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The Complex Formation of Tin(II) with Iodide in Aqueous

Solution*®

GILBERT P. HAIGHT, JR. and LARS JOHANSSON®**

Department of Chemistry, University of Illinois, Urbana, Illinois 61801, U.S.A.

The complex formation between tin(II) and iodide has been
studied at 25°C in a 4 M perchlorate medium. Solubility measurements
of Snl,(s) and [(CH,),N],Snl,(s) are consistent with the formation of
the series of mononuclear complexes SnI,Ct™+, n =1, 2, 3, 4, 6,
and 8, with the stability constants g, = 5.0, 13.5, 135, 200, 390, and
120, respectively. It is shown that no ion pair formation takes place
between (CH;),Nt and I™ or between (CH,),N* and SnI, ¢+,
The results are compared with those of earlier measurements on the
tin(IT) chloride ! and bromide ? systems.

Tin holds an interesting position in the periodic system with respect to the
() and (b) classification of metal acceptors.? In order to assign the proper
classification, a considerable amount of quantitative data on the complex
formation between tin and various ligands is required. The information
available 4 is, however, rather incomplete, for tin(II) as well as for tin(IV).
This paper presents an investigation of the tin(Il) iodide system, with the
aim to complete the picture of the tin(II) halide systems. The chloride and
bromide systems have earlier been subject to detailed studies,’:2:5% and data
are also available on the fluoride system.*

Earlier studies of tin(II) iodides include the measurements by Young ?
in 1897 of the solubility of Snl,(s) as a function of iodide concentration, and
the spectrophotometric study of tin(Il) iodide solutions by Fromhertz-Walls 8
in 1937. No attempts to describe the findings quantitatively in terms of com-
plex formation were made in either of these studies.

However, Young’s study shows, that SnI,(s) is well suited for solubility
measurements. Therefore, in the present study, the major part of the data
are obtained from measurements of the solubility of Snl,(s) over a range of
iodide concentrations. When [17] > 1 M, Snl,y(s) is too soluble to give easily

* A preliminary report of this study was presented at the 153rd ACS Meeting in Miami Beach,

Florida, U.S.A., in April 1967.
** Address: Division of Inorganic Chemistry, Chemical Center, University of Lund, Lund,

Sweden.
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962 HAIGHT AND JOHANSSON

interpreted results. We have, therefore, prepared and studied the solubility
of bis-(tetramethylammonium)-tetraiodostannate(Il) in the range 0.5 M
< [IT"]< 4 M. Reports that tetramethylammonium ion and iodide ions
form ion pairs ? required that we also study the solubility of tetramethyl-
ammonium iodide versus [I”] to ascertain to what extent ion pair formation
affected our data.

DATA ANALYSES

Notation
M denotes Sn2+
A denotes I™
T denotes (CH;), N+
Brackets, [ ], indicate equilibrium concentrations of free ions. Initial, total
concentrations are denoted by an indexed C.

Solubility of Snl,(s)

The solubility, S, is measured for various ligand concentrations, C,.
The soluble species are the free central ion, M, and the complexes MA ,
n=12,...,N.Itis assumed that only mononuclear complexes are formed.
Thus, the solubility of MA,(s) is

8 = [M] + [MA] + ... + [MA,]

The solubility product being K, = [M][A]?, and the stability constants of
the complexes being g, = [MA,]/[M]J[A]", the following equation for the
solubility is obtained 10

8 =K, [AT? (1 + Bi[A] + ... + By[ATY) 1)

The expression within parenthesis is denoted X. We also introduce #, the
complex formation function

N
FPEAT g x A dlg X

i=—"%  Td[A] X — dlog [A] (2)
From eqns. (1) and (2) we get
dlog§
d log [A] =n—=2 (3)

C, and [A] are connected by the equation
C, + 28 = [A] + @S
or
[A] = Cy—(7—2)8 (4)

[A] is found by iteration: log S is plotted versus log [A], with some approximate
value of [A]. 7—2 is obtained from the slope (eqn. (3)) and inserted into eqn.
(4), giving a better [A], which is used for correcting the plot, etc.
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TIN(II) IODIDE SYSTEM 963

The expression K. X is now known as a function of [A] and, by graphical
extrapolations,’® K, K 8,, ..., K By, and hence also ,, . . . , By, are obtained.
Now, § and # can be back-calculated and compared with the experimental
values. If any systematic deviations occur, the constants can be refined to
give a better comparison.

