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An X-Ray Investigation of the Hydrolysis Products of
Tin(II) in Solution

GEORG JOHANSSON and HITOSHI OHTAKT*

Department of Inorganic Chemistry, Royal Institute of Technology,
S-100 44 Stockholm 70, Sweden

The X-ray scattering from hydrolyzed and acid water solutions
of 3 M tin(II) perchlorate has been measured. In its inner coordination
sphere the tin(II) ion has between two and three water molecules at
distances of 2.3 A. In the hydrolyzed solutions polynuclear com-
plexes are formed with Sn—Sn distances between 3.6 A and 4 A. In
the most hydrolyzed of the solutions investigated the average
number of Sn atoms bonded to each other Sn atom is about 1.5.
Possible structures for the complexes are discussed.

The hydrolytic reactions of the tin(Il) ion have been investigated by several
workers.1~? The emf measurements by Tobias,” which were made in a
3 M (Na)ClO, medium with tin concentrations varying from 2.50 mM to 40
mM, led to the conclusion that the main hydrolysis product is the tri-nuclear
Sng(OH)2" with some minor products, Sn,(OH),2* and SnOH, also formed.
It is interesting to compare this with results reported for lead(II), where the
tetra-nuclear Pb,(OH)*" or the hexa-nuclear Pby(OH),*" are predominant
in the whole accessible concentration range, with the complexes Pby(OH)2"
and Pb,OH3*" formed in lower concentrations.8-10

In the solid state tin(II) and lead(1I) seem to form closely related hydrolysis
complexes, which can be pictured as based on a group of three metal atoms
arranged in a triangle with an oxygen atom slightly above the center of the
triangle. By the sharing of edges these triangles combine into tetrahedra or
octahedra of metal atoms. Crystals of the basic tin(II) sulfate, Sn,080,, have
been reported to be built up from discrete complexes with eight tin atoms.!
They can be described as a basic tetrahedron of tin atoms sharing its faces
with four similar tetrahedra. A related structure has been found for the basic
lead(II) perchlorate, PbgO(OH)4(ClO,),H,0, in which a tetrahedron of lead
atoms shares two of its faces with other tetrahedra leading to hexa-nuclear
complexes, Pb,O(OH)s*" .22 In recent structure determinations of SnyO,(OH),

* Present address: Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo, Japan.
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and the isomorphous lead(I1) compound, octahedra of metal atoms have been
found to occur.13,4

An X-ray investigation of hydrolyzed lead(II) perchlorate solutions !* has
shown that the hexa-nuclear complex PbyO(OH)s!" retains its structure in
solution and that the tetra-nuclear complex has a tetrahedral arrangement of
lead atoms. In view of the closely related structures of tin(II) and lead(II) in
the solid state it was of interest to make a similar X-ray investigation of
hydrolyzed tin(1I) solutions, although tin, because of its lower atomic number,
is far less suitable than lead for such an investigation.

As in previous investigations of this kind 15-18 a series of solutions with
constant metal ion concentration but with varying degrees of hydrolysis has
been investigated. Variations in the X-ray scattering between the different
solutions are then mainly due to the formation of hydrolysis complexes and
can be interpreted in terms of interatomic distances within the complexes
and frequencies of these distances.

EXPERIMENTAL

Preparation of solutions. Partially hydrolyzed tin(I1) perchlorate solutions were
prepared by addition of NaHCO, to tin(I1I) perchlorate solutions which were prepared by
a modification of the method described by Noyes and Toabe.’® A schematic diagram of
the apparatus used for the preparation of the solutions is shown in Fig. 1.

A

Fig. 1. The apparatus used for the preparation of the tin(1l) perchlorate solution.

