May, 1973]

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, voL. 46, 1389—1395 (1973)

An X-Ray Redetermination of the Crystal Structure of
Tin(II) Chloride Dihydrate

Hideko KirivaMa, Katsuki KitAHAMA, Osamu NAKAMURA, and Ryéiti KIrivaMa
The Institute of Scientific and Industrial Research, Osaka University, Yamadakami, Suita, Osaka 565
(Received December 28, 1972)

The crystal structure of tin(II) chloride dihydrate, SnCly-2H,O has been redetermined by a single crystal
X-ray diffractometer technique. The crystal is monoclinic, space group P2,/c with a=9.313, =7.250, ¢c=8.970 A,
B=114°55" and Z=4. The structure was solved by three-dimensional Patterson and electron density syntheses.
An anisotropic least-squares refinement, based on 1695 independent reflections gave an R value of 0.04. The
tin(II) atom forms a pyramidal complex with two chlorine atoms and one oxygen atom; the bond lengths in the
pyramid are Sn~O, 2.33 and Sn—Cl, 2.50 and 2.56 A and the bond angles are 86.9, 85.0, and 87.9°. These results
support a view that the bonding in dichloroaquotin(II) complex is considerably ionic in character. This crystal
consists of double layers of the aquocomplex, SnCl,- (OH,), parallel to (100) with intervening layers of the second
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water molecules.
2.80 A into two-dimensional networks.

The crystal structure of SnCl,-2H,0 has been ana-
lysed by Kamenar and Grdenié (hereinafter abbre-
viated as K & G) in 1961.) According to their de-
scription, the crystal consists of dichloroaquotin(II)
complexes and the second water molecules, both of
which form alternate layers parallel to the (100) plane
and are linked through hydrogen bonds alone. Such
an arrangement of the water molecules, especially their
hydrogen bonding scheme, strongly suggested the pre-
sence of dielectric anomaly similar to those found in
copper(II) formate tetrahydrate? and also in potassium
ferrocyanide trihydrate. Recently, Kiriyama and
Kiriyama have found a phase transition at —55 °C
from dielectric measurements of this compound and
have investigated its mechanism from many approaches
such as electric conductivities, thermal analyses, X-ray
diffractions, proton and deuteron magnetic resonances
(PMR and DMR).9

On the basis of these results the phase transition
could be ascribed to the ordering of hydrogen atoms
within the layer of hydrogen bonded water molecules.
However, it was noticed that our PMR and DMR
data could not provide consistent locations of the
hydrogen atom positions, so far as the crystal structure
described by K & G was used. It was therefore thought
profitable to redetermine the structure by use of a
three-dimentional single crystal X-ray diffractometer,
because the previous structure had been derived from
incomplete data.

Experimental

Single crystals were prepared from about 18%, hydrochloric
acid saturated with tin(II) chloride, this being the best
condition to obtain large transparent single crystals for NMR
and dielectric measurements. The crystal used for the present
X-ray work was a monoclinic prism of length 0.50 mm (the
¢-axis direction) and cross-section 0.08x0.10 mm? It was

1) B.Kamenar and D. Grdenié, J. Chem. Soc., 1961, 3954.

2) H. Kiriyama, This Bulletin, 35, 1199 (1962).

3) S. Waku, H. Hirabayashi, H. Iwasaki, and R. Kiriyama,
J- Phys. Soc. Jap., 14,973 (1959).

4) H. Kiriyama and R. Kiriyama, ibid., 28, S 114 (1970).

Both kinds of the water molecules are linked together by hydrogen bonds of 2.74, 2.79, and
The structure reported previously was found to be in error, although
its essential feature was quite similar to the present one.

sealed in a Lindeman glass capillary to protect from atmos-
pheric moisture. With the c-axis as the &-axis of the instru-
ment, a set of intensity data was collected by use of a Rigaku
automatic four-circle diffractometer with MoK« radiation
and the 20-w scan technique. A total of 1695 independent
reflections was measured up to a sin §/A limit of 0.72 A-L
Their intensity data were corrected for polarization and
Lorentz effects, but absorption correction was neglected
becauce of the small yR value of 0.26.

Unit Cell and Space Group

The systematically absent reflections, (0k0) with £ odd
and (#0/) with / odd, confirmed the monoclinic space
group of P2,/c originally derived by K & G. The
cell dimensions were:

a=9.313, b="7.250, c=8.970A, f=114°55", V=549 275A3,

The calculated density of 2.707 g cm~3, assuming a
unit cell content of four formula units, agreed well
with the value of 2.710 g cm~3 measured by K & G.

Structure Analysis and Refinement

Fourier syntheses of the three main projections were
computed starting from the atomic coordinates given
by K & G. The [010] and [001] projections were
roughly consistent with their description of structure,
while the [100] projection was in quite disagreement.
Therefore, three-dimensional Patterson functions were
calculated from 1695 reflection data and from this it
became evident that all atoms, of course except hydro-
gens, were located incorrectly. This finding forced us
to redetermine the crystal structure of this compound,
instead of its refinement.