Solubility of [(CHy)N],SnI,(s)

With a ternary salt, the concentrations of two of the components can be
varied independently, and the concentration of the third measured as a
function of these two. In this case it is suitable to vary the ligand and
the tetramethylammonium ion concentrations and regard as the solubility,
the resulting total tin(II) concentration in solution.

Then the following equations apply for the solubility S’

28" 4 O = [T] (5)
8 = [M]X
Hence, if K= [TP[M][A],
§'(Cy + 287 = K,/ X [AI* (6)

Two important possibilities emerge
(a) Oy is varied, but [A] is constant. According to its definition, X is also
constant, and eqn. (6) reads

S'(Cr + 28')? = const.; [A] = const. (6"
(b) C.= 0, [A] (C,) is varied.
Eqn. (6) reduces to
48P =K/ X [A]H (6”)

The following equation corresponds to eqn. (3):

dlog 8  7—4 7

dlog [A] = 3 (M
Now, the constants can be elucidated in the same way as in the previous
section.

Some important assumptions have been made:

First, it is assumed that only mononuclear complexes are formed. It is a
known fact (Ref. 10, p. 191) that with solubility measurements of a salt be-
tween the central ion and the ligand only, like SnI,, it is generally not pos-
sible to decide whether the complexes are mononuclear or not. With a ternary
salt, on the other hand, the formation of polynuclear complexes should show
up. For instance, eqn. (6’) would be invalid, if a polynuclear complex existed
to an appreciable extent at the ligand concentration in question.

Second, it is assumed that the tetramethylammonium ion behaves ideally,
_t.e., it does not form complexes (ion pairs) with the iodostannate ions, nor

with the iodide ion.
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964 HAIGHT AND JOHANSSON

The formation of any complex of the type TMA,, to an appreciable
extent, would necessarily result in a variation in the product on the left side
of eqn. (6’), when C, is varied.

The formation of, say, the complex TA, with the stability constant K
would have the following effects: Eqn. (5) would be

28" + Cy = [T] + [TA] = [T)(1 + K[A))
which changes eqn. (6) to
S(Cy + 28 = K/X (1 + K[A])*[A]*

Hence, eqn. (6”") would contain, instead of X, the product X(1 + K[A])?,
while eqn. (6’) would remain true (with some other constant, though). This
means that X cannot be determined from the described measurements alone.
Some independent determination of K, or, some good evidence for the absence
of this ion pair formation, is necessary.

The required information is obtained from measurements of the solubility,
S", of (CH,),NI(s), in solutions of varying iodide concentration. If no ion

pairs are found, 87(Cy + 87) = [T)[A] = K" 8)
If, on the other hand, an ion pair TA were formed,
8"[A] = K" (1 + K[A])
e., the product S'[A] would increase with increasing [A].

EXPERIMENTAL

Chemicals. Sodium perchlorate was prepared from analytical grade perchloric acid
and sodium carbonate. Solutions were standardized by evaporating and weighing samples.
Analytical grade sodium iodide (Baker or Mallinckrodt) was used without purification.
Solutions were analyzed for iodide by precipitation as silver iodide. A weighed sample
of tetramethylammonium iodide (Eastman) was found to contain the calculated amount
of both ions, as determined by the silver iodide and tetraphenyl boron methods, respec-
tively. Solutions of this salt were therefore prepared by weighing calculated amounts.

Solids for solubility studies. To prevent the oxidation of Sn(II) (and iodide), prepara-
tion and handling of solutions and solids were performed with very careful exclusion
of air, by means of oxygen free carbon dioxide.

A tin(IT) chloride solution was prepared from an acidified copper(II) solution, which
was allowed to run through a bed of tin metal. The bright orange colored Snl,(s) was
formed when an excess of iodide was added to this tin(II) chloride, in the saturator.
[(CH,),N],Snl,(s) (light yellow) was formed when a slurry of (CH;),NI in water was
added to Snl,, dissolved in ca. 4 M sodium iodide solution.