Granular netallic tin (p.a. grade of a purity better than 99.5 %) was washed three
times with dilute hydrochloric acid, then with water, and finally with alcohol. The
granules were dried by pressing them between sheets of filter paper and were then trans-
ferred to the bulb A (Fig. 1). The apparatus was evacuated until the metal granules were
completely dried. A slightly acid copper perchlorate solution was placed in the bulb B.
'The air initially in the apparatus was completely replaced with argon by repeated evacua-
tion and back-filling with pure argon. By turning the bulb B the copper perchlorate solu-
tion was then transferred to the bulb A. The displacement of the copper ions by tin was
completed within a few hours. Oceasional shaking of the apparatus was effective in speed-
ing up the exchange reaction and in preventing the granules sticking. The resulting solu-
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tion was clear with a pale greenish yellow color. It was transferred through a tube with
a glass filter into a calibrated buret (C). About 30 ml of the solution was then transferred
by means of argon gas into the tube D in which a weighed amount of NaHCO; powder
had been placed at E. The resulting solution was transferred through a glass tube into
a glass vessel which was placed in the X-ray diffractometer. During the preparation and
the transfer of the solution it was not in contact with any stop-cock or with air. Tests for
copper and for chloride in the solution were negative.

- Copper perchlorate was prepared by dissolving copper(Il) oxide (Merck, p.a.) in
reagent grade perchloric acid. The crystals obtained were recrystallized. three times
from water.

Analysis of solutions. The determination of tin(II) was made according to Jamieson.*
An aliquot of the tin perchlorate solution was transferred to an Erlenmeyer flask in which
30 ml of hydrochloric acid, 20 ml of water, and 2—4 ml of chloroform were contained.
The solution was titrated with a standard potassium iodate solution. The titration was
continued with thorough shaking of the stoppered flask after each addition of potassium
iodate solution until the end point was reached.

- A Gran plot 2t of the emf values measured when acidifying the hydrolyzed solution
was used for the evaluation of the analytical hydrogen ion excess in the solution.

The total amount of perchlorate was determined with a cation exchange resin. The
titration of the free acid was made with a standard sodium hydroxide solution.

. The concentration of sodium ions was determined from the material balance of ions
in the solution. The density of a solution was determined pycnometrically.

- The compositions of the solutions investigated are given in Table 1. The values 7,
given in the table, represent the number of OH groups per Sn atom as estimated from

Table 1. Concentrations of solutions. The volume of a stoichiometric unit of
solution=V As,

Solution No. 1 (V=503.5 A3) II (V =533.4 A3) 1II (V =555.3 A?)
Concentration ¢ atoms/l atoms/unit g atoms/l atoms/unit g atoms/l atoms/unit
: volume volume volume
Sn 3.298 1 3.113 1 2.990 1
Cl 6.825 2.070 6.431 2.067 6.422 2.148
(0] 67.07 20.34 65.20 20.95 65.34 21.85
H 77.77 24.19 77.34 24.85 76.97 25.74
Na 1.788 0.574 2.789 0.933
L o .. 0807 ...

the hydrogen ion excess. Precipitates were formed in a 3 M solution when the value of 7
exceeded 0.8. Increase of the Sn(1I) concentrations led to lower maximum # values. In
chloride solutions the maximum values of 7 that could be obtained were lower than those
in perchlorate solutions.

Measurements of the X-ray scattering. The diffractometer was the same as described
in previous papers.}>2 A glass vessel with a diameter of 40 mm and a depth of 10 mm
was used to hold the solution. It was enclosed in an airtight sample holder through which
a slow stream of argon gas was passed.

MoK« radiation (A=0.7108 A) was used for all the measurements. A focusing LiF
monochromator was placed between the sample and the scintillation counter. Further
monochromatization was performed by means of a pulse height discriminator. The opening
slits used were 1/12°, 1/4°, and 1°. Scaling factors to convert all measured data to the
same opening slit were obtained from measurements in overlapping regions. Points were
measured at intervals of 0.1° in 6 up to 0=6°, and 0.25° to 0="70°, the largest angle ob-
tainable. Usually 40 000 counts were taken for each point, which corresponds to a sta-
tistical error of 0.5 9%,. A number of points were measured repeatedly in order to detect
and to correct for any long time variations in the equipment. A Philips PW-1130 X-ray
unit was employed for the measurements. Background radiation was determined by
covering the receiving slit with a lead plate.
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Table 2. Observed intensity values as a function of s=4asin 6/2 for the three solutions
investigated. I is the observed intensity after correction for p()larxz.anon, scalmg,. and
subtraction of incoherent radiation. The reduced intensity values i(s) are also given.