The tin and chlorine positions could be easily derived
from the three-dimensioanl Patterson map, and the
oxygen’s were located from successive electron density
calculations. New parameters thus obtained were used
in a block-diagonal least-squares refinement. After
four cycles of refinement in which were varied the
coordinates, the individual isotropic temperature factors
for all non-hydrogen atoms, a scale factor and an
over-all temperature factor (a total of 22 parameters),
the “discrepancy index” R=J]||F,|—|F ||[3|F,| was
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TABLE 1. ATOMIC COORDINATES WITH THEIR ESTIMATED STANDARD DEVIATIONS
x/a /b zfe B(A®)»
Sn 0.37441 ( 5) 0.26178 ( 6) 0.53584 ( 5) 2.34 (1)
Cl (1) 0.28643 (22) 0.49226 (25) 0.68748 (22) 2.85 (4)
Cl (2) 0.30612 (20) 0.49997 (24) 0.30501 (20) 2.45 ( 4)
O () 0.10937 (53) 0.17555 (65) 0.41282 (55) 2.41 (12)
O (2) —0.06738 (58) 0.20658 (71) 0.59835 (62) 2.83 (13)
a) These are values for an isotropic refinement giving the final R-value of 0.068.
Temperature factors are in the form of exp[-B (sin 0/4)?].
TaBLE 2. THERMAL PARAMETERS (X 10%) AND THEIR e.s.d.’s
T=exp[— (Buh*+ Baok®+ Bssl® + B1ohk+ Bishl+ Paskl) ]
Bu Bz 1333 Bre bBis B
Sn 86 (1) 103 (1) 87 (1) 12 (1) 61 (1) 12 (1)
Cl (1) 121 ( 3) 123 ( 3) 100 ( 2) -5 (5) 105 ( 4) —35 (4)
Cl (2) 91 ( 2) 115 ( 3) 87 (2) =5 (4 60 ( 4) 42 ( 4)
O (1) 81 ( 6) 110 ( 9) 81 ( 6) —30 (12) 55 (10) —6 (12)
O (2 92 (7 120 ( 9) 112 ( 8) 26 (13) 65 (12) 0 (14)

reduced to 0.063 for the observed reflections (0.068
including 47 unobserved reflections). At this stage of
the refinement the structure obtained was checked by
a three-dimensional (F,—F,) synthesis, which showed
no ripple of more than 8¢/A3. Further refinements
were computed with five cycles of least-squares cal-
culations, which now included anisotropic temperature
factors for tin, chlorine, and oxygen. The other para-
meters varied were the same as before; the total num-
ber was 47. During the last cycle, the shifts in coor-
dinate or thermal parameter values were less than one
tenth of the standard deviation for the parameter in
question. The R value was now 0.040.

The atomic coordinates and the thermal parameters
with their standard deviations obtained from the final
anisotropic least squares refinement are listed in Tables
1 and 2. The observed and calculated structure factors
are compared in Table 3. The atomic scattering
factors used in the above calculations were those for
neutral Sn, Cl, and O, respectively, given in Inter-
national Tables Vol. III. All calculations were per-
formed on the NEAC 2200/500 in the Computer
Center Osaka University, using UNICS computer pro-
grams, HBLS-LV, RSSFR-5 and RSDA-4.

Description and Discussion
of the Structure

The crystal structures projected along [100] and
[010] are given in Figs. 1 and 2, respectively. It can
be seen that tin(Il) chloride dihydrate has a pre-
dominant layer-structure parallel to the (100) plane;
it is built up from double layers of the dichloroaquotin
(IT) complex and intervening layers of the second
water molecules. Apart from van der Waals forces,
these layers are held together by hydrogen bonds.
Such a description of the structure appears to be the
same as the earlier one. However, the projection along
the a axis given in Fig. 1 is largely different from that
reported by K & G. It is conceivable that the lack
of the [100] projection led the previous work to the
erroneous conclusion. Both the structures are com-

Fig.1. The crystal structure viewed along the a axis. Hydro-
gen bonds are indicated by broken lines.

pared in Fig. 3, where only the aquocomplex double
layers are shown for simplicity.

The main interatomic distances and bond angles with
the corresponding estimated standard deviations are
listed in Table 4, some of them are also shown in Figs.
4 and 5. These values are based on the parameters
listed in Table 1. No correction for thermal motions
was made.

Structure and Bonding of Dichloro-
aquotin(II) Complexes

A geometry of the tin(II) coordination is somewhat
different from the previous one. The dimensions of
the trigonal pyramid, SnCl,(OH,) complex, are illus-
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TaBLE 3. OBSERVED AND CALCULATED STRUCTURE FACTORS FOR SnCl,.2H,0O
FC H FO FC H FO FC