The solids were washed with large amounts of sodium iodide solution, in order to
remove all traces of chloride, and other unwanted ions.

A sample of the tin iodide was washed free from excess iodide with perchloric acid
and then analyzed for tin(II) as described below (Analyses). After the tin titration the
iodide was precipitated as silver iodide; the extra iodide added by the titration, was
determined separately. The molar ratio of iodide to tin of 1.98 was found, 7.e., very near
the expected value 2.

Samples of the tetramethylammonium compound were washed with alcohol and
ether and dried, in the absence of air. Various analyses gave the following results (values
calculated for [(CH;),N],SnI, within parenthesis):
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Solution
Glass wool
| Solid
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a

Fig 1. (a). The saturator; the volume of

either compartment is about 10 ml, the

diameter 10 mm. (b). Schematic view
from above (see text).

Oxidation to SnO,: 14.7 9, Sn (15.2); Ce(IV) titration: equiv. wt. 131 (129); S,0,2- titra-
tion: equiv. wt. 202 (194); elementary analyses (CLARK Microanalytical Lab., Urbana,
Illinois) C: 12.47 9, (12.41), H: 2.97 9%, (3.10), N: 3.57 % (3.75).

The commercially available tetramethylammonium iodide was used directly in the
saturator, after washing with oxygen free sodium iodide solution.

Apparatus, equilibration. The solutions were equilibrated, with the solid under inves-
tigation, in a modified solubility column (Brensted saturator;!® Fig. 1) immersed in a
water bath maintained at 25.0 + 0.1°C.

The CO, gas served the double purpose to prevent oxidation and supply pressure
in either compartment to push the solution through the solid: With the screw clamps
1 and 4 partially shut, an excess pressure in compartment A pushed the solution over to
B. whereupon 2 and 3 could be tightened and the solution pushed back to A. A stream
of gas was maintained in both compartments all the time. Solutions (oxygen free) were
introduced in A with pipettes; though the cap had to be lifted, the intrusion of air was
avoided as the CO, stream was maintained all the time. Equilibrated samples were
withdrawn from B, also with a pipette.

Some measurements were performed without the glass wool holding down the
solid. A glass rod was then kept in compartment A, and the solution-solid mixture was
stirred each time the solution was in A. This resulted in quicker equilibration, especially
with [(CH;),N1,SnI,, which had a tendency to develop “channels” for the solution, if
not. stirred.

Often a solution was found to be at equilibrium after one to three passes through
the bed. Several passes were usually employed, however, and the complete equilibration
of every solution was ascertained by frequent checks.

Analyses. Equilibrated solutions, to be analyzed for tin(II), were transferred to an
oxygen free iodine-iodide solution in a titration vessel flushed with CO,. The excess of
1odine was back-titrated with sodium thiosulphate, using starch as indicator. A 10 M
tin(II) concentration could be determined to better than & 9.

In a preliminary series of measurements on [(CH,)N,],SnI,, polarographic determina-
tion of tin was employed, giving the same trend in the solubilities, though with much
less accuracy.

Tetramethylammonium ion concentrations were determined by adding sodium tetra-
phenyl boron which precipitated [(CH,),N][(C.H,),B](s). As tested with known amounts
of tetramethylammonium ion, the method worked satisfactorily (errors < 1 %) for the

range of solubilities studied (S = 40 mM).

Concentration ranges. The ionic strength was kept constant at 4 M by addition of
perchloric acid and sodium perchlorate. For the Snl, measurements, the acidity 1 M
was chosen in order to prevent Sn(II) hydrolysis 1 at the lower ligand concentrations,
where Sn(II) is present as free Sn?* to a considerable extent. Thus, the solutions were
made up of 1 M HCIO,, C, M Nal and (3—C,) M NaClO,. C4 ranged from 0 to 1 M,
the upper limit chosen *for two reasons: the solubility starts to be inconveniently high,
and very rapidly increasing. Moreover, solutions of this high acidity and high iodide
concentrations, seemed to evolve iodine, slowly, despite the most careful exclusion of
the air.
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966 HAIGHT AND JOHANSSON

The [(CH,;),N1,SnI, measurements were performed with & much lower acidity, 0.010
M, where the iodide oxidation was negligible. In order to avoid hydrolysis, these measure-
ments were not extended below () = 0.5 M. At the highest ligand concentration
employed, 3.99 M, the solubility was measured as a function of the tetramethylammo-
nium ion concentration. Ct was varied between 0 and 10 mM, higher concentrations
giving too low solubilities.

