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The structure of the title compound, CssHPMo"Y';,V'V,0,,2H,0 has becn
determined by a single-crystal X-ray diffraction method. The compound crys-
tallises in two different space_groups. Crystal A: monoclini¢, P2,, a=10.988(3),
b=10.615(3), ¢=17.472(2) A, B=91.55(1)°, ¥'=2037(7) A® and Z=2. Crystal
B: monoclinic, Pn, a=10.982(2), b=10.614(3), ¢=17.487(3) A, B=91.64(1)",
V=2037(7) A* and Z=2. The R-values based on F were 0.0487 for A and
0.0485 for B for 4491 (A) and 4464 (B) reflections with F,>4.0c (F,) and 353
parameters, and S=1.048 (A) and 1.026 (B). The polyanion has a so-called
a-Keggin structure in each crystal. The two vanadium atoms are delocalised in
the 12 addenda atom positions in the anion.

Heteropolyoxometallates have long been investigated
both for their basic chemistry and practical use.!
Nowadays, great attention is paid to them as heterogen-
eous and homogeneous catalysts.? For example, hetero-
poly compounds having so-called a-Keggin structure®
(Fig. 1a) with general formula [ XM,04]"" (X: hetero-
atom, e.g. PY, AsY, Si', Ge!Y; M: addenda atom, e.g.
MoV, WY, VYV NbY), are the most favoured as catalysts.
However, the basic chemistry of their catalytic functions
is still not very clear and is yet to be investigated.
Selling et al have studied the aqueous speciation of
the molybdovanadophosphate system, H*-MoO,> -
HVO, -HPO,?", and focussed their studies on solu-
tions where molybdovanadophosphates with o-Keggin
structure, [PMo,,_ . V,0,0]%*®~ (x<3), are the predom-
inant species.*® In addition, some B-Keggin species
(Fig. 1b) were also found in the systems studied. For
x>=2, positional Keggin isomers can be formed, and the
five possible isomers of a-[PMo;,V,0,,1°~ (Fig. 2) were
identified and characterised by 3!'P and 'V NMR.*
Moreover, since molybdovanadophosphates have been
shown to be good homogeneous redox catalysts, the
reduced molybdovanadophosphate system was studied
by adding electrons (¢ /VY<1) to the abovementioned
system.® Reduced molybdovanadophosphate species

Fig. 1. Polyhedral models of the (a) a- and (b) B-isomers of

*
To whom correspondence should be addressed. the Keggin structure with a general formula [XM;50491"".
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a-1,11

a-1,2

with the Keggin compositions PMo"!,,VIVO,,,
PMo"Y',,VIVVY0,, and PMoY',, VY,0,, were established.
Since all these species are NMR silent, possible positional
isomers of the reduced species could not be identified.

With respect to structures of molybdovanadophos-
phates, only those in the fully oxidised state have been
published so far and reported to have a-Keggin struc-
ture.”' As for the structures of reduced Keggin-type
heteropoly compounds, several examples have been
reported to have either a-type (Fig. 1a)!*® or B-type
(Fig. 1b)!7 isomers. In order to ascertain whether the
reduced molybdovanadophosphate Keggin species have
an o or f structure and whether some specific positional
isomers are favoured, single-crystal structure analyses
were performed on crystals obtained from aqueous solu-
tion subjected to the equilibrium analysis. Single crystals
of caesium salts, suitable for X-ray intensity measure-
ments, were obtained from decamolybdodivanado-
phosphate solutions of Keggin ratio (Mo/V/P=
10.2/1.8/1.0 composition) with one electron added per
VY. Results of the structure determination of these
crystals are reported.

Experimental

Chemicals. Commercially available caesium chloride,
CsCl (E. Merck, p.a.), was used without further purifica-
tion. Molybdate stock solutions were prepared by dissol-
ving crystalline disodium molybdate, Na,MoO, - 2H,0
(E. Merck, p.a.) which had been recrystallised once.
Molybdenum was analysed by evaporating water from a
known amount of stock solution, drying the residue at
110°C and then weighing as anhydrous Na,MoO,.
Sodium metavanadate, NaVO;, and sodium dihydrogen-
phosphate, NaH,PO,, were purified before use, as
described in the literature.!®

Preparation of the molybdovanadophosphate solution. The
fully oxidised molybdovanadophosphate solution was
prepared as previously described.*> The reduced molyb-
dovanadophosphate solution was prepared by adding a
certain amount of electrons to this fully oxidised solution
with the use of a potentiostat. After mixing, the solution
was bubbled with argon and left at 25 °C for up to 24 h
in order to reach equilibrium. The electrons were added
coulometrically under calm stirring and an Ar stream
(25°C) using an automated potentiostat developed at
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Fig. 2. The five positional isomers of the [PM019V,0,40]°~ polyanion. The grey octahedra represent the positions of VOg.

a-1,6 (a-1,7)

our department. The conditions of the samples were
Mo/V/P=10.2/1.8/1.0, pH ~4.8, and 1.0e~/V".