H PO PC H PO FPC N FO FC H FO FC H FO FC K FO FC H FO
6

K=0 L0 1 32 -32 -10 12 -12 -5 26 23 9 2 2% y.; pas 2 3 -3 -5 33 36 6
1106-121 2 63 66 -9 3 3 .4 13 -1z M0 16 35 5 7,0 5 3 2 a1 -4 8 o7 K= L it
2 74 <12 3 56 -56 -8 17 17 -3 29 -27 M 26 -2 55 ¢ i 1 0 -3 91 -0 -2 2 -2
3161 177 4 6 -4 -7 3% -3 2 13 1 X2 Lol . g 2 kw2 L-10 -2 41 37 -ll23 20
4 126-126 5 31 31 -6 10 -8 -1 16 15 - 1 0 35 4§ o -1 s oo-1o8 s -1 U
s 4 6 24 -25 -5 48 46 o 18 -18 <} 2 0 4 g g .10 34 35 o 89 -8 -9 42 43
6 3 -3 R=0 Lel0 <-4 19 -19 6 4 TI0 10 -1l g 4y oy -9 35 235 1 49 46 -8 39 -39
7 033 <33 -12 7 6 -3 33 -31 2 19 19 % 4 3 5 2 1 -8 9 8 2 48 46 -7 9 -3
8 43 43 -11 0 0 =2 76 69 3 10 «20 8 1 -2 ¢ 4 -3 -7 21 22 3 19 -18 -6 1 29
9 43 -42 =10 5 -5 -1 45 38 4 0o -1 <7 S5 5 s 17 <16 -6 19 -18 4 3 3 -5 29 57
10 14 15 -9 27 28 0 74 -69 s s 5 ¢ a2, 43 33 -5 22 22 5 21 20 -4 58 50
1120 21 -8 44 =43 1 0 o 6 5 -6 5 2 0 3 3 .3 -4 23 -23 6 &4 5 -3 52 53
12 32 -31 -7 9 8 2 s7T s4 7 o o "4 10 10 4 4 -3 13 13 7 2% ~24 -2 14 =L
K=0 Lw=2 =6 36 37 3 51 -48 kel L8 "3 9 10 5 4,53 37 2 1 24 8 4 2 -1 33 -zg
K12 13 -1 -5 73 -7 4 33 232 1225 25 T2 22 o g7 o6 -1 52 -52 9 13 13 0 30 4
-1 37 37 -4 33 3% S 4 43 -11 29 -28 -1 14 15 101 =2 0 3 35 K=3 L=4& 1 41 -40
-10 41 -41 -3 28 27 6 6 -5 -10 6 6 0 16 -13 2 0 o 1 3 o0 -12 21 -21 2 6 1
-9 1 0 -2 42 -46 7 22 -22 -9 15 16 } 1 -7 35 8 -8 2 32 -3 -1 7 71 3 17 18
-8 94 93 -1 39 38 8 17 16 -8 53 -53 2 36 34 4 11 10 K=2 Lell =-10 25 25 4 30 -3
-7 114 -115 0o 0 -2 9 6 6 -1 45 45 3 10 -10 s o o0 -1 2 1 -9 52 -52 5 22 23
-6 33 33 1 4 =3 10 10 -10 -6 15 -15 & 6 3 6 3 3 -9 1 0 =8 45 45 K=3 L=9
-5 82 81 2 12 13 Kel Le4 -5 31 -31 5 4 3 7 6 7 -8 2 -1 =7 10 -0 ~-11 -1
-4 176 -184 3 21 -22 -13 26 -26 -4 69 68 6 17 -1 8 5 -5 -7 5 5 =6 56 -56 =10 12 12
-3 37 42 K=0 L2 =12 20 20 -3 59 -57 70 0 y.p2L-¢ -6 0 -2 -5 8 8 -9 10 -10
-2 43 -36 -9 26 26 -1l 8 -8 -2 16 15 8 7 -7 33 33 12 -5 3 2 -6 80 -79 -8 4 -4
-1 39 -3 -8 13 -13 -10 27 -27 -1 32 3 9 4 -3 3 8 7 -4 2 1 -3 12 12 -1 4 1
0 83 9 -7 2 2 -9 62 60 0o 58 -s9 10 5 5 33 27 -7 -3 6 -6 -2 65 61 -6 10 -1l
91 -97 -6 4 5 -8 48 -47 1 48 49 I3 -1 35 43 43 -2 3 3 -1 109-105 -5 5 5
2 145 149 -5 22 -22 -1 2% 2 2 8 -7 K=2 L=2 g 9 26 -1 1 -1 0 9% 9 -4 0 -3
3 40 37 -4 20 21 -6 67 67 3 20 -19 12 33 3% g 45 5 0 2 -1 1 10 -9 -3 4 2
4 102-103 -3 18 -19 -5 106 -106 4 38 39 -l 32 =32 5 o s 1 5 5 2 55 =53 -2 16 16
5 110 111 -2 8 -8 -4 98 97 s 24 -24 "0 0 -1 g 33 39 k=3 L=0 3 8 8 -1 4 =2
6 44 -43 -1 26 27 -3 21 =20 K=1 L=9 "2 25 25 _g 5 3 1 96 90 4 51 ~-50 o 3 3
7 38 -33 K=1 L=0 =2 9 -89 -1 5 -5 -8 38 -39 13 g3 2 136 -135 5 6 5 1 0 o
8 52 51 1 132-138 -1 134 134 -1 3 -1 "7 Al 4l 4 5 g 3 85 80 6 32 33 2 4 -3
9 39 -39 2 158 166 0 100 -96 -~10 4 4 6 49 =48 5 45 33 4 8 -8 739 ~40 3 0 2
10 9 9 3107-100 1 13 13 -9 o o T3 34 3 3 o 53 5 76 -74 8 22 23 4 9 -10
1 11 12 4 6 6 2 65 63 -8 6 -6 -4 114 111 0 19 19 6 79 77 9 3 -3 K=3 L=10
K=0 L= 5 9 94 3 99-100 -7 7 6 "3 156-163 1 75 74 7 48 -47 K=3 L=5 =11 22 21
.13 0 o 6 83 -79 4 55 54 -6 8 7 "% 146 145 2 87 -86 8 3 -3 -12 7 -7 -10 18 -17
-12 27 -28 7 63 61 5 15 -15 -5 7 -¢ "1 8 79 3 48 49 9 33 33 -11 11 -11 -9 2 -3
-11 36 36 8 5 3 6 40 -40 -4 1 1 0 193 -218 4 23 264 10 33 -32 ~10 24 24 -8 25 25
-10 25 -24 9 39 -38 7 46 46 -3 2 -1 1 130 128 5 56 -58 11 19 19 -9 14 -14 -7 32 =32
-9 3 2 10 36 35 8 26 -26 -2 7 -5 2 44 -38 6 33 33 K=3 L=1 -8 26 -26 =6 24 23
-8 35 35 11 25 =25 9 6 -1 4 3 3 91 -86 75 4 -1 8 -7 48 48 -5 3 3
-7 53 =53 12 4 -4 K=1 L=5 0 6 -7 4075 13 ya2La7 -1l 5 -6 -6 6 6 =4 27 =26
-6 100 99 K=~1 L=1 =13 5 6 101 -1 > 6L -60 43 "4 2 -10 0 ©0 -5 28 -26 -3 39 40
-5 31 =29 =12 2 2 -12 11 -11 2 9 10 6 27 21 5 s 5 -9 12 13 -4 30 29 -2 25 =25
-4 75 <73 -1 0 o0 -11 1 o 3 3 -3 70 15 9 1 -8 9 -9 -3 23 22 -1 4 =1
-3 123 128 -10 5 -5 -10 18 19 4 0 -2 8 3% =% )5 3 3 -7 9 9 -2 33 -3 0 271 27