These solutions, thus, had the general composition 0.010 M HCIO,, Cr M (CH,),NI,
(Ca—C1) M Nal, (3.99—C,) M NaClO,.

The acidity 0.010 M was also chosen for the (CH,),NI measurements. Here, Cp
could be varied only between =3.3 M and 3.99 M. At lower iodide concentrations (higher
perchlorate concentrations) (CH,) NI(s) was converted to some perchlorate-containing
compound, as was clearly indicated by a sharp break in the solubility curve. This solid
gave no simple solubility product S[ClO,], as one would have expected for (CH,) NCIO(s).
It could, however, be converted back to the iodide, at higher iodide concentrations.

Reproducibility. With each solution, at least two samples were always equilibrated.
The solubilities of SnI, could all be reproduced within 2 9. Two different samples of
the solid gave the same result, within these limits of error. Also, the [(CH,),N],SnI,
solubilities, with Cr = 0, could be reproduced within 2 9%, except for the two lowest
Ca, where the deviations were somewhat higher. As to the series with varying Cr, great
care was taken to make the measurements as accurate as possible, so that even the lowest
solubility could be reproduced within 2 9%,.

The solubilities of (CH,),NI(s) could be reproduced within 1 9%. A solid, converted
to the perchlorate, and then converted back to the iodide again, gave the same solu-
bilities as the original iodide.

RESULTS
| Snl,(s) and [(CHy),N1,Snl,(s) solubilities
The solubilities of Snl,(s), for various C,, are given in Table 1. The
free ligand concentration [A] is obtained by eqns. (3) and (4).

Table 1. The measured solubility, S, of SnI,(s). “cale” indicates values calculated from

the final set of constants.
3 3

%& [ﬁ] s >1(VI 10 Scalcl\? 10 Tleale
0 0.0260 13.96 13.92 0.14
0.0400 0.0480 4.60 4.61 0.27
0.0800 0.0828 1.931 1.910 0.54
0.1200 0.1213 1.170 1.165 0.92
0.1600 0.1606 0.890 0.906 1.30
0.240 0.240 0.797 0.794 2.05
0.320 0.320 0.874 0.875 2.62
0.400 0.399 . 1.033 1.051 3.05
0.500 0.498 1.412 1.393 3.51
0.600 0.596 1.912 1.890 3.91
0.800 0.791 3.57 3.57 4.61
1.000 0.980 6.60 6.65 5.20

Table 2 gives the solubilities of the tetramethylammonium salt. With these
low solubilities, the change in ligand concentration is negligible, i.e. [A] = C,.

Acta Chem. Scand. 22 (1968) No. 3



TIN({II) IODIDE SYSTEM 967

Table 2. The solubility, S’, of [(CH,) N1,Snl,(s) as a function of iodide ion concentration.
“calc” indicates values calculated from the final set of constants.

Chr=[A S’ x 10° 8’cate X 108 _
M ] M M Neale
0.50 0.34 0.348 3.51
1.00 0.38 0.377 5.25
1.50 0.472 0.480
2.00 0.614 0.616 6.86
2.50 0.776 0.772
3.00 0.945 0.945 7.42
3.50 1.117 1.130
3.99 1.327 1.325 7.62

In Fig. 2, log 8 and log S’ are plotted against log [A], and the best curves
drawn. From the slopes of these curves, 7 is calculated by eqns. (3) and (7),
and plotted against log [A] in Fig. 3. # ranges from 0.1 to about 5 for Snl,
and from 4 to 7.7 for the tetramethylammonium salt. Although the range of
[I7] common to the two studies is not extensive, it seems clear that there is
no systematic difference in the values obtained with the two methods. Further,
it is seen from this figure, that it is necessary to include a complex with at
least 8 ligands, in the explanation of the results. The %-curve, however, shows
a marked tendency to level off at # = 8. It is highly probable, therefore,
that ¥ = 8 is the limiting co-ordination number.

