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Extended X-ray absorption fine structure (EXAFS) spectroscopy has been used to characterise 
polyoxometalates of the type M,O,"- and X,M,O,"- in the solid state and in solution. The best fit to the low- 
temperature (80 K) niobium K-edge EXAFS of K7[HNb,0,,]-1 3H,O was obtained with one terminal oxygen 
at 1.79 8, (M-0,), four doubly bridging oxygens at 1.97 A (M-0,), four niobiums at 3.32 A and one niobium 
at 4.76 A. The Nb-O,-Nb bond angle was determined as 1 13" following a multiple-scattering calculation for 
this unit. Analysis of the niobium K- and tungsten L,,,-edge EXAFS of salts Of Nb,W6-,019(X+2)- (x = 2 4 )  
yielded Nb-0 bond lengths of I .74-1.76 and 1.98-1.99 A, W-0 bond lengths of 1.72-1.74 and 1.89-1.91 A, and 
non-bonded M M distances of 3.31-3.35 and 4.74-4.78 A. The first co-ordination spheres also comprise 
one six-fold bridging oxygen at about 2.3 A but this shell is poorly defined due to static and thermal 
disorder in the bond. A combination of vanadium K- and tungsten L,,,-edge EXAFS of [V2W4019]4- yielded 
W 
hexametalate structure that is not observed for the niobotungstates. Molybdenum K-edge EXAFS analysis of 
[ N B U " ~ ] ~ [ P M O , ~ O ~ ~ ]  in the solid state at 80 K revealed systematic asymmetry in the Mo-0, bonds with two 
oxygens at 1.81 and two at 1.97 A. The structure is not perturbed when the salt is dissolved in acetonitrile. 
Likewise the molybdenum K-edge EXAFS of [TeM060,4]6 - in water and [Mo,O,,]* - in acetonitrile 
analysed for the same co-ordination spheres as those of the parent salts Na3[TeMo,02,]-nH20 and 

W separations of 3.27 A but shorter V W separations of 3.20 A, showing a slight distortion in the 

[NBu"412~Mo601 91. 

The early transition-metal polyoxoanions constitute a very 
large class of discrete, soluble metal oxide-like analogues. 
They may be represented by the general formulae M,O,"- 
(isopolyanions) and X,M,O," - (heteropolyanions) where M 
is usually Wv' or MoV1, less frequently V1v/v, NbV or TaV, or 
mixtures of these elements. There are few restrictions on the 
heteroatom (X) and more than 70 elements, both metal and 
non-metal, are known to exist in heteropolyanions. Water is the 
preferred solvent for synthesis but non-aqueous methods have 
also been developed. The rapid structural equilibria that often 
exist in solution are complex and twenty years ago little was 
known about the relationships between a crystallised species 
and those actually existing in solution. Since then X-ray 
crystallography has yielded hundreds of solid-state structures, 
ranging in complexity from relatively simple species such as 
[V2O7I4- to large clusters such as [NaP,W,,O, 
Solution structures can now be characterised in some detail by 
techniques such as one- and two-dimensional metal and 7O 
NMR ~pectroscopies,~.~ precise electrochemical measure- 
ments and Raman spectroscopy. 

Our interest in polyoxometalates stems from their use as 
pillaring agents for layered double hydroxides., Previous 
studies have shown that chromium K-edge X-ray absorption 
spectroscopy (XAS) was useful in characterising the species 
present in chromia pillared smectite clays.7 We were therefore 
led to delineate the scope and limitations of XAS as a structural 
probe in polyoxometalate chemistry. This paper presents and 
discusses EXAFS (extended X-ray absorption fine structure) 
analysis data for hexametalates of the type M6OI9"-, the 
decametalates ~ ,003 , ]4-  and ~ 1 0 0 , 8 ] 6 - ,  the molybdates 
[Mo702,16 -, a- and P-[Mo,O,,~-], and heteropolymetalates 
of the type [PM 2040]3 - and [TeM0,0,4]6 - . Previous studies 
in this area are due essentially to Watanabe and co-workers8 
who carried out EXAFS experiments on various polyoxo- 

t Non-SIunit employed: eV % 1.60 x J. 

molybdate and -tungstate compounds. Their interpretation 
of the data and corresponding Fourier transforms was, how- 
ever, limited to qualitative treatments and comparisons of 
simulated with experimental spectra. 