-2 139-158 -9 1 0 -9 & -7 kel L=10 2 37 37 g 415 390 6 7 -7 -1 47 -45 1 31 -32
-1 28 -23 -8 4 4 -8 24 -23 .11 21 -22 10 M =15 g ¢ o s 30 -30 o0 26 23 2 15 16
0 66 6 -7 8 -8 -7 25 25 -10 19 20 K=2L=3 5 3 3 4 6 6§ 1 0 0 K=3 L=il
123-129 -6 7 6 -6 16 1% -9 4 o T2 1 3 o 5 5 3 30 -3 2 51 -50 -10 7 8
2 98 97 -5 9 8 -5 64 -63 -8 30 -30 "X 0 1 o o o 5 14 .13 3 3% 32 -9 4 =5
3 4 2 -4 5 4 -4 10 9 -7 3 37 "0 7 -7 o g 5 ] 24 21 4 22 22 -8 0 0
4 46 =45 -3 39 3 -3 63 61 -6 31 -3 2 1 2 4§ § o 33 27 5 25 -25 -7 0 2
5 8 8 -2 23 -21 -2 55 =51 -5 5 .5 "8 12.-13 5 o 56 49 6 14 14 -6 4 -3
6 39 -39 -1 32 -26 -1 12 -11 -4 37 3 T/ & <6 1 5 3 3 44 7 6 71 -5 6 -1
73 -4 0 42 39 0 71 68 -3 45 -4 & M I 5, 3 3 19 8 10 -9 -4 8 -7
8 25 25 1 50 -42 1 11 -1 -z 27 26 3 12 -13 17 8 4 35 33 K=3 L=6 -3 11 11
9 25 -26 2 58 -49 2 33 -3 -1 2 3 T+ 20195 . 5 53 .53 -12 22 -23 -2 0 =2
K=0 L=6 3 34 31 3 21 20 o 30 -3 5 13 12 3 445 45 § %o 1 -1 20 19 -1 8 -10
-3 13 .13 4 1 11 4 8 8 1 31 3 2 M -3 0 0 o 5 o 0 o 7 7 o0 17 18
Sl2s -3 s 2l 20 5 2 -2 2 19 -9 o W13 s 5 3 8 23 .22 -9 33 233 Ke4 L=0
112 27 6 S 4 6 2 -1 301 a0 7 BT 6 o 1 9 1 0 -8 54 54 0 179 188
;10 46 w46 7 24 23 7 13 13 k=1 L=l ; & 11 K=2L=8 10 9 9 -7 38 -36 1 101 -98
-9 27 2 8 8 -1 8 -6 -1 3 -1 2 0 0 11 0 0 -6 16 -13 2 51 48
% 6 6 9 13-4 K=1L-6 -10 2 1 J 5 T8 .11 10 -11 K=3 L=2 -5 63 63 3 122 118
t7o52 =50 10 12 12 -13 20 20 -9 1 oo 2 B8 g5 53 53 L Ty -4 85 -84 4 73 -70
-6 96 96 11 1 1 -2 25 26 08 7 -8 -9 28 -27 -11 11 -11 -3 40 39 5 16 16
©5 51 -4 Kel La=2 -l 26 25 -7 8 7 % T T g 3 31 -0 31 32 -2 18 & & 71 7
<4 3 2 -2 14 13 -0 13 -3 - 6 7 ! -7 12 11 -9 48 -48 -1 74 -71 7 21 -21
©3109 s -1l 13 13 -9 40 40 -5 10 -2 58 1 -6 65 -6s -8 24 23 o0 73 70 8 30 29
sz 16-122 <10 33 =% -8 62 -6l -4 5 s 2 b 3 5 gz 79 9 17 1 38 -38 9 35 -35
-1 27 27 -9 62 63 -7 & 43 -3 11 11 -4 30 -28 -6 74 -74 2 14 -13 10 10 8
0 %0 32 -8 25 -24 -6 23 23 -2 9 -0 X*2 L=4 3 35 50 s 96 95 3 50 48 11 16 16
8 -91 -7 23 -22 -5 65 -66 -1 & -6 1> o 3 =2 80 78 -4 53 -51 4 46 -46 K=4 L1
2 42 40 -6 8 8 -4 97 97 0 7 8 T8 B T 1 4l w0 -3 3 -32 5 23 23 -11 3 -2
3 21 -22 -5 123-122 -3 55 -53 1 0@ Tlo a5 as O 16 -1& -2 133 130 6 10 10 -10 12 13
403 2 b 46 e -2 20 220 k=1 Le=lz 10000 8% 1 33 33 1 Izseral 7 23 <23 -9 4 -
5 27 27 -3 39 3 -1 8 82 -9 -6 ¥o-1 2 19 -19 0 68 61 K=3 L=J -8 4 5
6 35 -3 -2 us-152 0 & -8 -8 9 -9 % 31 57 3 35 55 3 59 s -12 10 10 -7 5 5
709 2 -l w7 s 150 50 -2 23 T0 00 8 4 1 15 2 105 <99 -1l 2 -2 -6 28 -28
L0 82 -77 2 20 2 -6 26 -26 0 15772 s 2 -2 3 97 94 -lo 11 -16 -5 15 1s
K=0 L=8 1 61 -57 3 5 =5 -5 10 9 K=2 L=9 4 39 =37 =9 1 -3 -4 15 -15
-3 22 =22 2 120 118 4 52 53 -4 10 10 v B9 5 %4" o 5 28 27 -8 14 13 -3 25 -29
-1z 15 14 3 131-132 5 29 -28 -3 25 -26 -5 90 90 3y 5 3 ¢ 55 5. D5 14 13 -2 40 38
-1l 18 18 4 43 40 6 14 -16 -2 25 26 _2 12 107 35 5 3 5 O 50 6 1o -20 -1 25 -25
-10 52 -52 5 3 33 7 23 2 -1 g -8 "L 3 3 "5 o 3 8 16 16 -5 46 45 0 4 2
=9 4L 40 6 65 -4 8 26 -27 k=2 Le0 0 38 33 g 5 5 5 5 5 L0009 1 15 13
8 0 -1 7 65 66 K=1 L=7 0 105 -g7 L U3 113 o0 00 57 27 L3 24 22 2 3% -32
<7 55 -54 8 13 -12 -13 8 -8 1 s5s 55 2 8 =19 o o 0 8 0 TN T w6 s 3 19 19
=6 50 49 9 9 -10 -12 10 10 2 104 -1 o O 0 o o o "¢ TS L 4 11 -10
-5 22 =22 10 30 30 -1l 4 5 3 4 -3 4 3% 3B o "o T o o 0 g, 5 3 -3
-6 20 19 11 23 -24 -10 21 -21 4 150 156 > 8 84 o g g T 4L 1 3% 6 26 26
=3 19 18 k=1 rL=3 -9 13 12 5 16-11 S5 40 4L 5 5 T, T g T, 7 g 7 10 -9
s2 32 -3l .13 3 -2 -8 2 2 6 16 15 ¢ 2-120 7 o0 To oo 3 o 8 9 9
L7677 -2 0 2 -7 25 -2 7 88 s 5 2L o0 2 2 a1 s 4 4 2 2 9 7 7
0 44 =46 =11 6 6 =6 6 -5 8 77 -75 1 4 6 =6 13 -13 5 0 1 10 9 -9
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H FO FC
K=& L=2
11 29 29
-10 32 -32
-9 2 =2
-8 61 62
-7 90 -90
-6 22 22
-5 63 62
-4 105 =102
-3 59 59
-2 11 -7
-1 21 -20
0 58 54
1 90 -88