N can also be found in the following way: KX . [A]™ is plotted against
[A]?, for various values of ». Obviously, if » > N, a zero intercept will be
obtained on extrapolation to [A]? = 0, while, if n = N, a positive intercept
will be obtained. In other words, the highest value of n giving a positive
intercept is n = N. Also with this approach, N = 8 was found.

T T T T T
oL R f T T T T T
a
logS 6r 7
4 (o) -
_3 e —
2 - -
! 1 ! &=y ! 0 ) L 1 I
-1 0 loglA] 06 -1 0 loglA] 06

Fig. 2. Solubility curves for SnI,(s) (O)and Fig. 3. @, from the slopes in Fig. 2, for

{(CH,)N1,SnI,(s) (®). Best curves are Snl,(s) (0) and [(CH,)N],SnL,(s) (@)

drawn through the experimental points. Curve: calculated from the final set of
constants.
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968 HAIGHT AND JOHANSSON

When K 'X[A]™® was plotted against [A], the shape of the curve indicated
that B; = 0. Therefore, the same function was plotted against [A]‘2 with an
approximately stralght line as the result. The intercept is K 'f;, and from
the slope a preliminary value of K 'f; was obtained.

Now the Snl,(s) data were analyzed beginning in the region of low [I7],
yielding K, f,—p,, and fg. (As to f; the best value appeared to be 0.) As
7 only reaches a value 5.2, it was not possible to draw any definite conclusions
about the maximum coordination number from these data, nor to assign
any value to fg. Therefore, the value of B from these data must be regarded
as tentative.

However, it was assumed that the stability constants, or at least their
ratios, do not change much for the change in acidity between the two series
(see page 965). Then, approximate values of K and g could be calculated
from the preliminary fg, K 'fg, and K /'f;. This f; was used as a correction
for the Snl, data, to yield a better value of Be. Also, the [(CH,),N],SnI, data
could be corrected for the presence of the fourth (and lower) complexes, to
give a better ratio between f; and fs. This procedure was repeated to obtain
a best fit for a single set of constants to all experimental data. Solubilities and
7 values calculated from the constants (see Tables 1 and 2, Fig. 3) are in close
agreement with observed values.

The final set of stability constants obtained in this way, is given
in Table 5. As to the solubility products, K = (0.83 + 0.02) x 107 and
K' = (2.5 4 0.3) X 10713 were used as final values.

Fig. 4 shows the distribution of tin(II) among the various species. It may
be noted that for some ligand concentrations, as many as six species are pres-
ent in the solution in appreciable concentrations. The range for each individual
species is consequently narrow, and the uncertainties in the computed con-
stants necessarily large. Especially the intermediate constants, f,—pf;, are
subject to large uncertainties. The absence of the fifth complex is thus by
no means proved; the data could be fitted equally well with a low, positive
-Bs. However, this lack of accuracy is not due to the actual choise of computa-
tion method, obviously, because the experimental data are fitted as well as
they could reasonably be (Tables 1 and 2). With the prevailing ‘“crowded”
situation, only a considerable increase in the accuracy of the measured solu-
bilities could diminish the uncertainties in the computed constants.

It should also be strongly emphasized that, as the data are interpreted
here (i.e., with the assumption that the solubility changes are due only to
the formation of mononuclear complexes), postulation of the existence of
the eight coordinated Snlg#®~ is required.

100
mole %

Fig. 4. Distribution of Sn(II) among the
various species SnI,(**)+ (n indicated in
the figure).

-1 0 loglA] 06
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"‘Behavior of the tetramethylammonium ion

Table 3 shows the solubility of [(CH,),N1,Snl,(s) as found when O, was
varied at a constant ligand concentration. The product 8'(Cy + 28')? was
found constant, as expected from eqn. (6'). Thus, the assumptions of mono-
nuclear complexes and of the absence of interaction between T and the prevail-
ing Sn(II) complexes seem valid.

Table 3. The solubility of [(CH,),N1,Snl,(s) as a function of Cp at constant [A] = 3.99 M.

Cy 1>\</[ 108 S’ 3;[108 8(Cr + 287)® x 10°
0 1.327 9.3
2.96 0.564 9.4
4.94 0.305 9.4
9.87 0.093 9.4

Table 4 shows the solubility of (CH,),NI(s) as a function of the iodide
concentration, and the subsequently calculated solubility product (eqn. (8)).