Preparation of the crystal. A 0.2 M CsCl1/0.6 M NaCl
solution was prepared by dissolving 0.3367 g of CsCl
and 0.3507 g of NaCl into ion-exchanged and Ar-purged
water to make a 10 ml solution. The resulting solution
was also purged with argon. To 2 ml of the reduced
molybdovanadophosphate solution, prepared as above,
1 ml of the caesium/sodium chloride solution was added
in an Ar-purged glove box. The mixed solution was
stored in a tightly closed screw vial filled with argon at
ambient temperature. After one night, deep blue tabular
crystals appeared. The crystals were isolated in the
Ar-filled glove box, washed with deaerated water, and
dried in the glove box under argon at room temperature
for one day. The elemental analysis of Cs, Mo and V for
CsgHsO4,Mo0, PV, was determined by ICP: caled. Cs
31.1%, Mo 37.4%, V 3.97%; obsd. Cs 27.3%, Mo 39.4%,
V 4.18%.

Intensity measurements. Single crystals with dimensions
0.15x%0.15x0.15mm3 (A) and 0.10x0.10x 0.10 mm?
(B) were mounted on a Rigaku AFC6R diffractometer
using  graphite-monochromated Mo Ko  radiation
(0.71073 A) at 298 K. Conditions for data collections
are summarised in Table 1. Intensities were monitored
by three standard reflections listed in Table 1 at every
150 reflections, and no significant decay was observed.
Psi-scans were carried out with the reflections listed in
Table 1. Four different crystals were tested in data collec-
tions and structure determinations. Two of them resulted
in almost equal R-values despite different space groups,
and were used for further calculations.

Determination of the structure and refinement of para-
meters. An empirical absorption correction, based on the
y-scans and the Lorenz polarisation correction, was
applied for each crystal by TEXSAN.'® No decay correc-
tion was applied. All other calculations were carried out
on a NEC HSP computer at the Computer Centre, Institute
for Molecular Science, Okazaki, Japan. Results of the
refinement for each crystal are summarised in Table 2.
According to the systematic absences of reflections, there
were five possible space groups; P2, (No. 4), Pn (No. 7),
P2,/m (No. 11), P2/n (No. 13) and P2,/n (No. 14). All
these five space groups were tested for each crystal. P2,/m



Table 1. Experimental conditions in intensity measurements
of crystals A and B.

A B

Formula CsgHsM019PO,4,V, CsgHsMo041oPO4,V,

FW 2566.70 2566.70

Crystal system Monoclinic Monaoclinic

Space group P2, Pn

a/A 10.988(3) 10.982(2)

b/A 10.615(3) 10.614(3)

c/A 17.472(2) 17.487(3)

B/°. 91.55(1) 91.64(1)

V/A3 2037(7) 2037(7)

V4 2 2

F(000) 2304 2304

wMo Ko)/mm™" 8.84 8.84

Crystal size/mm? 0.15x0.15x0.15 0.10x0.10x0.10

Scan speed/°min~! 16 8

Range of 4<26<65 4<20<70
measurements/°

h 0<h<16 0<hg17

k 0<k<16 0<k<17

/ —26</<26 —28<1/<28

Standard reflections 006 (0.5) —-3-30(1.1)
and deviations —2-2-4(14 2-2-4(26)
of intensity (%) —-13-3(1.8) 2 -1-5(21)

Reflections for —222 4 -2 -1
y-scans -533 5-3-3

—534 3-2-1
No. of reflections 20 (14—-18) 20 (15—20)

for cell parameters
(26 range/°)

Table 2. Conditions and results of refinements for crystals A
and B.

A B
Reflections measured 8019 9726
Reflections used 7578 8873

[F,2> —3.00(F,2)]
No. of parameters 353 353

Extinction coefficient 0.00059(6) 0.00020(5)
Absorption range 0.6278-1.0000  0.7000-1.0000
Weighting scheme a=0.0348 a=0.0349
Parameters? b=43.5960 b=26.2234
R based on F? 0.1146 0.1459
R for F,>4.06(F,) 0.0487 (4491) 0.0485 (4464)
(No. of reflections)
Rw based on F? 0.1382 0.1362
S 1.048 1.026
Scale parameter of 0.3(1) 0.00(8)
‘Enantiomeric twin’
(BASF)
Maximum residue in the
last Fourier map/e A=3  2.56 2.58
2Weighting scheme: w=1/[cX(F,)?+{a((0,0.33(F,)?)max +

0.67(F. )4} + b((0,0.33(F,)?) max + 0.67(F, }?1.

was rejected by Patterson vectors since no Harker plane
arising from a mirror plane was observed. P2/n was aborted
because heavy atoms could not been located successfully.
The space group P2, gave the best result for A, and Pn for
B. For A, Pn was rejected because the refinement failed,
and for B, P2, was rejected according to Hamilton’s test

