medium effects

Potentiometricmeasurementsperformedin NaNO3
and NaCl, at different ionic strengths,showquite
differentbehaviour,in particularat low pH values.
This can be explained by the tendency of the
chloride ion to form ion pairs with alkyltin(IV)

cationsandwith theirhydrolysedspecies.In thepH
range2–3 we wereableto calculatethe formation
constantof the species(CH3)Sn(OH)Cl�, whose
formation percentages are quite high at I
�0.5mol dmÿ3 (NaCl). It is likely that also for
pH >3, other Clÿ mixed speciesare formed, but
only semiquantitativevaluescanbeobtainedfor the
formation constants.Thereforewe prefer to give
‘apparent’hydrolysisconstantsin NaCl,which can
be used in the speciation studies as well as
‘effective’ formation constantscoupledwith ion-
pair formationconstantsfor Clÿ species.In Fig. 2
wereportlogb13 ns I1/2 in bothaqueousNaNO3 and
NaCl solutions. In Table 2, we report empirical
parameters(Eq. [1]) for the dependenceon ionic
strengthof hydrolysis constants.In Table 3, we
reportthermodynamicparametersfor theformation
of the mixed speciesCH3Sn(OH)Cl�. The pro-
blemsof determiningthe formationof mixedOH–
Cl species,andof calculatingtherelativeformation
constants,arequitedifficult sincemanyspeciescan
be taken into account.Moreover, when anionic
hydroxospecies,suchasCH3Sn(OH)4

ÿ, areformed
one must take into accountalso the possibility of
interactionwith the cation of the backgroundsalt
(Na� in this case).As a generalrule,we attributea
loweringof formationor hydrolysisconstants,with
respectto the valuesdeterminedin a non-interact-
ing medium(suchasnitrateor perchlorate),to the
interactionbetweenthe cationunderstudyandthe
anionof thebackgroundsalt;on thecontrary,a rise
is observedwhen the hydroxo speciesforms ion

Figure 1 Distribution diagramvs pH for the hydrolysis of
CH3Sn3+ (M) [cM = 10ÿ3 mol dmÿ3, I = 0.5mol dmÿ3

(NaNO3)]. Species:1, (CH3)Sn(OH)2+; 2, (CH3)Sn(OH)2
+;

3, [(CH3)Sn]2(OH)5
+; 4, (CH3)Sn(OH)3

0; 5, (CH3)Sn(OH)4
ÿ.

Table 2 Empirical parameters(Eqn [1]) for the
hydrolysisconstantsof CH3Sn3� at 25°C

Ca

p qb z* NaNO3 NaCl

1 2 6 1.83 1.63
1 3 6 1.52 2.08
1 4 4 1.35 2.00
2 5 12 3.37 2.99

a With D =ÿ0.1 z*; E = 0.
b Referto Eqn [1].

Table 3 Thermodynamicparametersfor the formation of the mixed speciesCH3Sn(OH)Cl� at 25°C and
I = 0 mol dmÿ3

Reaction logb� S.D. DG °� S.D. DH °� S.D. TDS°� S.D.

M3� � H2O� Clÿ = M(OH)Cl� � H� ÿ1.40� 0.04 — — —
M3� �OHÿ � Clÿ = M(OH)Cl� 12.60� 0.05 ÿ71.9� 0.3 ÿ31.5� 2.5 40� 3
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pairs with the anion (or cation) of the salt. As an
example,if we indicateby K andK* thehydrolysis
constantof the speciesM(OH), K is calculatedby
consideringtheformationof thespeciesM(OH)Cl�

[M(OH)2� � Clÿ = M(OH)Cl�] andK* by neglect-
ing this interaction, in which case log K* =
log K � log (1� KCl[Cl]). Whendealingwith mul-
tiple simultaneousequilibria,theequationbecomes
muchmorecomplicatedbut the trendis the same.
(In thispaperwecalculatedtheformationconstants
for the speciesM(OH)Cl� alone,and we consid-
ered the apparent hydrolysis constants which
accountfor other interactions.However,in mixed
electrolytes,suchasseawater,wheredicationsand
dianions are present in high concentration,the
formationof suchmixedspeciesmayberelevant.)
Thedependenceon ionic strengthreportedin Fig. 2
indicatesthat logb13(NaCl)> logb13(NaNO3), and
therefore it is expected that a weak species
CH3Sn(OH)3Clÿ is formed.