2 76 71

3 12 1

4 76 =75

5 86 83

6 25 =24

7 24 -23

8 41 41

9 29 -30
0 5 5
K=4 L=3
-12 6 -6
.11 0 -1
-10 13 12
-9 8 -8
-8 14 14
-7 9 9
-6 13 -13
-5 19 20
-4 2% -24
-3 4 -4
-2 21 20
-1 36 =34
o 25 23
107 4

2 28 =27

3 15 15

4 18 -18

5 2 -4

6 9 8

7 8 -9

8 12 12

9 3 2
K=64 L=4
12 20 -20
11 29 30
-10 15 -15
9 4 2
-8 21 22
-7 46 -46
-6 57 58
-5 31 -29
-4 50 =50
-3 100 98
-2 88 -84
-1 6 7
0 62 59

1 90 -88

2 61 60

3 8 -8

4 43 =43

5 58 58

6 29 -28

7 2 -1

8 21 22
K=4 L=5
-12 8 -9
-11 2 0
-0 2 2
-9 14 -13
-8 17 18
-7, 3 1
-6 5 -4
-5 2 2
-4 17 -16
-3 7 6
-2 3 3
-1 19 -18
o 28 27

1 11 -10

2 4 -4

3 18 19

4 20 -20

5 2 0

6 0 1

7 10 -10

8 6 5
K=4 L=6
12 4 -3
-11 21 21
-10 31 -32
-9 24 24
-8 8 7
-7 37 =37
-6 63 63
-5 47 =47
-4 11 -11
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H FO
-3 75
-2 86
-1 28

o 36

1 56

2 3

3 15

4 1

5 17

6 30

7 22
K=4 L

-12 5
-1 0
10 5.
-9 7
-8 8
-7 14
-6 6
-5 18
=4 21
-3 15
-2 2
-115

0 14

1 s

2 6

37

4“7

5 8

6 4
K=4 L

-1 12
-0 39
-9 32
-8 3
-7 3%
-6 38
-5 16
-4 9
-3 4
-2 31
-1 55

0 3

121

2 55

3 38

4 3
K=4 L

-11 8
10 4
-9 8
-8 4
-7 9
-6 2
-5 2
-4 5
-3 14
-2 11
-1 4

0o 9

112

2 6

303
K=4 L

-0 5
-9 20
-8 32
-7 9
-6 33
-5 52
-4 26
-3 19
-2 38
-1 24

0 6

1
K=4 L
-9 4
-8 4
-7 10
-6 5
-5 1
-4 5
-39
-2 5
-1 0
K=5 L

17

2 103

349

4 3

5 48

6 57

7 31

8 2

9 23
10 28
K=35 L

-11 - 4

=35

-16

-30

-39

-11

H FO
10 5
-9 5
-8 15
-7 15
-6 12
-5 22
-4 18
-3 42
-2 16
-1 3%
o 4l
1 54
2 25
3 2
4 17
s 4
6 1
7 12
8 7
9 16
10 11
K=5 L
-1l 4
-10 26
-9 3%
-8 21
-7 17
-6 61
-5 59
-4 31
-3 26
-2 80
-1 74
0 53
1 28
2 77
3 7
4 33
5 26
6 46
736
8 12
9 11
K=5
-1 11
-10 15
-9 3
-8 20
-7 37
-6 6
-5 32
-4 23
-3 14
-2 23
-1 22
0o 15
1 28
2 45
3 33
4 38
5 42
6 14
714
8 17
K=5
-1 2
-10 16
-9 31
-8 37
-7 12
-6 32
-5 65
-4 68
-3 3
-2 53
-1 77
0 60
108
2 36
3 56
4 39
5 4
6 21
731
8 19
K=5
117
-0 5
-9 3
-8 13
-7 2
-6 21
-5 48
-4 3
-3 58
-2 47
-1 6
0 54
121
22

H  FO
3 7
4 0
5 5
6 12
7 1
K =
-11 14
-10 7
-9 30
-8 39
-7 18
~6 8
-5 43
-4 56
-3 29
-2 5
-1 54
o 57
1 26
2 9
3 39
4 33
5 15
6 7
K=5 L
-11 8
-10 20
-9 17
-8 14
-7 25
-6 8
-5 2
-4 11
-3 10
-2 8
-1 23
0 12
1 0
2 27
3 14
4 3
5 9
K=35 L
-11 17
-10 9
-9 14
-8 32
-7 31
-6 11
-5 25
-4 39
-3 36
-2 12
-1 23
0 36
1 33
2 7
3 17
4 22
K=5
~-10 0
-9 8
-8 6
-7 4
-6 14
-5 15
-4 5
-3 2
-2 16
-1 11
0 10
1 3
2 14
K=5
-9 2
-8 16
-7 29
-6 20
=5 5
-4 24
-3 32
-2 12
-1 5
0 17
K =6
0 26
1 46
2 32
3 23
4 68
5 69
6 0
7 45
8 42
9 15
K=6
-10 14
-9 10
-8 2
-7 13