REDUCED MOLYBDOVANADOPHOSPHATE STRUCTURE

(probability 0.001).2° A centrosymmetric space group
P2, /n was also possible for both crystals. With P2,/n, the
polyanion must contain an inversion centre, although the
polyanion ideally has 7d symmetry, where no symmetry
centre exists. A special reason which supports P2, /n is thus
necessary to justify the choice of this centrosymmetric
space group. It is rather common to locate a symmetry
centre on the centre of the polyanion, since the overall
structure of the polyanion of this type can be regarded as
a sphere. In such a case, however, remarkable improve-
ments are observed in refinements. In this work, no unac-
ceptable temperature factors, bond lengths or angles could
be observed in P2, for A, Pn for B or P2, /n for either A
or B. The refinement with P2,/n gave no improvement in
refinements of either crystal. The R, Rw and S were much
worse, and the Hamilton test indicated that P2,/n could
be rejected at the 0.001 level. Thus, the asymmetric space
groups were chosen. The 18 independent Mo/V and Cs
atoms were located by the direct method calculated by
SHELXS86,*" and all other atoms except H were found
by the successive Fourier and difference Fourier syntheses.
Refinements of parameters and Fourier/difference Fourier
syntheses were carried out by SHELXL93.?* Of total 8019
(A) and 9726 (B) reflections measured, 7578 independent
reflections for A and 8873 for B with F,2> —3.0c(F,%)
were used for the refinements. The scattering factors and
anomalous dispersion factors, including real and imaginary
parts, were taken from Ref. 23. An extinction correction
was applied for each crystal, and the extinction coefficient
was refined during the calculation. The vanadium atoms
were treated as having the same fractional coordinates and
thermal parameters as the corresponding molybdenum
atoms. The occupation factors for molybdenum and vana-
dium atoms were refined for each calculation, to give the
sum 1 for the occupation factors of Mo and V at the
respective positions. Enantiomers were checked for each
crystal by use of Flack’s parameter.?* An effect of enanti-
omeric twinning was included by TWIN and BASF instruc-
tions for both crystals, and the scale factor of the other
‘enantiomer’ was calculated as 0.3(1) for A and 0.00(8)
for B. All Mo, V, P and Cs atoms were refined aniso-
tropically and oxygens isotropically; attempts to refine
oxygen atoms anisotropically were failed owing to negative
equivalent thermal parameters for some O atoms. The full-
matrix least-squares, based on F? with the threshold noted
above, gave the R-value 0.1146 for A (353 parameters) and
0.1459 for B (353 parameters), the Rw-value 0.1382 for A
and 0.1362 for B (weighting schemes are given in Table 2)
and the goodness of fit 1.048 for A and 1.026 for B. The
R-values based on F with F,>4.0c(F,) from these refine-
ments were 0.0487 for A (4491 reflections) and 0.0485 for
B (4464 reflections), respectively. Rather high residues of
electron density are located close to Cs atoms.

Structure description and discussion

ORTEP? views of the anion structures of A and B along
with atomic notations are illustrated in Fig. 3. Positions
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Table 3. Atomic coordinates, equivalent (Mo, V, P and Cs) and isotropic (O) thermal parameters, and site occupation factors
(s.0.f.) of Mo and V for crystal A with e.s.d. values in parentheses.

Atom x/a y/b z/c Ueq/Uiso® s.o.f.
Mo1 0.2618(2) 0.0825(2) 0.4257(1) 0.0208(7) 0.85(2)
Mo2 —0.0135(2) 0.1136(2) 0.3261(1) 0.0245(8) 0.85(2)
Mo3 0.1181(2) 0.3737(2) 0.4136(1) 0.0216(7) 0.80(2)
Mo4 0.5356(2) 0.2194(2) 0.3505(1) 0.0212(7) 0.85(2)
Mo5b 0.5201(2) 0.3907(2) 0.1788(1) 0.0213(7) 0.87(2)
Mo6 0.3961(2) 0.5120(2) 0.3446(1) 0.0233(7) 0.91(2)
Mo7 0.2350(2) 0.4196(2) 0.0756(1) 0.0220(7) 0.79(2)
Mo8 —0.0277(2) 0.2926(2) 0.1484(1) 0.0217(7) 0.85(2)
Mo9 0.1123(2) 0.5509(2) 0.2373(1) 0.0219(7) 0.91(2)
MoX 0.1193(2) —0.0124(2) 0.1550(1) 0.0229(7) 0.84(2)
MoJ 0.3916(2) —0.0500(2) 0.2557(1) 0.0223(7) 0.76(2)
MoQ 0.3851(2) 0.1185(2) 0.0872(1) 0.0222(8) 0.65(2)
V1 0.2618(2) 0.0826(2) 0.4257(1) 0.0208(7) 0.15(2)
V2 —0.0135(2) 0.1136(2) 0.3261(1) 0.0245(8) 0.15(2)
V3 0.1181(2) 0.3737(2) 0.4136(1) 0.0216(2) 0.20(2)
Va4 0.5356(2) 0.2194(2) 0.3505(1) 0.0212(7) 0.15(2)
V5 0.5201(2) 0.3907(2) 0.1788(1) 0.0213(8) 0.13(2)
V6 0.3961(2) 0.5120(2) 0.3446(1) 0.0233(7) 0.09(2)
V7 0.2350(2) 0.4196(2) 0.0756(1) 0.0220(7) 0.21(2)
V8 —0.0277(2) 0.2926(2) 0.1484(1) 0.0217(7) 0.15(2)
V9 0.1123(2) 0.5509(2) 0.2373(1) 0.0219(7) 0.09(2)
VX 0.1193(2) —0.0124(2) 0.1550(1) 0.0229(7) 0.16(2)
VJ 0.3916(2) —0.0500(2) 0.2557(1) 0.0223(7) 0.24(2)
va 0.3851(2) 0.1185(2) 0.0872(1) 0.0222(8) 0.35(2)
P1 0.2531(6) 0.2500(7) 0.2505(4) 0.0125(6)

01T 0.282(1) —0.005(2) 0.5015(9) 0.034(4)

o217 —0.144(2) 0.044(2) 0.345(1) 0.039(4)

o3T 0.056(2) 0.446(2) 0.488(1) 0.039(5)

