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o-Ba,SiW30,4+ 16H,0 is monoclinic, space group C2/c, with a=25.09(5), 5=12.10(2), c=18.79(3) A, f=
122.5(3)°; D,=4.95 g cm-% and D,=4.78 g cm-3 for Z=4. The crystal consists of the well known Keggin ion
SiW,,0,0%-, having a SiO, tetrahedron in the center, bound by Ba?+ and water molecules to form a three-dimen-
sional framework. Four water molecules could not be located on electron-density maps, which seem to be dis-
ordered or “zeolitic”. The structural relationship of the Keggin ion to its isomer, the f-SiWy,0,¢%~ polyanion
found in 8-K,SiW,,0,,-9H,0, is discussed. Mutual transformation between a- and f-isomers can occur through
rotation of a W;0,, group which is a building-unit of both &- and g-polyanions.

It was already known in the last century, that 12-
tungstosilicic acid and its salts had two isomers referred
to as a- and f-forms (or normal and iso-forms).V
Acidification of an aqueous solution containing sodium
silicate and sodium tungstate gives the a-isomer of the
SiW,;,040% ion, while addition of acid to sodium
tungstate solution prior to mixing with sodium silicate
yields the g-isomer.2:%)

Recent absorption spectrophotometric and polaro-
graphic studies have revealed that a number of related
compounds, such as 12-tungstoborate,? 12-tungsto-
germanate,® 12-molybdosilicate,%* 12-molybdogerma-
nate,® 12-molybdophosphate, and 12-molybdoarse-
nate,”® show a similar isomerism. In order to clarify
the structural relationships between these pairs of
isomers, we have undertaken a series of single crystal
X-ray diffraction studies.

To start with, we have chosen «- and pB-salts of
12-tungstosilicic acid. Owing to the presence of many
heavy tungsten atoms, these salts are not suitable for
an accurate structure determination. However salts of
this acid are favorable for comparative study, since
both «- and f-isomers are stable even in aqueous
solutions and both can be obtained as separate crys-
talline samples. Other acids, particularly g-polyanions
containing molybdenum atoms, seem to be short lived
in aqueous solutions and are quickly converted into the
corresponding «-forms.4~?) The present paper deals
with the structure of the a-isomer of 12-tungstosilicate,
2-Ba,SiW,;,0,,-16H,O. The structure of a B-isomer,
B-K,;SiW;,0,0°9H, O was published elsewhere.10

The a-salts were widely believed to contain the well
known “Keggin molecules”, or more correctly “Keggin
polyanions, even though a definite proof was lacking.11)
The guess was based on the fact that CsHSiW,,0,,-nH,O
(n=0 or 2) was isomorphous with H;PW,,0,,-5H,013
which was the first example of the ““Keggin structure” 19

Experimental

The a-form of 12-tungstosilicate was prepared by mixing a
solution of sodium tungstate, sodium silicate and hydrochloric
acid.® For purification, a-SiW;,0,%~ was treated with
hydrochloric acid and extracted with ether, the extract was
then converted to aqueous solution. The barium salt was
obtained by neutralization of the polyacid solution with solid
barium carbonate. The colorless tabular crystals were
obtained from the neutral aqueous solution at >>30 °C.

The a-Ba,SiW,;,0,,-16H,O crystals were chosen because of
their stability in air and because of the absence of twin forma-
tion which is frequently encountered in heteropoly compounds.
The crystals are stable at room temperature but begin to
loose a part of the water of crystallization at 40 °C.

Thermogravimetric analysis and DTA have shown endo-
thermic reactions at 120, 190 and 250 °C corresponding to
the loss of eight, twelve and sixteen water molecules. For
the purpose of the X-ray diffraction work a specimen in the
form of an irregular rhombus with a maximum dimension of
0.25mm was used. The intensities of reflections were
measured on a Rigaku four-circle diffractometer with MoKa
radiation. The w-26 scan technique was employed and 2952
significant independent reflections for which |F,|>141.0
(F, :absolute scale) up to 20=60° were obtained. The data
were corrected for Lorentz and polarization effects. No
corrections were made for absorption. The crystal data are
as follows:

a-Ba,SiW,,0,4- 16H,O
F. W. 3438.7
monoclinic

a = 25.09 (5) A

b= 1210 (2 A

c = 1879 3) A

B = 122.5 (3)°

V = 4813 A3

space group C2/c
Z = 4 (D, = 495g cm=3, Dy = 4.78 g cm-3)
 (MoKa: 0.7107 A) = 320 cm-!