Table 3. Continued

FC

6

0
-6
-12
12
=6
-14
-5
30
=40

=29

-68

=1

~14

H FO
-6 24
-5 13
=4 8
-3 18
-2 24
-1 35

0 12
1 16
2 38
3 30
4 3
5 10
6 22
7 10
8 6
9 4
K=6

-10 2
-9 17
-8 15
-7 25
-6 25
-5 10
-4 39
-3 93
-2 52
-1 31

0o 92
178
2 3
3 33
4 42
5 33
6 9
74
8 21
K=6

-10 9
-9 11
-8 14
-7 6
-6 16
-5 29
-4 16
-3 7
-2 21
-1 31

0 16
1 5
2 22
3 24
4 20
5 [
6 14
711
8 10
K=6 L

-10 26
-9 11
-8 27
-7 53
-6 31
-5 2
-4 40
-3 54
-2 36
-1 12

0o 38
1 55
2 35
3 8
4 27
5 32
6 23
7 7
K=6 L

-10 3
-9 12
-8 14
-7 6
-6 2
-5 25
-4 24
-3 14
-2 16
-1 27

0 21
1 6
2 9
3 12
4 16
s 5
6 2
K=6

10 22
-9 17
-8 10
-7 32
-6 35
-5 19

FC

24
-14
8
18
=24
36
-10
=15
36
-29
1
10
-22
10
-6

-22
-15
21
-24
20
-15
13
-9
-4

-11
=27

=31

40
=55

-13
-38

-34

=35

H  FO
-4 15
-3 27
-2 37
-1 35

o o
133
2 51
3 26
4 17
5 30
K=6 L

10 1
-9 13
-8 11
-7 8
-6 3
-5 13
-4 12
-3 16
-2 6
-1 7

0 23
1 15
2 3
3 12
4 13
K=6

-10 13
-9 18
-8 14
-7 3
-6 39
-5 46
-4 16
-3 33
-2 50
-1 17

o 12
1 14
2 16
310
K=6
-9 0
-8 8
-7 15
-6 8
-5 5
-4 16
-3 12
-2 4
-1 4
o '8
18
K=7
132
2 56
3 36
4 0
5 29
6 41
7 18
8 4
9 15
K=7
-9 9
-8 17
-7 10
-6 6
-5 18
-4 23
-3 12
-2 2
-1
0 16
130
2 16
31
4 3
5 33
6 6
7 15
8 19
K=7
-9 19
-8 14
-7 6
-6 32
-5 39
-4 29
-3 16
-2 55
-1 50
0 23
1 2
2 46
3 35
4 18
5 12
6 27
7 23

[

FC

16
-26

=35

32
-53

18
~31
=7

14
-13

-9
12
-16

=24
16
-2
~12
13

12
-19
14

-39

-33

=30

-18
-2

=1
10
-17
10
-5
-18

=20

14
-16

~16

=32

and Ryébiti Kirrvama

H FO FC
K=7 L=3
-9 6 5
-8 5 -4
-7 9 9
-6 19 -19
=5 12 11
-4 10 11
-3 50 =50
-2 33 34
-1 9 9

0 49 -48

1 32 32

2 6 5

3 13 -13

4 8 8

5 2 0

6 13 12

7 10 -10
K=7 L=4
-9 24 -25
-8 25 26
-7 4 1
-6 23 -23
-5 34 35
-4 32 -32
-3 3 4
-2 22 22
-1 44 =44
0 43 43

1 4 =4
2 27 =27

3 39 40
4 27 =27
5 2 -3
6 15 16
K=7 L=35
-9 6 =6
-8 15 -16
-7 32 3%
-6 9 -10
-5 13 -13
-4 14 15
-3 3 -3
-2 3 2
-1 22 =21
0 1 11
1 13 14
2 37 -37
3 17 18
4 10 11
5 22 =22
K=7 L=6
-9 16 -17
-8 26 27
-7 17 -17
-6 5 =2
-5 34 34
-4 38 -39
-3 16 16
-2 9 9
-1 33 =33
0 33 32
1 14 -14
2 5 -4
3 24 25
4 22 =24
K= L=7
-9 4 -5
-8 10 10
-7 0 1
-6 18 -19
-5 29 29
-4 2 -2
-3 21 -21
-2 29 28
-1 9 -10

0 10 -7

1 10 11

2 11 -12

3 4 5
K=7 L=28
-8 18 19
-7 19 -20
-6 8 8
-5 15 15
-4 27 =27
-3 25 25
-2 6 -6
-1 18 -18

0 23 23

1 18 -18
K=7 L=9
-7 4 5
-6 10 -10
=5 12 12
-4 3 -5
-3 3 =2
-2 1 12
-1 9 -9
K=8 L=0

H FO
0 62
1 41
2 22
3 46
4 25
5 7
6 7
7 7
K=8 L
-8 4
-7 8
-6 16
-5 20
-4 7
-3 20
-2 24
-1 25
0 1
1 14
2 20
3 23
4 6
5 5
6 18
7 14
K=8 L
-8 25
-7 37
-6 10
-5 27
-4 34
-3 26
-2 0
-1 8
o 17
1 37
2 22
3 1
4 33
5 33
6 9
K=8 L
-8 7
-7 5
-6 12
-5 21
-4 12
-3 0
-2 1
-1 32
0 14
1 0
2 21
3 19
4 9
5 0
K=8 L
-8 7
-7 20
-6 20
-5 12
-4 16
-3 40
-2 27
-1 7
o 27
1 35
2 22
3 5
4 22
5 23
K=8 L
-8 11
-7 0
-6 9
-5 18
-4 11
-3 9
-2 7
-1 14
0 20
1 14
2 9
3 15
4 17
K=8 L
-8 3
-7 17
-6 24
-5 22
-4 8
-3 29
-2 31
-1 10
0 19
11
2 15
K=8 L
-7 15
-6 2