Temperature dependence of
hydrolysis constants

Hydrolysisconstantsstronglydependon tempera-

ture, as shown in Fig. 3, where the variation of
logbpq

OH is reportedns 1/T (T = absolutetempera-
ture/K). From the dependenceon temperatureone
canobtainDH ° values(Eqn [5]), where

log�pq
OH � log�pq

OH��� ��H�F�T� � 52:23 �5�
F�T� � �1=T� ÿ �1=��

� = referencetemperature= 298.15K. As logbpq
OH

valuesareaffectedby fairly largeuncertainties,and
the temperaturerangeis quite small, DH ° values
(Table4) mustbeconsideredonly asindicative.As
onecansee,logbpq

OHn s 1/T is linearandtherefore
we can write for the different speciesthe simple
equations[5a]–[5d].

log �12
OH � 24:6ÿ 7:9��0:4�F�T� � 104 �5a�

log �13
OH � 33:0ÿ 15:6��0:6�F�T� � 104 �5b�

log �14
OH � 35:7ÿ 16:2��0:6�F�T� � 104 �5c�

log �25
OH � 62:4ÿ 20:6��0:9�F�T� � 104 �5d�

Figure 2 Dependenceonionic strengthof logb13 in NaCland
NaNO3 aqueoussolutionat 25°C.

Figure 3 Values of logbpq
OH vs 1/T (T/K): &, logb12

OH;
*, logb13

OH; ~, logb14
OH; !, logb25

OH.

Table 4 Thermodynamic parametersfor the formation of hydrolysed species of CH3Sn3� at 25°C and
I = 0 mol dmÿ3

Reaction DG °� S.D. DH °� S.D. TDS°� S.D.

M3� � 2 OHÿ = M(OH)2
� ÿ140.6� 0.3 ÿ152� 5 ÿ11� 6

M3� � 3 OHÿ = M(OH)3
0 ÿ188.4� 0.2 ÿ233� 15 ÿ45� 15

M3� � 4 OHÿ = M(OH)4
ÿ ÿ203.9� 0.4 ÿ260� 10 ÿ56� 10

2M3� � 5 OHÿ = M2(OH)5
� ÿ351.1� 0.5 ÿ369� 16 ÿ13� 7

Copyright# 1999JohnWiley & Sons,Ltd. Appl. Organometal.Chem.13, 805–811(1999)

HYDROLYSIS OF METHYLTIN(IV) TRICHLORIDE 809



Errors and reliability of the
speciation of (CH3)Sn3�

Standard deviations reported in Table 1 for
hydrolysisconstantsarefairly large.However,the
complexity of the systemsdoes not allow us to
obtainbetterresults.In fact we haveto work with
quite low monomethyltin(IV) concentrations,to
avoid the formationof higherpolynuclearspecies.
Nevertheless,asthe variousspeciesin our experi-
mentalconditions,in the pH range4–10,arewell
separated,errorsin the formation percentagesare
compatible with the correct speciation of the
system. As an example, at pH = 8, we have
(CH3)Sn(OH)2

� content= 34� 5% and
[(CH3)Sn]2(OH)5

� content= 64� 5%.

DISCUSSION

The main characteristicof the (CH3)Sn3�–H2O
systemis thevery strongtendencyof monomethyl-
tin(IV) to form hydrolysedspeciesover a wide
range(seeFig.1).Thiscationalsoshowstheability
to give polynuclear species of the type
[M(OH)y

3ÿy]n with 2 <y <3, such as those
observedfor othertrivalentcations.Iron(III) forms
thespeciesFe12(OH)34

2� (y = 2.83)28,29andalumi-
nium(III) forms Al13(OH)32 (y = 2.46).30 For chro-
mium(II), recent experimental results (P. G.
Daniele and S. Sammartano,unpublishedresults)
indicatetheformationof polynuclearspecieswith y

' 2.5–2.8.Devaud16–18 found (in mixed aqueous
organic solvent) the formation of the species
[(CH3)Sn]10(OH)28 (y = 2.8)and[(CH3)Sn]8(OH)23
(y = 2.87). In this work, we found, in low-
concentration conditions, the formation of the
polynuclearspecies[(CH3)Sn]2(OH)5

�. It is likely
that at higher (CH3)Sn3� concentrations,higher
polynuclear species are formed, with general
formulae[M(OH)3]pÿ1M(OH)x, with p > 2 and 1
� x < 3. The formation of polynuclearspecies
becomeslesssignificantatvery low concentrations,
ascanbe seenin Fig. 4, wherethe distributionof
(CH3)Sn3� hydrolysedspeciesis reportedat 10ÿ3

and 10ÿ6 mol dmÿ3. At a higher monomethylti-
n(IV) concentrationthe dimeric species,at pH 6,
reachesa formationpercentage>80%,whilst at a
lower concentrationthe yield of this speciesis
below10%.Among trications,monomethyltin(IV)
is one of the most hydrolysed one,30 and it
undergoeshydrolysis at lower pH values than
iron(III) and aluminium(III).

The dependenceon temperaturegiven by Eqn
[5], togetherwith explicit functions(Eqns[5a–5d]),
andthe dependenceon ionic strength(Eq. [3] and
valuesof C in Table2),allow usto drawacorrected
speciationof (CH3)Sn3�, in the ranges0 � I/
mol dmÿ3 � 1 and 15 � T/ °C � 45, in aqueous
NaCl andNaNO3 solutions.No comparisoncanbe
madewith the literature,since thesedata for the
hydrolysis of (CH3)Sn3� in aqueoussolution at
different temperaturesand ionic strengthare the
first so far reported.
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