04T 0.659(2) 0.188(2) 0.4039(10) 0.038(4)

O5T 0.640(2) 0.457(2) 0.1418(10) 0.031(4)

06T 0.437(1) 0.642(1) 0.3949(8) 0.024(3)

o077 0.245(1) 0.498(2) —0.0069(9) 0.036(4)

08T —0.160(1) 0.288(2) 0.0998(8) 0.026(3)

09T 0.038(2) 0.688(2) 0.245(1) 0.041(5)

OXT 0.037(2) —0.120(2) 0.1084(10) 0.036(4)

oJT 0.466(2) —0.181(2) 0.265(2) 0.037(4)

oQT 0.450(1) 0.077(2) 0.007(1) 0.038(4)

012 0.094(1) 0.035(2) 0.3973(8) 0.029(3)

023 —0.019(1) 0.255(2) 0.3935(8) 0.030(3)

013 0.188(1) 0.232(2) 0.4704(8) 0.031(3)

045 0.607(1) 0.299(1) 0.2643(8) 0.029(3)

056 0.500(1) 0.521(1) 0.2589(8) 0.029(3)

046 0.503(1) 0.390(1) 0.3873(8) 0.026(3)

078 0.070(1) 0.371(1) 0.0672(8) 0.030(3)

089 —0.031(1) 0.462(2) 0.1888(9) 0.032(3)

079 0.171(1) 0.565(1) 0.1360(8) 0.029(3)

OXJ 0.249(1) —0.112(2) 0.2028(8) 0.032(3)

oJa 0.449(1) —0.006(2) 0.1535(9) 0.034(3)

(0) (o} 0.241(1) 0.019(1) 0.0748(7) 0.020(2)

014 0.407(1) 0.169(2) 0.4154(9) 0.033(3)

ol 0.311(1) —0.024(2) 0.3448(9) 0.031(3)

028 —0.060(1) 0.222(1) 0.2426(8) 0.028(3)

02X 0.050(1) 0.010(1) 0.2474(8) 0.030(3)

036 0.274(1) 0.439(1) 0.4066(8) 0.025(3)

039 0.067(1) 0.464(1) 0.3297(8) 0.031(3)

04J 0.507(1) 0.075(1) 0.2934(8) 0.028(3)

057 0.386(1) 0.459(1) 0.1263(8) 0.027(3)

05Q 0.498(1) 0.239(1) 0.1301(8) 0.029(3)

069 0.266(1) 0.568(2) 0.2813(8) 0.030(3)

o7Q 0.288(1) 0.261(1) 0.0573(8) 0.026(3)

08X 0.044(1) 0.138(1) 0.1195(8) 0.029(3)

OP1 0.185(1) 0.219(1) 0.3230(7) 0.022(2)

OP2 0.374(1) 0.316(1) 0.2722(7) 0.022(3)

OoP3 0.175(1) 0.342(1) 0.1988(7) 0.022(2)

OP4 0.279(1) 0.131(1) 0.2056(7) 0.023(3)



Table 3. (Continued.)

REDUCED MOLYBDOVANADOPHOSPHATE STRUCTURE

Atom X/a y/b z/c Ueq/Uiso” s.o.f.
Cs1 0.5809(2) —0.1240(2) 0.4429(1) 0.0452(5)

Cs2 0.2129(2) —0.0212(2) 0.6738(1) 0.0439(5)

Cs3 0.2766(2) 0.5309(3) —-0.1774(1) 0.0439(5)

Cs4 —0.1476(2) 0.2377(2) 0.5559(1) 0.0539(6)

Csb 0.6461(2) 0.2613(2) —0.0473(1) 0.0538(6)

Cs6 0.0920(2) 0.1354(2) —0.0576(1) 0.0491(6)

ow1 0.144(3) 0.268(4) 0.637(2) 0.11(1)

ow2 0.340(4) 0.226(5) —0.162(2) 0.14(1)

aUeq:(1/3) Z,—Zj U;ja;a;ai- aj.

OXT

08T
BLX 02X
VAR

() 04T

Fig. 3. ORTEP views of the polyanions in crystals A (a) and
B (b) along with the atomic notations.

of addenda atoms, where molybdenum and vanadium
atoms are distributed, are marked as M. The polyanion
from both A and B has a so-called a-Keggin structure
of which a polyhedral model is shown in Fig. 1. The
addenda atoms are octahedrally coordinated, and the

heteroatom, P, is tetrahedrally coordinated. Three MOgq
octahedra form a trimer of M;0,; by sharing edges. The
four oxygen atoms shared by three metal atoms, OPI,
OP2, OP3 and OP4, are also shared by P. Each M;0,;
moiety is linked to the other three by sharing two corners
for respective M;0,;5. The polyanions are, as a whole,
ordered in both crystals. However, molybdenum and
vanadium atoms are disordered in the twelve addenda
atom sites in each polyanion.