Since Wilson’s statistics indicated the presence of a center
of symmetry, the space group C2/c was assumed. The
structure was solved by the heavy atom method. The atomic
positions and anisotropic temperature factors of tungsten,
barium and silicon atoms were refined by the block-diagonal
least-squares method. At this stage the R-value was reduced
t0 0.16. After several refinement cycles including oxygen atoms
of the anion with isotropic temperature factors, the R value
was reduced to 0.14. There are eight crystallographically
independent water molecules, of which six were found by a
difference Fourier synthesis. After several further cycles, the
structure converged to R=0.13.

A weighting scheme, w=0.2 for |F,|<253.0 and w=1,
otherwise was employed. Atomic scattering factors were
taken from ‘International Tables for X-ray Crystal-
lography,”® and those for W and Ba were corrected for
anomalous dispersion.15)

Results and Discussion

The atomic parameters and their estimated standard
deviations are listed in Table 1. The final Fo—Fg table
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The positional parameters of all the atoms and their anisotropic thermal parameters have been multiplied by
104. The anisotropic temperature factor is of the form exp[— (h2By,+k2Byy+2Bys+ 2hk B,y +2hIB,5+2kIB,3)].

x J z By,(B) By, B, B, By, By,
Si 0( 0) 1045(64) 2500( 0) 28(17) 80(58) 106(56) 0(0) 47(29) 0(0)
w, —205( 2) 2967( 3) 1045( 3) 4( 1) 27( 2) 19( 1) o(1) 7( 1) 4(2)
W, 1177( 2) 2924( 3) 3238( 3) 5(1) 26( 2) 22( 1) —=5(1) 9( 1) —2(2)
W, —83( 2) —1189( 3) 1118( 2) 5( 1) 25( 2) 17( 1) 1(1) 8( 1) —2(2)
W, 1163( 2) —1153( 3) 3110( 2) 5(1) 24( 2) 18( 1) 5(1) 9( 1) 4(2)
W, 1011( 2) 777( 3) 1733( 2) 5( 0) 25( 2) 22( 1) 2(1) 10( 0) 5(2)
We 1298( 1) 990( 3) 4603( 2) 4( 1) 23( 2) 14( 1) 0(1) 5( 1) 0(2)
Ba 2757( 2) 927( 5) 1660( 4) 9( 1) 24( 3) 31( 2) 0(2) 14( 1) 1(3)
O, 1754(31) —2143(63) 3648(44) 1.9(1.1)
O, 596(36) —1883(66) 2023(51) 2.6(1.4)
O, —381(40) —2167(80) 262(57) 3.3(1.6)
(O 1466(31) —300(58) 2521(44) 1.8(1.1)
(O 544(30) —321(57) 1054(43) 1.5(1.1)
O, 1475(38) 1171(77) 1360(54) 3.2(1.5)
O, 396(29) 1840(55) 1183(42) 1.5(1.1)
Oy 1299(36) 1794(70) 2667(52) 2.7(1.4)
O, 415(34) 87(64) 2277(48) 2.2(1.2)
Oq0 435(29) 3278(53) 2171(42) 1.3(1.0)
0Oy, 1735(34) 3956(73) 3356(48) 2.8(1.4)
Oye 883(31) 3741(62) 3902 (44) 2.1(1.2)
Oy 109(32) 3877(65) 4542 (45) 2.3(1.2)
O1qs 1682(31) 2126(63) 4293(44) 1.9(1.1)
Oy 900(32) 2213(64) 4820(46) 2.1(1.2)
Oy 1905(27) 695(53) 5583(39; 1.3(1.0)
0Oy, 1459(32) 25(64) 3942(47) 2.0(1.2)
Oy5 682(29) —47(57) 4482(42) 1.6(1.0)
Oy 500(27) 1717(51) 3297(38) 1.1(0.9)
Oy 496(34) —1641(65) 3285(48) 2.3(1.3)
H,0(1) 1788(44) 2064(88) 290(62) 4.2(1.9)
H,0(2) 2254(34) 4557(64) 2159(48) 2.3(1.3)
H,0(3) 2171(40) 5997(89) 617(57) 3.9(1.7)
H,0(4) 1138(49) 4520(90) 678(69) 4.6(2.1)
H,O(5) 2765(46) 2288(90) 2811(65) 4.4(2.0)
H,0(6) 980(50) 5772(109) 1967(70) 5.4(2.3)

Fig. 1. A view of the structure as projected onto the (010) plane.

small circles water molecules.
close contacts by dotted lines.
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Large circles represent Ba?** ions and

The coordination bonds around Ba?*t are designated by full lines, other
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is held by the office of the Chemical Society of Japan
as Document No. 7504. The crystal structure pro-
jected along the b-axis is shown in Fig. 1. As is shown
in this figure, the crystal consists of a-SiW;,0,4*~ anions,
Ba?+ cations and water molecules of crystallization.
The center of the anion lies on a twofold rotation axis
at y=1/4.