1

-2809,1
-2742.6
~2677.6

~2321.1
=-2230,1
-2087.4

«1966.1
-1893.8

=1681.4

~1593.2
«1578,0
«1499.5
=1445.8
-1367.0

=1316.5
«1266.8
=1126,5

258.7

354.6

40644

342.4
247.7

I

1

~1939,3
-1322,3
-1900,3
-1843,8

=-1695.9
~1621.8

~1636,9
-1668.4
«1654,4
«1644,1
~1631,1
=1652.,6
~1684.3

=1639.5

1998

i
«1877.6

~1752.1
~1733.6

-1889.8

«1864.9
~1890,1
-1873.1
«1870.9
-1826,0

~1830.3
«1784.9

=1293.5

~1216.5
~1135,7
~-1082.6
- 931.7
- 828.3

- 696.4

1
3

- 439.9

11,356

I II
1 1 T 1
1206 7.6
193 17.0
1187 33.5
173 47.9
1" 62.0
1147 57.3
1126 55.3
110 59.3
1081 48.7
1063 48.4
1046 48,7
1026 45,5
1012 AT.7
989 40.9
966 3341
948 29,7
929 2542
912 22,1
894 18,3
880 16.6
859 8.9
843 S5.2
829 2.9
12 -1,.9
97 6,2
7 4.9
5 -6.3
768
149 -11,9
7 «13.6
723 -18,1
T06 -25,7
700 -23,0
687 =265
681
669 -27.1
655 =32.6
646
642 8,
630 =31.9
27 -27.8
621 ~25.5
612 =27.2
604 =-27.2
602 -22,0
599 =17.%
593 -15.8
591 ~11.4
586 -9.0
581 7.7
579 ~2.9
575 ~0.4
572 2.6
567 4.8
563 6.3
560 9.8
556 1,0
549 10,0
542 8,7
539 10,7
532 945
528 10,5
526 13.8
519 12,2
505
506 a1
496 3.3
489 1.3
489 5.9
480 1.7
478 4.2
470 1.0
462 2,5
460 0.4
455 =-1.6
452 0.0
449 0.9
443 -0,8
439 ~0.9
436 ~0,2
430 1,9
427 -1,8
429 4.1
423 2.6
416 1.5
416 2.2
410 0,4
409 2.7
403 «0,5
402 1.8
398 2.0
395 2,2
391 0,7
388 1.3
334 2.3 385 1.2
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Table 2. Continued.

I Iz 1T

3 I 1 I i
11,415 383 2.4 333 =0.4
11.474 378 0.3 378 4,6
11,533 376 1.3 374 =35
11,591 37 ~0.9 357 =77
11,649 387 ~1.5 3567 -4:9
11,707 365 -0.5 355 ~3.2
11,765 362 =0,9 383 =5.7
11.822 354 ~3.6 362 ~3.6
11,879 35% ~2.9 359 =1,9
11,936 349 5.5 353 5.3
11,993 348 =44 34 6.9
12,050 344 =5.5 343 ~4.5
12,106 340 =7.0 342 =3,9
12,162 333 =3.6
12,218 337 4.4 338 =8.5
12.274 333 =6.5 337 =Ta2
12,329 329 7.3 333 ~7.9
12,384 326 =79 330 -3.3
12.439 25 ~6.8 330 =6.5
12,494 325 -4.4 3°5 =3.0
12,549 322 =51 303 =39
12,603 318 ~6,9 325 =49
12,657 317 =347 321 A3
12,71 315 4.4 323 -2
12,764 314 -4, bral -2.1
12.817 312 =45 316 -4.3
12,87 311 -2.9 318 =1.5
12,923 305 =7.0 315 «0.7
12,975 312 -2,7
13,028 393 =5.0 3¢5
13,080 302 -4.4 T
13.132 302 =2,0 327
13.183 298 -4.5 333
13,235 296 =41 393
13.286 300
13,336 293 ~3.8 297
13.387 29N ~3.2 300
13.437 291 =-1.3 233
13.487 289 -2.0 234
134537 289 =0,5 293
13.586 285 =1.9 291
13,636 28¢ -1.4 290
13.685 284 0.4 231
13,73 283 0.5 291
13070 239 0,0 285
13.830 27y 0.6 2836
13.878 280 2.3 235
13.926 277 1.4 284
13,973 275 1.3 230
14,020 273 5.7 280
14,067 274 3.4 281
14,114 274 4o 27
14,160 277 2.5 2™
14,208 279 4.2 275
14,252 257 2, 276