The atomic coordinates, equivalent or isotropic ther-
mal parameters and occupation factors of Mo and V
atoms for both crystals are listed in Tables 3 and 4. The
origin of the unit cell was chosen so that the phosphorus
atom on each crystal has approximately similar atomic
coordinates, around (0.25, 0.25, 0.25), for easy compar-
ison, and all corresponding atoms have quite similar
positions as seen in the table. No abnormal thermal
parameter was found in either of the crystals. The Mo
and V atoms were refined to have the same positional
and thermal parameters at respective positions. The site
occupation factors of Mo and V were also refined. The
result, which is listed in Tables 3 and 4, indicates that
the Mo and V atoms are not evenly distributed. The
factors of two Mo atoms were refined remarkably lower
than the averaged values (0.83); MoJ [0.76(2)] and MoQ
[0.65(2)] for A, and Mo3 [0.68(2)] and MoQ [0.77(2)]
for B. On the contrary, the factors of Mo6 [0.91(2)] and
Mo9 [0.91(2)] in A and Mo8 [0.89(2)] and MoX
[0.91(2)] in B were refined considerably higher than 0.83.
This indicates that (i) there is a slightly dominating
isomer of the PMo,,V,0,, heteropolyanion present in
each case, or (ii) there are some positions favoured by a
vanadium or a molybdenum atom in both crystal struc-
tures. In the case of (i), the isomer can be a-1,4 for A
and o-1,11 for B. In both crystals, the sum of the site
occupation factors of molybdenum, 9.93 for A and 10.01
for B, and vanadium, 2.07 for A and 1.99 for B, agrees
very well with the stoichiometry of the molybdovanado-
phosphate, PMoY!,,VIV,0,,.

Interatomic distances in the polyanion of A and B are
listed in Table 5. The M-O(-M) distances of the bridging
oxygen between two M;0;; moieties (Ob’) range from
1.81(2) to 1.94(2) A, averaging 1.88 A for A, and from
1.80(2) to 1.96(2) A, averaging 1.88 A for B. These
distances are shorter than those in the M;0,; moieties,
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Table 4. Atomic coordinates, equivalent (Mo, V, P and Cs) and isotropic (O) thermal parameters, and occupation factors
(s.0.f.) of Mo and V for crystal B with e.s.d. values in parentheses.

Atom x/a y/b z/c Ueq/Uiso” s.o.f.

: ; __‘_//
Mo 0.2574(2) 0.0827(2) 0.4262(1) 0.0207(7) 0.82(2)
Mo2 —0.0168(2) 0.1133(2) 0.3270(1) 0.0219(7) 0.86(2)
Mo3 0.1132(2) 0.3709(3) 0.4138(1) 0.0228(8) 0.68(2)
Mo4 0.5338(2) 0.2190(2) 0.3507(1) 0.0209(7) 0.84(2)
Mob 0.5173(2) 0.3908(2) 0.1809(1) 0.0237(7) 0.85(2)
Mo6 0.3925(2) 0.5112(2) 0.3451(1) 0.0239(7) 0.87(2)
Mo7 0.2311(2) 0.4190(2) 0.0760(1) 0.0227(7) 0.83(2)
Mo8 —0.0305(2) 0.2915(2) 0.1481(1) 0.0230(7) 0.89(2)
Mo9 0.1094(2) 0.5482(2) 0.2379(1) 0.0227(7) 0.85(2)
MoX 0.1159(2) -0.0133(2) 0.1553(1) 0.0247(7) 0.91(2)
MoJ 0.3887(2) —0.0519(2) 0.2570(1) 0.0229(7) 0.84(2)
MoQ 0.3815(2) 0.1173(2) 0.0881(1) 0.0212(7) 0.77(2)
V1 0.2574(2) 0.0827(2) 0.4262(1) 0.0207(7) 0.18(2)
V2 —0.0168(2) 0.1133(2) 0.3270(1) 0.0219(7) 0.14(2)
V3 0.1132(2) 0.3709(3) 0.4138(1) 0.0228(8) 0.32(2)
\Z 0.5338(2) 0.2190(2) 0.3507(1) 0.0209(7) 0.16(2)
V5 0.5173(2) 0.3908(2) 0.1809(1) 0.0237(7) 0.15(2)
V6 0.3925(2) 0.5112(2) 0.3451(1) 0.0239(7) 0.13(2)
V7 0.2311(2) 0.4190(2) 0.0760(1) 0.0227(7) 0.17(2)
V8 —0.0305(2) 0.2915(2) 0.1481(1) 0.0230(7) 0.11(2)
V9 0.1094(2) 0.5482(2) 0.2379(1) 0.0227(7) 0.15(2)
VX 0.1159(2) -0.0133(2) 0.1553(1) 0.0247(7) 0.09(2)
VvJ 0.3887(2) —0.0519(2) 0.2570(1) 0.0229(7) 0.16(2)
va 0.3815(2) 0.1173(2) 0.0881(1) 0.0212(7) 0.23(2)
P1 0.2500(6) 0.2492(7) 0.2500(4) 0.0128(5)

o1T 0.279(1) —0.009(2) 0.5020(9) 0.032(4)

02T —0.137(2) 0.042(2) 0.360(1) 0.043(5)

03T 0.058(1) 0.443(5) 0.4871(9) 0.030(3)

04T 0.653(1) 0.185(1) 0.4070(9) 0.032(3)

05T 0.647(2) 0.459(2) 0.155(1) 0.036(4)

06T 0.433(1) 0.633(1) 0.3967(8) 0.028(3)

o77 0.244(1) 0.497(2) —0.0059(9) 0.032(3)

08T —0.165(1) 0.284(1) 0.1002(9) 0.031(3)

09T 0.037(2) 0.687(2) 0.244(1) 0.042(5)