01

03
Fig. 2. A perspective view of the a-SiW,;,0,0%~ anion.
Deformed octahedra represent WO, groups. The
central SiO, tetrahedron, shaded on the figure, is only
partly seen.

TABLE 2. INTERATOMIC DISTANCES (A) AND ESTIMATED
STANDARD DEVIATIONS® WITHIN THE
ANION, ac-SinO‘o"'

W;-O; (Ob)» 1.88( 6)  W,-Oy (Ob) 1.91( 5)
W,-O, (Ob) 1.94(7)  W,-O (Ob) 1.86(10)
Wy-0;p0 (Oa2) 2.31(8)  W,;-Oy (Oa) 2.29( 7)
W;-Op (Oc) 1.86(6)  W,-Oy (Oc) 1.94( 7)
W,-Opr (Oc) 1.99(9)  W,-O,, (Oc) 2.02(10)
W;-Opy (Od) 1.67(9)  W,-Op (Od) 1.80( 9)
Wy-O;¢ (Ob) 1.90(6) WOy, (Ob) 1.95( 8)
Wy-Op (Ob) 1.97(11) WO, (Ob) 1.96(10)
W,-0, (Oa) 2.40(8) W0, (Oa) 2.25(7)
W,-05  (Oc) 1.95(8)  WgiO, (Oc) 1.94(9)
W,-0, (Oc) 1.84(7)  WgO, (Oc) 1.96( 7)
W,-0, (Od) 1.80(10) WO, (Od) 1.75( 7)
W;-O, (Ob) 1.84(6) WOy, (Ob) 1.90( 9)
Wy-O; (Ob) 1.94(9)  WeOy (Ob) 1.91( 8)
Wi-O, (Oa) 2.37(10)  WgOy, (Oa) 2.35( 5)
WyO; (Oc) 1.78( 6)  WgOy (Oc) 1.94( 9)
W;-O, (Oc) 1.84(7)  WgOy (Oc) 1.95( 9)
Wi-Op (Od) 1.72(12)  WgOy (Od) 1.68( 5)
Si-O, 1.75(11)

Si-Oy, 1.57( 7)

a) E.s.d.’s in parentheses in Tables 2 and 3 are in
units of the last significant digit. b) Oa: the oxygen
atom bound to one silicon and at the same time to
three tungsten atoms. Ob: the oxygen atom bridg-
ing two tungsten atoms of two neighboring W;0,,
moieties. Oc: the bridging oxygen atom shared be-
tween two tungsten atoms belonging to a same W,-
Oy group. Od: the terminal oxygen atom bonded
to only one tungsten atom. c) Atoms with a prime
are associated with those in Table 1 by a twofold
axis.
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Structure of a~-StW15040% Ion. A perspective
drawing of «-SiW;,0,,*~ anion is presented in Fig. 2.
Interatomic distances and their e.s.d.’s within the anion
are listed in Table 2. The anion consists of a central
SiO, tetrahedral group in which each of the oxygen
atoms is replaced by a W;0,,; unit constructed from
three WOy octahedra sharing edges. Thus, the anion
has the expected Keggin structure. This result con-
firms the proposed model for the structure of this
anion in aqueous solution from a liquid X-ray dif-
fraction study.'® The structural relationships between
a- and B-SiW;,040% are now clear: the a-polyanion has
the well known Keggin structure, whereas the f-anion
has a lower symmetry and is a geometrical isomer of
the Keggin structure. If a model of the a-polyanion
is built with idealized polyhedra, a corresponding
B-model can be obtained by a 60° rotation of one of
the W,0,; groups of the a~-model.l® All the WO,
octahedra in «-Bay,SiW;50,016H,O are distorted. The
bond lengths of W-Oa, W-Ob, W-Oc, and W-Od are
2.2—2.4, 1.8—2.0, 1.7—2.0, and 1.6—1.8 A respec-
tively as are listed in Table 2. Oa represents the
oxygen atom attached to one silicon atom and to
three tungsten atoms, Ob is shared between tungsten
atoms of different W;0,; units, Oc is also bound to
two tungsten atoms but belonging to the same unit,
and Od is the unshared terminal oxygen atom bonded
to only one metal atom. These classifications of the
oxygen atoms conform to those given by Evans.l?)
These data seem to indicate that the octahedra are
elongated in the direction of Oa, the oxygen atom
attached to the central silicon atom, moreover the
tungsten atoms are displaced outward from the diagonal
line Oa—Od, as if the tungsten atoms are repulsing
each other within a W;0;; group, the Ob-W-Oc
diagonal angles being 150(3)—161(3)°. Detailed dis-
cussion of the O-O distances was not possible, since
the standard deviation was as large as 0.15A. The
central SiO, tetrahedron is not quite regular. The
bond distances are listed in Table 2.