Fig. 2. Observed intensity values for the
acid solution as a function of s= 4=~ sin 6/A.
About one fourth of the observed values
are marked. The full curve represents the
independent coherent scattering (>n; f2).
The estimated amount of incoherent
radiation reaching the counter is shown by
the lower curve.
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648 JOHANSSON AND OHTAKI

Treatment of the data. The data were treated in the same way as described in a previous
paper.” The scattering factors used were those given by Cromer and Waber # for the
neutral atoms. Anomalous dispersion corrections (4f’ and 4f’’) were applied according to
Cromer * for Sn, Cl, and Na. The incoherent scattering was estimated from the values
given in the International Tables # for Cl, O, and Na, from the values given by Compton
and Allison 2 for H, and from the formula given by Bewilogua ¥ for Sn. The amount of
incoherent radiation passing through the monochromator was estimated from the spec-
trum of the X-ray tube as described previously.’”»*2 At the largest scattering angles it was
determined by measurements with a zirconium filter. After correction for polarization in
the solution and in the monochromator the outermost part of the measured intensity
curve (6> 35°) was used for the scaling, which was done by comparing observed intensity
values with the sum of the independent coherent scattering (>n;f;?) and the incoherent
scattering. The scaled intensity values were corrected for the incoherent radiation and
reduced intensities were then obtained by subtracting the independent coherent scatter-
ing. All calculations were referred to a stoichiometric unit of solution corresponding to
the volume containing one Sn atom (Table 1).

sxi(s)
L

N PO NS AU VORI SN AN (U SUU SUN NN S U R N
2 4 6 8 10 12 U s

Fig. 3. Values s-i(s) for the three solutions investigated. Every second point has been

marked. The full curves are calculated values obtained with the use of the param-

eters from the least squares refinements (Table 3) and the analysis of the difference

curves (last column in Table 4). The lower curve represents the acid solution (I) and the
upper curve the most hydrolvzed of the solutions (III).

Acta Chem. Scand. 27 (1973) No. 2
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The measured intensity values after corrections for polarization, scaling, and subtrac-
tion of incoherent radiation are given in Table 2 and in Fig. 2, as a function of s=4 »
sin 8/A. The corresponding values of the reduced intensities #(s) are given in Table 2 and
the s-i(s) values in Fig. 3 after correction for spurious peaks below 1 A in the radial

distribution curves as described in previous papers.'’»1®
The radial distribution curves were calculated from the reduced intensity values ac-

cording to the expression:
D(r) = 4nr%y+ 2rn 1 [ maxs-i(s)[ fon(0) fou(s)]2exp ( — ks?)sin (rs) ds
0

In the sharpening factor, [fsn(0)/fsn(8)]2exp(—ks?), the fq,(s) represents the scattering
factor of Sn for a value s (=4a sin 6/4). The value of & was chosen to be 0.01.
All calculations were carried out on an IBM 360/75 computer with a Fortran version

of the programs previously used.?