OoXT 0.035(1) —0.129(1) 0.1101(8) 0.031(3)

oJT 0.466(2) —0.182(2) 0.265(1) 0.034(4)

oaQT 0.453(2) 0.079(2) 0.007(1) 0.046(5)

012 0.092(1) 0.027(1) 0.3969(8) 0.028(3)

023 0.020(1) 0.250(1) 0.3926(7) 0.026(3)

013 0.187(1) 0.224(1) 0.4700(7) 0.026(3)

045 0.607(1) 0.388(1) 0.2647(8) 0.027(3)

056 0.500(1) 0.519(1) 0.2617(7) 0.027(3)

046 0.505(1) 0.388(1) 0.3905(8) 0.028(3)

078 0.065(1) 0.362(1) 0.0659(7) 0.027(3)

089 —0.034(1) 0.454(1) 0.1885(8) 0.028(3)

079 0.166(1) 0.560(1) 0.1347(8) 0.032(3)

OoXJ 0.246(1) 0.114(1) 0.2034(7) 0.026(3)

oJa 0.450(1) —0.011(1) 0.1519(8) 0.029(7)

oxa 0.240(1) 0.014(1) 0.0761(8) 0.028(3)

014 0.401(1) 0.168(1) 0.4149(7) 0.028(3)

ol 0.311(1) —0.032(1) 0.3458(8) 0.032(3)

028 —0.062(1) 0.219(1) 0.2429(8) 0.028(3)

02X 0.050(1) 0.007(1) 0.2483(8) 0.027(3)

039 0.065(1) 0.461(1) 0.3292(8) 0.029(3)

04J 0.507(1) 0.07:1) 0.2947(8) 0.028(3)

057 0.387(1) 0.456(1) 0.1273(8) 0.027(3)

05Q 0.497(1) 0.233(1) 0.1320(8) 0.029(3)

069 0.262(1) 0.566(1) 0.2812(8) 0.030(3)

o7Q 0.290(1) 0.259(1) 0.0567(7) 0.024(2)

08X 0.046(1) 0.136(1) 0.1209(7) 0.028(3)

OP1 0.184(1) 0.217(1) 0.3235(7) 0.022(2)

oP2 0.372(1) 0.315(1) 0.2712(7) 0.022(2)

OoP3 0.174(1) 0.337(1) 0.2007(6) 0.019(2)

0oP4 0.276(1) 0.129(1) 0.2072(6) 0.020(2)
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Table 4. (Continued.)

REDUCED MOLYBDOVANADOPHOSPHATE STRUCTURE

Atom x/a y/b z/c Ueq/Uiso® s.o.f.
Cs1 —0.2776(2) 0.0329(2) 0.1761(1) 0.0427(5)

Cs2 0.4073(2) 0.3666(2) 0.5582(2) 0.0455(5)

Cs3 0.0800(2) 0.1259(2) —0.0558(1) 0.0492(5)

Cs4 0.2858(2) 0.5170(2) —0.1747(1) 0.0426(6)

Csb —0.1418(2) 0.2450(2) 0.5530(1) 0.0523(6)

Cs6 0.6495(2) 0.2674(2) —0.0524(2) 0.0573(6)

ow1 —0.141(3) 0.759(3) 0.375(2) 0.11(1)

ow2 0.661(3) 0.722(3) 0.165(2) 0.110(10)

an = (1/3) Z’Zl U,‘I'a;a; a;* aj.

Table 5. Interatomic distances (in A) in the polyanions in crystals A and B.?