Table 4. The solubility of tetramethylammonium iodide.

Ca (A] S x 108 S x [A]
M M M M2
3.99 4.03 35.7 0.1439
3.70 3.74 38.5 0.1440
3.50 3.54 40.5 0.1434
3.30 : 3.34 43.3 0.1448

No variation of K is shown, implying that the ion pair formation between
T and I™ is negligible. This is not in agreement with the results of Azzari and
Kraus,® who find, from an interpretation of conductivity measurements at
low [I7], a value of K = 3.

It may be noted that this disagreement could be avoided, if it is assumed
that both perchlorate and iodide ions form ion pairs with the tetramethyl-
ammonium ion: If ion pair formation constants for TA and TClO, are equal,
their effects on the solubility will balance each other. As a net result, [T][A]
will still be constant. Such an exact cancellation seems somewhat improbable,
however; the most reasonable interpretation of our data is still that neither
I7 nor ClO,” forms any ion pairs. Of most importance, however, is the fact
that even if such a cancellation takes place, it would not change our interpreta-
tion of the [(CH;),N1,Snl,(s) measurements, naturally, as a cancellation
would also result in that case. It may also be noted that in all measurements
at constant ionic strength, the assumption is always made, that the medium

Acta Chem. Scand. 22 (1968) No. 3



970 HAIGHT AND JOHANSSON

ions do not take part in the complex formation, or if they do, their constants
are incorporated in those of the studied system.

Thus, it seems to be confirmed that the formation of mononuclear tin
iodide complexes is the only reaction occurring in the solutions studied, and
that the solubility changes reflect this complex formation only.

DISCUSSION

Although the data presented in this paper are reliable, it is obviously
desirable to study the region of high iodide concentration with other methods,
before the existence of SnIg® can be said to be established. Examples of eight
coordinated ions are quite common, however, especially in the crystalline
state.’? Most éxamples occur among the lanthanides and actinides, and in
the transition series. Some of the ions, studied in crystals, exist in aqueous
solution as well, like Mo(CN)g*". Also in aqueous solution, the ions BiBrg5
and Pb(SCN)s®~ have been reported, from data similar to ours,® and from
potentiometric datal4, respectively.

For the arrangement of eight ligands around a central ion, various con-
figurations are possible. Among these, the square antiprism and the dodeca-
hedron are the most common. Normally, these two configurations have the
lowest energies.l® As to SnI%, the application of formal ionic radii 1® shows
that the iodide ions are a little too big for either of these configurations. It is
-doubtful, however, if this fact is of any importance in this case with the highly
polarizable iodide ions.

One might also speculate about a possible configuration with two coordina-
tions shells, e.g. with six iodides in an octahedral inner sphere, and two iodides
in an outer sphere.

Table 5 shows the stability constants for tin(II) halides. The chloride and
bromide systems were studied in 4 M hydrogen sulphate, while the iodide
system was studied in 4 M perchlorate. Disregarding these medium differences,
it can be judged that tin(II) forms moderately strong halide complexes, which,

Table 5. Stability constants, g, M, for the tin(II) chloride,! bromide,® and iodide

systems.
n Cl- Br™ I
1 28 7.9 5.0 &+ O.
2 225 53 13.6 + 2
3 290 130 135 + 10
4 200 45 200 4 20
5 — (95) 0 +30
(=)
6 — — 390 4+ 20
7 — — 0 +20
(-)
8 — — 120 + 10

Acta Chem. Scand. 22 (1968) No. 3




TIN(II) IODIDE SYSTEM 971

when compared with each other, are roughly of the same strength. The strongest
ffirst complex is the chloride one, while the iodide complexes tend to be stronger
or n > 3.

This indicates an intermediate position, for tin(II), between (a) and (b)
acceptors.? Of special interest therefore is the fluoride system. The data
available 4 show the fluoride complexes to be stronger than the other halides,
thus favoring the (a) acceptor classification. The limited data on Sn(IV)*
indicate a more pronounced (@) character. For organotin(IV) halide complexes,
class (@) character has been reported.!”
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