ANALYSIS OF THE RADIAL DISTRIBUTION CURVES

The radial distribution curves, D(r), for the solutions investigated are
given in Fig. 4 and the functions D(r) —4nr?, in Fig. 5.

ot
el2X 1 x 10

Fig. 4. Radial distribution curves, D(r).
Dashed lines are the corresponding 4arip,
functions. The dotted curve is the sum of
the peak shapes calculated with the use 0
of the parameters obtained in the least
squares refinement of the acid solution
(Table 3). The difference between the D(r)
curve and the calculated peaks for the
acid solution (lower curve) is also shown. 0

The Cl- O interaction at 1.4 A in the perchlorate groups is clearly seen in
all the curves. The Sn—O distances within the first coordination sphere of the
Sn atom are not well resolved in the D(r) curves (Fig. 4). In Fig. 5 two peaks,
one at 2.3 A and one at 2.8 A, are indicated. The O — O interactions in the

Acta Chem. Scand. 27 (1973) No. 2
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Fig. 5. D(r)— 4nr?p, functions for the three solutions investigated. The lower curve
represents the acid solution (I) and the upper curve the most hydrolyzed of the solu-
tions (I1T).

perchlorate groups will contribute to the 2.3 A peak, but cannot alone explain
the full size of the peak. In crystals the tin(II) atom often forms three short
bonds of about 2.3 A to oxygen atoms with two or three other oxygens at
distances about 0.5 A longer.?® These two peaks appear in approximately the
same way in all the distribution curves and the corresponding interactions
are thus largely unaffected by hydrolysis.

A broad peak at about 4.3 A for the acid solution probably contains
contributions from distances within a second coordination sphere around the
tin atoms. It seems to be the only peak in the D(r) function which changes
significantly when the solution is hydrolyzed. In the following treatment of
the data the 2.8 A peak and the 4.3 A peak will both be treated as resulting
from Sn — O interactions only, although they probably contain significant con-
tributions from light-atom interactions. Remaining parts of the water struc-
ture and hydration of the perchlorate groups may be expected to give contri-
butions in the corresponding regions.

The changes in the distribution curves with hydrolysis are more clearly
brought out by the difference curves in Fig. 6. They have been obtained by
subtracting from each of the D(r) functions the corresponding 4nr?g, function
calculated for the light atoms only and then taking the differences between
the resulting curves. If changes in the light atom interactions on hydrolysis
are negligible, the peaks in the difference curves should be solely determined
by changes in the surroundings of the tin atoms.

According to Fig. 6 only minor changes seem to occur within the first
coordination sphere of the tin atoms. The peak at about 3.6 A ean probably

Acta Chem. Scand. 27 (1973) No. 2
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Fig. 6. Differences between the radial distribution curves. The upper curve gives the

difference between the solutions with 7= 0.8 (III) and 7= 0 (I), the middle curve between

the solutions with #=0.5 (II) and %= 0 (I), and the lower curve gives the difference be-

tween the two hydrolyzed solutions (III —II). The dashed curves are calculated from

the parameters given in the last column in Table 4. The sum of the two curves, which
closely reproduces the observed peak, is marked by dots.

be correlated with Sn— Sn distances within polynuclear hydrolysis complexes.
Distances between the oxygen-bridged Sn atoms within the octa-nuclear
complexes in the crystals of Sn,080, range from 3.49 A to 3.77 A with an
average value of 3.65 A1l In SngO,(OH), the short Sn—Sn distances within
the octahedra have been reported to be 3.59 A.**,14

The 3.6 A peak is not symmetric but is extended towards longer distances.
Non-equal Sn—Sn distances, well-defined long Sn—O distances within the
hydrolysis complexes, or a general shortening of distances within the second
coordination sphere when a solution is hydrolyzed, may cause this asymmetry.
Comparison with calculated peak shapes for Sn—Sn interactions shows that
the left side of the peak agrees well with that calculated for an Sn—Sn inter-
action of 3.62 A with a temperature factor b=0.0083. If we assume that this
represents a well-defined Sn —Sn distance within the complexes, its frequency
in the most hydrolyzed of the solutions would correspond to an average number
of about 1.2 Sn atoms bonded to each other Sn atom in the solution.

If the calculated peak shape, obtained by the best fit to the left side of
the 3.6 A peak, is subtracted from the difference curves in Fig. 6, small peaks
remain at about 4 A, The area of each of these peaks corresponds to approx-
imately one third of that of the corresponding main peak (Table 4). If it is
assumed to correspond to Sn— Sn interactions, the total number of Sn atoms
bonded to each other Sn atom in the most hydrolyzed of the solutions would

Acta Chem. Scand. 27 (1973) No. 2
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then be about 1.6 rather than 1.2. If it is assumed to represent Sn — O interac-
tions each Sn atom would have about two oxygens at this distance.