A B A B
M1-01T 1.63(2) 1.66(2) M7-079 2.01(2) 1.95(1)
M1-012 1.96(1) 1.97(1) M7-057 1.91(1) 1.96(1)
M1-013 1.95(2) 1.86(1) M7-07Q 1.81(2) 1.85(1)
M1-014 1.85(2) 1.84(1) M7-0P3 2.42(1) 2.44(1)
M1-01J 1.90(2) 1.96(2) M8-08T 1.67(1) 1.68(2)
M1-0OP1 2.44(1) 2.42(1) M8-078 1.99(2) 1.96(1)
M2-02T 1.66(2) 1.64(2) M8-089 1.93(2) 1.86(1)
M2-012 1.89(2) 1.92(1) M8-028 1.85(1) 1.86(1)
M2-023 1.91(2) 1.85(1) M8-08X 1.89(2) 1.92(1)
M2-028 1.92(1) 1.90(1) M8-0P3 2.43(1) 2.46(1)
M2-02X 1.91(2) 1.94(1) M9-09T 1.68(2) 1.68(2)
M2-0P1 2.45(1) 2.47(1) M9-079 1.91(2) 1.93(1)
M3-03T 1.67(2) 1.62(2) M9-089 2.01(2) 2.04(1)
M3-013 1.95(2) 2.00(1) M9-039 1.93(2) 1.92(1)
M3-023 1.99(2) 1.97(1) M9-069 1.85(1) 1.84(1)
M3-036 1.85(1) 1.86(1) M9-0OP3 2.42(1) 2.44(1)
M3-039 1.83(2) 1.83(1) MX-OXT 1.66(2) 1.70(2)
M3-0P1 2.41(1) 2.41(1) MX-0XJ 1.95(2) 1.96(1)
M4-04T 1.65(2) 1.66(2) MX-0XQ 1.99(1) 1.99(1)
M4-045 1.91(2) 1.90(1) MX-02X 1.82(2) 1.81(1)
M4-046 1.96(2) 1.95(1) MX-08X 1.90(2) 1.86(1)
M4-014 1.92(2) 1.94(1) MX-OP4 2.46(1) 2.48(1)
M4-04J 1.85(2) 1.87(1) MJ-0JT 1.62(2) 1.63(2)
M4-0P2 2.44(1) 2.45(1) MJ-0XJ 1.92(2) 1.92(1)
M5-05T 1.64(2) 1.68(2) MJ-0JQ 1.97(2) 2.02(1)
M5-045 2.00(1) 2.03(1) MJ-01J 1.83(2) 1.80(2)
M5-056 1.99(2) 1.97(1) MJ-04J 1.94(2) 1.95(1)
M5-057 1.86(1) 1.82(1) MJ-OP4 2.43(1) 2.43(1)
M5-050 1.84(2) 1.89(1) MQ-0QT 1.64(2) 1.69(2)
M5-0P2 2.45(1) 2.42(1) MQ-0XQ 1.91(1) 1.91(1)
M6-06T 1.69(2) 1.63(2) MQ-0JQ 1.88(2) 1.90(1)
M6-046 1.89(1) 1.95(1) MQ-05Q0 1.92(2) 1.91(1)
M6-056 1.91(1) 1.91(1) MQ-07Q 1.92(1) 1.88(1)
M6-036 1.92(1) 1.94(1) MQ-0P4 2.41(1) 2.41(1)
M6-069 1.88(1) 1.88(1) P1-0OP1 1.563(1) 1.63(1)
M6-0P2 2.44(1) 2.46(1) P1-0OP2 1.55(1) 1.55(1)
M7-07T 1.67(2) 1.66(2) P1-0OP3 1.57(1) 1.51(1)
M7-078 1.88(1) 1.92(1) P1-OP4 1.52(2) 1.51(2)

M represents the addenda atom, Mo or V, at the corresponding position.

Ob, [1.88(2)-2.01(2), average 1.94 A for A and 1.85(1)-
2.04(1), average 1.94 A for B]in both crystals, indicating
stronger interactions between Ob and Cs or water than
Ob'. These features are quite normal for the compounds
of this type. The phosphate group in each compound
showed a regular tetrahedral geometry. The O-P-O
angles ranged from 108.4(8) to 110.6(8) for A and from
108.3(7) to 110.5(7) for B.

As can be seen in the packing diagrams shown in
Fig. 4, these two crystals have quite similar overall
structures. The essential difference is the orientation of
the polyanion, which is generated by a two-fold screw
axis 2; (A) and n-glide plane (B). Taking P2,/n as a
space group for each, A and B become isostructural.
Since the overall structure of the o-Keggin type
heteropolyanion can be regarded as a sphere, the differ-
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(a)
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Fig. 4. Packing diagrams of crystals A (a) and B (b). The crossed ellipsoids and open circles outside the polyanions show the
caesium cations and the oxygen atoms of the water molecules, respectively.

ence of orientation does not play a very important role
in the packing. This often causes disordering in the
orientation of the a-Keggin type heteropolyanion in a
crystal. In this work, the disordered structure, i.e. the
centrosymmetric structure, was rejected for the reasons
mentioned in the experimental section. Close contacts
within 3.4 A in both crystals are listed in Table 6. The
whole crystal structure is supported by hydrogen bonding
and interactions among the polyanion, water molecules
and caesium ions. The water molecules do not have any

Table 6. Close contacts (in A) (<3.40 A) from water molec-
ules in crystals A and B.

A B

Oow1-013 2.83(4) OW1-02T1 3.02(4)
ow1-02T' 2.96(5) ow1-00QTv 3.04(4)
OW1-09T# 3.16(4) OwW1-009T 3.15(4)
ow1-03T 3.20(4) OW1-Cs4v 3.16(3)
OW1-Cs2 3.26(4) ow1-007Q" 3.29(3)
OW2-05T 2.89(5) Ow2-05T 2.80(4)
OW2-0JTV 3.00(4) OW1-0JTY 2.97(4)
OW2-056'" 3.30(5) OW2-056 3.28(4)
OW2-Cs3 3.32(5) OW2-Cs1vi 3.37(3)
Symmetry operations: ‘—x, 1/2+y,1—z. "—x, —1/2+y,

1—z M —x, —12+y, -z M1—x12+y, —z “x1+y, z
=124 x,1-y,1/2+2 Y"1+ x,1+y, 2
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interactions with each other. The caesium ions take a
variety of coordination numbers. The numbers of oxygen
atoms within 3.4 A from Cs are: 5 (Cs4), 6 (Csl), 7
(Cs2, Cs5) and 8 (Cs3, Cs6) for A and 5 (Cs6), 6 (Cs3),
7 (Csl, Cs4 and Cs5) and 8 (Cs2) for B.