=33

-12
-13
18
=33
13

=22
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H FO FC
-5 12 12
-6 21 -22
-3 14 14
-2 5 6
-1 11 -10

0 14 15

1 7 -7
K=9 L=0

1 26 -26

2 30 31

3 19 -17

4 4 -4

5 15 15

6 19 -20
K=9 L=1
-6 5 5
-5 10 9
~4 21 -23
-3 19 20
-2 8 -9
-1 15 -16

0 31 31

20 -20

2 1 -1

3 13 15

4 16 -16

5 6 5
K=9 L=2
-6 20 22
-5 19 -21
-4 7 9
-3 9 10
-2 20 -21
-1 25 26
0 14 -15
1 6 -5
2 26 27

3 26 -27
4 9 10
K=9 L=3
-6 9 9
-5 13 14
-4 17 -18
-3 9 9
-2 5 -4
-1 3 3
0 1 1
1 18 -18
2 28 28
3 6 -7
4 18 -19
K=9 L=4
-6 9 9
=5 25 =27
-4 22 23
-3 0 -2
-2 20 -21
-1 26 28
0 15 -16
1 2 [
2 14 14
3 17 -18
K=9 L=35
-6 17 19
-5 16 -17
-4 1 -2
-3 28 31
-2 27 -29
-1 1 0
0 19 19
1 17 -18
K=9 L=6
-5 14 -15
-4 17 18
-3 12 -13
-2 1 -3
-1 16 18
K=10 L=0
[} 7 -7
1 13 13
2 9 -8
3 -5
K=10 L=1
-3 8 10
-2 12 -l4
-1 20 21
0 5 -6
1 10 -10

19 20
K=10 L=2
-3 26 =-29
-2 15 17
-1 9 10

0 27 -29
1 23 24
2 1 0
K=10 L=3
-3 2 2
-2 12 -14
-1 17 19
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Fig. 2. The crystal structure viewed along the monoclinic b axis. Broken lines indicate hydrogen bonds.

ﬁ/ f/
Xﬁ/ %7

1(1) ©

®)

Fig. 3. Comparison of the earlier structure (a) with the pre-

sent one (b).

trated in Fig. 4. The tin atom is bonded to two chlo-
rine atoms at distances of 2.50 and 2.56 A and one
oxygen atom at a distance of 2.33 A; its pyramidal
angles are 87.9, 86.9, and 85.0°. Four additional
chlorine atoms at distances of 3.21, 3.34, 3.42, and
3.64 A complete an environment of the tin atom
(Table 4(b)). The difference between the two Sn-Cl
bond lengths in each pyramid, 0.06 A, is significantly
large, this being thirty times the standard deviation.
This might be reasonable if the effects of the lone-pair
electrons of a tin atom in the adjacent complex and
possibly of the hydrogen bonds are different for two
chlorine atoms. The average Sn—Cl distance of 2.53 A

TasLE 4. Distances (A) anp aNGLEs (°) v SnCl,-2H,O (Standard deviations in parentheses)

(a)

(b)

(¢)

In the aquocomplex SnCl,(OH),

Sn—Cl (1) 2.500 ( 2) Cl (1)-Sn-Cl (2) 87.85 ( 8)

Sn-Cl (2) 2.562 ( 2) Cl (1)-Sn-O (1) 84.96 (14)

Sn-O (1) 2.325 ( 5) Cl (2)-Sn-O (1) 86.86 (13)

On other side of the Sn atom

Sn-Cl (17) 3.416 ( 3) Sn-Cl (179) 3.654 ( 2)

Sn-Cl (2V) 3.209 ( 2)

Sn-Cl (2Y) 3.336 ( 2)

Around the water oxygen atoms

O (1)-0 (2 2.800 (9) O (2)-0 (1'")-0 (2') 109.80 (23)

O ( 1)-0 (2 2.736 ( 6) O (2)-0 (1I")-0 (2) 104.98 (20)

O (1")-0 (2") 2.794 (7) O (2)-0 (1"-0 (2") 89.57 (23)

Sn”’-O (1'"")-0 (2') 117.56 (25) O ( 1)-O (2)-0 (17) 112.89 (23)

Sn'’-O (1)-O (2") 112.84 (20) O ( 1)-O (2)-0 (1) 111.17 (22)

Sn"”-O (1")-O (2'") 117.95 (20) O (I")-0 (2"M)-0 (1) 90.43 (23)
Symmetry relations

Atom x B z

Atom’ —x 1.0—y 1.0—2z

Atom”’ x 0.5—y z—0.5

Atom'” —x 0.5+y 0.5—2

Atom!" 1.0—x 1.0—y 1.0—z

Atom" x 0.5—y 0.5+2

Atom"! 1.0—x »—0.5 1.5—2
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) c1(l)

3 c1(2)

Fig. 4. The geometry of trigonal pyramid, SnCl,(OH), in
SnCl,-2H,0.

is close to those of 2.54, 2.54, and 2.63 A for K,SnCl,-
H,O and also of 2.50, 2.52, and 2.55 A for CsSnCl,,
both of which contain pyramidal trichlorotin(II) com-
plex ions.%:9) :

Molecules of anhydrous tin(II) chloride, SnCl,, in
the vapor phase are bent with a bond angle of 95°
and with lengths of 2.42 A" In contrast with these,
the tin atom in the crystalline state forms a pyramid
with three chlorine atoms at 2.67, 2.78, and 2.78 A
and with Cl-Sn—Cl bond angles 78.0, 79.6, and 79.6°.
It is noted here that three additional chlorine atoms at
3.06, 3.18, and 3.28 A from the tin atom complete the
distorted octahedron.®) The increase in the Sn—Cl bond
length of the molecular form must imply an increase
in jonic character of this bond. A comparison of
these coordinations of the tin atoms with that of SnCl,-
2H,0 indicates that an ionicity of the Sn—Cl bond in
dichloroaquotin(IT) complex molecules is less than that
in the anhydrous crystal. This view is supported by
119Sn Méssbauer studies, which have shown that the
isomer shifts for the tin(II) atoms in SnCl,-2H,0 and
SnCl, are +(1.30—1.70) and +-(2.40—2.50) mm/sec
respectively (relative to «-Sn), as compared with a
calculated value of +45.6 mm/sec for the hypothetical
Sn2t jon.?