The ratio of the sizes of the 3.6 and 4 A peaks is approximately constant —
within the rather limited precision — for all the difference curves in Fig. 6.
Thus the asymmetry of the 3.6 A peak is independent of the degree of hydrol-
ysis, which perhaps can be taken to indicate that it is a characteristic of one
single type of complex.

The curves in Fig. 6 do not show significant features, which can be in-
terpreted as longer Sn—Sn distances than those occurring in the 3.6 to 4 A
region. However, interactions, which have frequencies much lower than that
of the primary Sn — Sn distance, may well escape detection among the spurious
background peaks present in the curves.

ANALYSIS OF THE REDUCED INTENSITY FUNCTIONS

A further analysis of the predominant interactions in the solutions was
made by means of a least squares procedure applied directly to the measured
intensity data.

Theoretical intensity values were calculated according to the expression

U8)= 53 fofon S0 7,8/ () €XD (— brs?)
n m

nEm
Here r,,, is the distance between two atoms n and m, f, and f,, are the scatter-
ing factors, and b is a temperature factor. For each pair interaction the distance,
a temperature factor, and a frequency factor were introduced as parameters
and were refined by a least squares procedure which minimized the function
zsg[iobs(s) - icalc(s)]z‘

Because of the low atomic number of Sn the perchlorate groups contribute
relatively more to the scattering than in the solutions investigated previ-
ously.1%,)7 For this reason, the corresponding parameters were also refined
with the single restriction that the tetrahedral symmetry of the ClO,~ group
was preserved. Sn—O interactions corresponding to the first coordination
sphere of the tin atom and a similar interaction approximating the many
distances around 4.3 A, were also introduced, as were Sn—Sn interactions
for the hydrolyzed solutions.

Results from the refinement of the scattering curve of the acid solution are
given in Table 3. The broad peak at about 4.3 A in the radial distribution
curve, which was interpreted as indicating a second coordination sphere around
the Sn atom, corresponds to significant contributions to the scattering curves
only in the low-angle region. The corresponding interaction parameters were
determined in a separate refinement, which included this region, and were
then kept constant in the following refinements.

The frequencies representing the interactions within the perchlorate group
and the first coordination sphere of the tin atom were refined simultaneously.
In order to check the constancy of the refined parameters the lower s limit
was increased continuously, as shown in Table 3. For the highest s limit only
the ClO, interactions still showed significant contributions to the observed
intensity values.

Acta Chem. Scand. 27 (1973) No. 2



HYDROLYSIS PRODUCTS OF TIN(II) 655

The parameters obtained for the ClO, group (columns “a’” in Table 3)
are interesting as a check on the experimental data and on the refinement
procedure. The Cl—O distance, which was found to be 1.41 A (6=0.01 A),
is independent of the s range used and is consistent with values found in
crystals, which are usually around 1.43 A.30 The frequency factor does not
differ significantly from the expected value of one, but comes out slightly
lower than this value, particularly for the lower s limits. Here, on the other
hand, the temperature factor, which was assumed to be the same for the C1- 0O
and the O — O interactions, comes out slightly negative (about the magnitude
of the standard deviation), when not restricted to positive values only.

In a second series of refinements the frequency factor of the ClO, interac-
tions was assumed to have the expected value of one, and only the tempera-
ture factor was refined. These results are also given in Table 2 (columns “b”).

Both the 2.3 A and the 2.8 A Sn— O interactions seem to represent well-
defined frequencies in the scattering curves. The first gives significant contri-
butions up to somewhat higher s values than does the second. Each of them
corresponds to between two and three oxygens bonded to each tin atom.
However, the precision of these determinations, as shown by the standard
deviations, is low.

The comparison between the radial distribution curves (Fig. 6) shows only
minor changes to occur within the first coordination sphere of the tin atom
when a solution is hydrolyzed. For the refinements of the scattering curves
from the hydrolyzed solutions, therefore, the same parameters were used as
those found for the acid solution and only the parameters for a single Sn —Sn
interaction at about 3.6 A were refined.