The bond valence?®?” was calculated for each M-O
bond with the approximate assumption that both Mo
and V" contribute to the valence in the same proportion,
with the corresponding site occupation factors. The
contributions of water molecules and caesium ions were
also taken into account. The sum of the valence at
each metal position should be 5.666 [=(6x0.833)
+(4%0.167)]. The averaged values calculated were 5.427
for A and 5.419 for B. That these values are somewhat
lower than the above value, is perhaps a result of the
approximation. No significant relationship between the
valence, and the site occupation factor could be found.
The values of the valences for most of the Ob’ atoms
were calculated to be greater than 2, which indicates that
the Mo-Ob’ distances obtained are short. Some of the
terminal oxygen atoms were also calculated to have
valences remarkably larger than 2, e.g. O1T (2.277) and
OJT (2.266) in A and O8T (2.190) and OJT (2.209) in
B. As the V!V atoms are almost randomly distributed,
the most basic position, which might be located close to
VIV, is expected to be delocalised also. Owing to the



positional disordering of the addenda atoms and the less
accurate bond valences calculated, it was not possible to
determine the site of protonation on the polyanion.
However, assuming that protonation will occur at the
Ob position which has the higher basicity, i.e. the lower
sum of bond valences, the following oxygen atoms can
be candidates for a protonated position: O79 (1.769)
and 056 (1.813) for A and O12 (1.821) for B. O13 in A
may also be a candidate, considering its close contact to
the water molecule. Some of the terminal oxygen atoms
such as O9T (1.820) in A and O9T (1.799) in B have
low values also. However, these values are not sufficiently
decisive in determining the protonated position.

Acknowledgement. The work forms a part of a program
financially supported by the Swedish Natural Science
Research Council. Professor Ove Emteryd at Environ-
mental Research Laboratory, Swedish Agricultural
University, Umea, is acknowledged for the elemental
analysis.

References

1. Pope, M. T. Heteropoly and Isopoly Oxometalates. Springer
Verlag, New York 1983.

2. Pope, M. T. and Miiller A., Eds. Polyoxometalates: From
Platonic  Solids to Anti-Retroviral Activity. Kluwer
Academic Publishers, Dordrecht 1994.

3. Keggin, J. F. Nature (London) 131 (1933) 908.

4. Pettersson, L., Andersson, I., Selling, A. and Grate, J. H.
Inorg. Chem. 33 (1994) 982.

5. Selling, A., Andersson, 1., Grate, J. H. and Pettersson, L.
Inorg. Chem. To be submitted.

6. Selling, A., Andersson, 1., Grate, J. H. and Pettersson, L.
In preparation.

7. Sergienko, V. S., Porai-Koshits, M. A. and Yurchenko,
E. N. J. Struct. Chem. (Russ.) 21 (1980) 111.

10.

11.

12.

13.

14.

15.

16.

23.

24.

25.

26.

27.

. TEXSAN. TEXRAY Structure

REDUCED MOLYBDOVANADOPHOSPHATE STRUCTURE

. Sergienko, V. S., Detusheva, L. G., Yurchenko, E. N. and

Porai-Koshits, M. A. J. Struct. Chem. (Russ.) 22 (1981) 37.

. Klevtsova, R. F., Yurchenko, E. N., Glinskaya, L. A,

Detusheva, L. G. and Kuznetsova, L. 1. J. Struct. Chem.
(Russ.) 22 (1981) 49.

Shan, Y.-K., Liu, Z.-X., Jin, Z.-S. and Wei, G.-C. Acta
Chim. Sin. 49 (1991) 793.

Casaii-Pastor, N., Gomez-Romero, P., Jameson, G. B. and
Baker, L. C. W. J. Am. Chem. Soc. 113 (1991) 5658.
Wang, E.-B., Zhang L.-C., Shen E.-H. and Wang Z.-P. Sci.
Sin., Ser. B (Chin.) 7 (1992) 673.

Wang, E.-B., Xu, L., Huang, R.-D., Hu, C.-W., Zhan,
R.-Y. and Liu, Y.-Y. Sci. China, Part B 35 (1992) 1067.
Cindric, M., Kamenar, B., Strukan, N. and Veksli, Z.
Polyhedron 14 (1995) 1045.

Neifer, R., Trojanowski, C. and Mattes, R. J. Chem. Soc.,
Dalton Trans. (1995) 2521.

Wang, Z., Gao, S., Xu, L., Shen, E. and Wang, E.
Polyhedron 15 (1996) 1383.

. Barrows, J. N., Jameson, G. B. and Pope, M. T. J. Am.

Chem. Soc. 107 (1985) 1771.

. Selling, A., Andersson, 1., Pettersson, L., Schramm, C. M.,

Downey, S. L. and Grate, J. H. Inorg. Chem. 33 (1994) 3141.
Analysis  Package,
Molecular Structure Corp., The Woodlands, TX 1989.

. Hamilton, W. C. Acta Crystallogr. 18 (1965) 502.
. Sheldrick, G. M. Acta Crystallogr., Part A 46 (1990) 467.
. Sheldrick, G. M. SHELXL93. University of Gottingen

1993.

Wilson, A. J. C., Eds. International Tables for
Crystallography, Vol. C. Kluwer Academic Publishers,
Dordrecht 1995.

Flack, H. D. Acta Crystallogr., Ser. A 39 (1983) 876.
Johnson, C. K. ORTEP-II, ORNL-5138, Oak Ridge
National Laboratory, Oak Ridge, TN 1976.

Brown, 1. D. and Altermatt, D. Acta Crystallogr., Ser. B
41 (1985) 244.

Brese N. E. and O’Keeffe, M. Acta Crystallogr., Ser. B 47
(1991) 192.

Received July 3, 1998.

313