Coordination Around Barium Cation. As shown in
Table 3 and indicated by broken lines in Fig. 1, each
barium ion is coordinated by eight oxygen atoms at
distances of 2.7—2.9 A, four from water molecules and
four oxygen atoms (Od) from three adjacent SiW;,0 4~
anions. Table 3 shows oxygen-oxygen distances around
H,0(1)—H,O(6) and barium-oxygen distances. Six
oxygen atoms form a distorted trigonal prism around a
barium cation while the other two stick out of two
rectangular faces of the prism.

Water of Crystallization. In general, crystals of
polytungstates and polymolybdates contain many water
molecules. Although it is important to clarify the role
of these water molecules in the crystal structure, their
position can not always be fixed with sufficient accuracy
because of the presence of many heavy atoms. In the
present case, twelve out of sixteen water molecules in
the chemical formula, could be located while the
remaining four are still missing. These water molecules
might be “zeolitic”, having large thermal vibration
factors, and be correlated with the loss of water at a
temperature as low as 40 °C.1® Of the twelve water
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TABLE 3. INTERATOMIC DISTANCES (A) LESS THAN
3.5 A OUTSIDE THE ANION
Ba 0O, (0Od)» 2.84( 8)

0, (0d) 2.97(10)
O, (0Od) 2.71( 9)
Oy (Od) 2.81( 6)

H,O (1) 2.78( 9)
H,0 (2) 2.78( 9)
H,0 (5) 2.71(13)
H,0 (6) 2.82( 9)
H,0 (1) O, (Od) 3.04(16) H,0(2) O, (Oc) 2.94(12)
0, (0d) 3.23(12) O, (0d) 3.49(10)
0, (Od) 3.10(15) O, (0d) 3.23(15)
0O, (Od) 2.74(18) H,0 (3) 3.29(15)
O, (Od) 3.37(12) H,0 (4) 2.69(11)
O,, (Ob) 3.35(14) H,0 (5) 3.00(13)
0,5 (Ob) 3.38(12) H,0 (5) 3.31(13)
0,, (Ob) 3.44(10) H,0 (6) 3.36(16)
H,0 (3) Oy (Oc) 3.11(14) H,0 (4) O, (Od) 3.35(14)

O,, (Ob) 3.29(13) 0,, (Od) 3.03(16)

H,0 (4) 3.20(18) H,0 (6) 3.06(20)
H,0 (5) 3.27(17)
H,0 (5) O, (Od) 3.20(11) H,O (6) O, (Oc) 3.02(16)

H,0 (6) 3.47(18) O, (Ob) 3.42(15)

O,, (0d) 3.15(14)

a) Classification of oxygen atoms in the polyanion:
see text and footnote of Table 2.

molecules whose position could be fixed, eight coor-
dinate to two barium cations and at the same time
some of them form hydrogen bonds with polyanions.
The rest of the water molecules have some close con-
tacts with the polyanion or with water molecules which
are coordinated to barium ions. Thus barium cations
and polyanions build up a three dimensional framework,
accommodating water molecules in interstices.
Comparison of a-BaySiWi504°16H,0 with oa-KySiWi,-
0,40°17H,0. The main difference between the
crystal structures of the two tungstosilicates is that the
barium salt consists of a three dimensional framework
with mobile water molecules in interstices, while the
potassium salt crystals contain one dimensional spiral
chains made of alternate potassium cations and poly-
anions. There are large channels parallel to the spirals,
and the three potassium ions and fifteen water mole-
cules which could not be found by neutron and X-ray
diffraction techniques are probably in random or mobile
zeolitic state in these spaces; this structure explains the
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efflorescent nature of the potassium salt.

The calculations were performed on a HITAC
8700/8800 computer at the Computer Center of the
University of Tokyo using a local version of UNICS.20

The authors wish to thank Dr. Hitoshi Iwasaki for
reading through the manuscript and for his criticism.
The work was financially supported by a Grant-in-aid
for Cooperated Scientific Research of the Ministry of
Education.
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