Although the 3.6 A interaction and the interactions from the second coor-
dination sphere at about 4.2 A are not resolved in the distribution curves
(Fig. 5), they can be resolved by the least squares procedure. Two series of
refinements were made for which the results are given in Table 4. In the first
series (A) only the three parameters for an Sn— Sn interaction at about 3.6 A
were refined, keeping the other parameters constant at the values found for
the acid solution. In the second series (B) the three parameters corresponding
to Sn—O interactions from the second coordination sphere were refined in
addition to those of the Sn—Sn interactions. In the first series values for the
number of Sn—Sn interactions are obtained which, as expected, do not differ
significantly from those estimated from the areas under the peaks in Fig. 6.
Also in the second series these values come out with about the same magnitude.
The precision is low, however, as shown by the standard deviations.

The results from the least squares refinements thus support the conclusions
that the peaks in the difference curves in Fig. 6 are of a different character
than those of the second coordination sphere and thus probably result from
well-defined interactions within polynuclear complexes and not from changes
in light atom positions in the second coordination sphere.

DISCUSSION OF THE RESULTS

The agreement between observed and calculated s-i(s) values are shown
in Fig. 3. The contributions of each interaction to the s-i(s) curve and the
D(r) curve are shown in Fig. 7 for the most hydrolyzed of the solutions.
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Fig. 7. The contributions of the different interactions to the s-i(s) and the D(r) curves

for the most hydrolyzed of the solutions (III). The following parameter values (distance,

frequency factor, temp. factor) have been used: ClO,: 1.406 (C1—-0), 1, 0.0008; Sn—O:

2.32, 2.3, 0.0013; 2.80, 3.0, 0.015; 4.17, 24.5, 0.22; Sn —Sn: 3.62, 0.59 x 2, 0.0083 and 4.00,

0.21 x 2, 0.0039. The experimental D(r) curve, the corresponding 4ar?g, function, and

the difference curve obtained by subtracting the calculated peak shapes from the D(r)
function are also shown.
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At the larger scattering angles only the perchlorate groups make significant
contributions to the reduced intensities. Interactions involving the tin atoms
have a relatively minor influence. Two well-defined peaks, at 2.3 A and at
2.8 A in the radial distribution curves can, however, be related to Sn—O
interactions within the first coordination sphere. The least squares analysis of
the intensity curves (Table 3) show them to correspond to well-defined fre-
quencies, each with an amplitude of a magnitude expected for two to three
Sn — O contacts per Sn atom. The tin atom, therefore, may have two groups of
coordinated water molecules, one of which is more strongly bonded than the
other.

The less strongly bonded oxygens occur at a distance where light-atom
contacts begin to dominate, such as O—O and, in the hydrolyzed solutions,
Na—O contacts, and these may contribute to, or even fully explain, the 2.8
A peak. The conclusion that the tin atom may have two groups of neigh-
bouring water molecules is, however, in agreement with results from crystal
structure determinations, where the tin atom is often found to have about
three oxygens at approximately 2.3 A with some other oxygens at longer dis-
tances. The same coordination of the Sn atom is found for all the three
solutions investigated and thus it is not noticeably dependent on the degree
of hydrolysis.

The Sn—Sn distances within the expected polynuclear hydrolysis com-
plexes are less well-defined. The detailed analysis of the distribution curves
and the reduced intensity functions shows, however, that such interactions
are present in the 3.6 to 4 A region. In crystals Sn —Sn distances within poly-
nuclear complexes have also been found to be of this magnitude.1,13,14

The analysis of the experimental data indicates that the Sn—Sn distances
may be slightly different, varying between 3.6 and 4 A, which makes the
estimate of the frequency of the distances more difficult and less accurate. For
the most hydrolyzed of the solutions, however, the analysis of the results
shows conclusively, that the average number of Sn atoms bound to each other
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Fig. 8. Fraction of tin(II) bound in the Flig. 9. Possible structure for a tri-nuclear
different  hydrolysis complexes, Sng- hydrolysis complex. Small circles denote
(OH),2-P)+," as calculated from the Sn(II) atoms and large circles oxygen
equilibrium constants given by Tobias.? atoms.
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Sn atom in the solution is larger than one. Thus complexes containing more
than two Sn atoms must be formed.