On the other hand, the Sn—O bond length in the
dichloroaquotin(II) complex was found to be 2.32 A
which was larger than the previous value (2.16 A)
given by K & G and also longer than that (2.21 A)
in tin(IT) oxide.l® A recent X-ray work on KSn-
(HCOO),; has shown that Sn(HCOO),~ ions have
again pyramidal configurations with Sn-O distances of
2.14, 2.17, and 2.18 A and with bond angles of 78.4,
82.9, 83.2°.1Y A comparison of these values suggests
that the Sn—O bond in the SnCl,(OH,) complex is not
essentially covalent, or at least less covalent than those
in KSn(HCOQO); and SnO. However, it must be
pointed out that the tin(II) atom in SnSO, has also a
definite pyramidal three coordination with Sn~O bond

5) B. Kamenar and D. Grdenié, J. Inorg. Nucl. Chem., 24, 1039

(1962).

6) F. R. Poulsen and S. E. Rasmussen, Acta Chem. Scand., 24,
150 (1970).

7) M. W. Lister and L. E. Sutton, Trans. Faraday Soc., 37, 406
(1941).

8) J. M. van den Berg, Acta Crystallogr., 14, 1002 (1961).

9) J. D. Donaldson, Progr. Inorg. Chem., 8, 287 (1967).

10) W. J. Moore and L. Pauling, J. Amer. Chem. Soc., 63, 1392
(1941).

11) A.Jelen and O, Lindqvist, Acta Chem. Scand. , 23, 3071 (1969).
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distances of 2.27, 2.27, 2.25 A and O-Sn-O angles of
79.0, 77.1, 77.1.12

The pyramidal bond angles of 85.0, 86.9, and 87.9°
for SnCl,-2H,O are considerably less than the tetra-
hedral value required by the sp® hybrid configuration,
as observed in many tin(II) compounds. Such the
pyramidal three coordination of the tin atom can be
explained in terms of strong repulsion between lone
pair and bond pair from the covalent viewpoint or in
terms of an unsymmetrical crystal field distorsion from
the electrostatic viewpoint. The experimental values
of the bond lengths precisely determined as well as the
Maéssbauer isomer shift support the idea that the bond-
ing in the dichloroaquotin(IT) complex is considerably
ionic in character.

Arrangement of the Hydrogen Bonds

Figure 5 shows interatomic distances and bond angles
concerning two kinds of the water molecules, one of
which, H,O(1), is coordinated with the tin atom and
the other H,O(2) is not so. Both water oxygen atoms
have approximately tetrahedral configurations. These
coordinations suggest that one of the lone pairs of
oxygen O(1) is specifically directed toward the tin atom
and the other is toward a hydrogen bond donor oxygen,
namely H,O(1) is of type H according to the classifica-
tion by Chidambaram et al.® Whereas, the water
molecule H,O(2) is probably of type E with the two
lone pairs directed toward two hydrogen bond donor
oxygens.

10(1)

Fig. 5. The coordination of two kinds of water molecules.

The most striking feature of the structure is the
arrangement of these water molecules, in particular
their hydrogen bonding scheme. Different types of the
water molecules are alternately connected by hydrogen
bonds and the resulting sheets run parallel to (100)
planes throughout the structure (Fig. 2). As mentioned
earlier, this compound undergoes the phase transition
with sharp peaks of the dielectric constant and the
DC conductivity at —55 °C.9 The remarkable dielec-
tric dispersion observed in the high temperature phase,
only when the electric field is applied in the (100)
plane, can easily be understood on the basis of the

12) J. D. Donaldson and D. C. Puxley, Acta Crystallogr., B28,
864 (1972).

13) R. Chidambaram, A. Sequeira, and S. K. Sikka, J. Chem.
Phys., 41, 3616 (1964).
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present structure. Thus, in combination of the NMR
results the phase transition can be interpreted in terms
of the order-disorder model of the hydrogen atoms
within the two-dimentional network of O-H—O hydro-
gen bonds.

It is interesting to note that there are only three
O-H:--O hydrogen bonds with distances of 2.736,
2.794, and 2.800 A and with O--O--O angles near
the tetrahedral angle against four available protons of
two non-equivalent water molecules. Direct location
of these hydrogen atoms was studied by proton and
deuteron magnetic resonance and also neutron dif-
fraction experiments.14:1% These results confirmed our

14) H. Kiriyama, O. Nakamura, and R. Kiriyama, Acta Crystal-
logr., A28, S 240 (1972).

15) H.Kiriyama, O.Nakamura, K. Kitahama,and R. Kiriyama,
ibid., A28, S 60 (1972).
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expectation that the hydrogen atom free from the
O-H---O bonds should be directed toward one or two
chlorine atoms. The further details will be published
soon.

As given in Table 2, thermal parameters for all
atoms are noticeably large, indicating large thermal
motion. Actually this crystal dissolves in its own
water of crystallization at about 40 °C.

In passing through the transition and also on deu-
terium substitution, no significant change in the non-
hydrogen atom positions could be detected from the
X-ray and the subsequent neutron diffraction works.
At the transition point, however, the layer spacing,
asinf, of SnCl;-2H,O did reduce suddenly by an
amount of 0.02 A and the line profiles of all (400)
reflections in the low temperature phase became
broader, their half widths being twice the corresponding
ones in the high temperature phase.