Expected concentrations of hydrolysis complexes as calculated from the
stability constants given by Tobias? are shown in Fig. 8. The tri-nuclear
complex Sny(OH)2" is seen to be predominant, but as the maximum con-
centration used by Tobias was 0.04 M compared to the 3 M concentrations
used here, the constants used may not even approximately be valid for the
present solutions.

Several authors have suggested a triangular structure for an Sny(OH)2"
complex as shown in Fig. 9.7,2® The Sn—Sn distances expected for this struc-
ture are consistent with those found from the X-ray scattering and so is —
within the very limited accuracy — the expected degree of condensation, as
is the absence of longer Sn —Sn distances in the distribution curves. Although
Sn—O distances in such a structure would fall in the region around 4 A and
would thus, at least in part, explain the asymmetry of the peaks in the dif-
ference curves in Fig. 6, it seems that the Sn—Sn distances would still have
to be slightly different in order to explain the experimental data. For a simple
triangular complex, equal Sn—Sn distances would seem more likely and a
well-defined frequency in the scattering curves with significant Sn — Sn contri-
butions up to much higher s values than those now found would rather be
expected for a predominant triangular complex.*

The octa-nuclear complexes found in crystals of Sn,0S0, and built up
from tetrahedra of Sn atoms sharing faces have been shown to have non-equal
Sn—Sn distances ranging from 3.486 A to 3.772 A1l Non-equal metal-metal
distances have also been found in the similarly constructed hexa-nuclear
PbO(OH)¢** complex, where the Pb—Pb distances range from 3.45 A to
4.09 A2 Tn complexes of this type longer metal-metal distances would also
occur, but would have a much lower frequency than the primary distance and
may therefore, if such complexes occur in the solutions, escape detection in
the radial distribution curves. An alternative explanation to non-equal Sn —Sn
distances would, of course, be the occurrence of several complexes in the solu-
tions, having different structures and therefore slightly different Sn—Sn
distances.

CONCLUSIONS

We can conclude from the X-ray scattering data that hydrolysis of tin(LI)
perchlorate solutions leads to the formation of polynuclear complexes with
Sn—Sn distances around 3.6 A. This condensation of the hydrated tin(II)
ions, when protons are dissociated, does not stop at dinuclear complexes since
in the most hydrolyzed of the solutions investigated (Table 1), the average
number of Sn atoms bonded to each other Sn atom is larger than one. These
polynuclear complexes probably contain the same type of OSn, groups, with
a triangular arrangement of the Sn atoms, which has been found in crystals

* In a preliminary note 3! on the crystal structure of Sn,O(OH),SO, it has been reported that
this structure contains discrete Sn;O(OH),2T units with non-equal Sn— Sn distances. The distances
found were 4.063 A, 4.209 A, and 4.605 A and thus differ considerably from those in the present
work and in crystal structures of other basic Sn(Il) salts.11,13,14
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of Sn,080, ! and Sng0,(OH),.23,* This is indicated by the close similarity of
the Sn —Sn distances in the crystals and in the solutions and by the absence
of clearly marked longer Sn—Sn distances in the radial distribution curves.
We can also conclude, from the absence of clearly marked longer Sn—Sn
distances, that if larger complexes than trinuclear ones would be predominant
in the solutions, the OSn, groups are probably joined into tetrahedra of the
type found in Sn,080,™ and not into octahedra as found in SngO,(OH),.”3,14

The X-ray data cannot distinguish between triangular and tetrahedral
complexes, and even larger complexes with low-frequency longer Sn—Sn
distances cannot be definitely excluded. Although the emf measurements by
Tobias ? make a trinuclear complex with the structure shown in Fig. 9 the
most likely one, equilibrium measurements on more concentrated solutions
than those used by Tobias 7 are needed before definite conclusions about the
structures can be made.
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