Results and Discussion 
X-Ray absorption spectra were recorded for a series of 
polyoxometalate compounds in solution and/or in the solid 
state. Data were collected typically out to k = 18 A-1 beyond the 
absorption edge. No smoothing or Fourier filtering was applied 
and the fits discussed below are all compared with the raw 
(background subtracted) EXAFS data. Each shell was added 
stepwise (the oxygen shells first followed by the more distant 
M M shells), iterated in the usual way, and the best fits 
tested for statistical significance. The theoretical curves shown 
in the figures are those for the models detailed in the tables. 
The co-ordination numbers have generally been fixed at values 
predicted from the known structures and configurations of the 
anions. 

Hexametalates 

The hexametalate structure was first discovered by Lindqvist 
in an X-ray investigation of the hexaniobate anion in crystals of 
Na7[HNb,0,9]~15H20 [Fig. l(a)]. Each metal is co-ordinated 
by six oxygen atoms [I ONb terminal (0,), 4 ONb, doubly 
bridging (0,) and 1 ONb, six-fold bridging (O,)] in a distorted- 
octahedral arrangement, the distortion consisting of a dis- 
placement of the metal towards 0,. The six NbO, octahedra 
condense so that they all share a common vertex, 0,. 

[HNb60,,,]'-. Lindqvist found Nb Nb distances of 
between 3.2 and 3.6 A in the hexaniobate anion but was unable 
to determine the oxygen positions. The complete structure 
of the sodium salt Na,[H30][Nb,0,,].14H,0 was later 
determined by Goiffon et al. and Table 1 lists the Nb-0 bond 
lengths and Nb Nb distances found. 
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Fig. 1 Bond structures of M6OI9"- (a), [Vlo02s]6- (b) and w10032]4- (c) anions. Large open circles represent oxygen atoms and 
small filled circles metal atoms. Atomic coordinates from ref. 10 for 
[NBu",],[Mo,O,,], ref. 11 for K,Zn2[V,0028]*16H20 and ref. 12 for 
~NB~"3HI4CWIOO321 

The low-temperature (80 K) niobium K-edge EXAFS of 
solid K,[HNb,O,,]-nH,O was initially fitted by a four-shell 
model comprising one oxygen atom at 1.79 and four at  1.97 8,, 
four niobium atoms at  3.32 and one at 4.76 8, (Fig. 2, Table 1). 
These distances equate with the single-crystal X-ray data for the 
sodium salt. The interstitial oxygen shell expected at  about 
2.4 8, was poorly defined (high Debye-Waller factor and high 
statistical errors) and could not be included in the model. This 
was found to be the case with many of the spectra analysed in 
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Fig. 2 Niobium K-edge k3-weighted EXAFS spectrum and Fourier 
transform, phase-shift corrected for oxygen (---, experimental; 
_ _ _  , spherical wave theory), of K,[HNb6Ol9] in the solid state at 
80 K 

this work and is explained by the high thermal and static 
disorder in the Nb-0, bond (0, = three-, four- or six-fold 
bridging oxygen). The fit to the EXAFS was improved 
somewhat by allowing multiple scattering for the Nb-O,-Nb 
unit. Despite the obtuse Nb-0,-Nb angle of 1 15" (calculated 
from EXAFS-derived distances), a 9% decrease in the fit index 
(F) from 0.33 to 0.30 was observed, with little or no change in 
the other structural parameters. This angle iterated to a final 
value of 113" (P = 0.29) upon inclusion in the least-squares 
refinement routine. Using a plane-wave multiple-scattering 
formalism, Teo ' showed that such bond-angle determination 
to an accuracy of 5" was possible even with angles as low as 
1 13". 

[ M O , ~ , , ] ~ - .  The k3-weighted molybdenum K-edge 
EXAFS of [NBu",],[Mo,O,,] in the solid state and in 
acetonitrile were fitted by four-shell models as for the 
hexaniobate anion (Fig. 3, Table 1). No direct structural 
evidence is found for the presence of species other than 
[MO,O,,]~- in solution. Inclusion of multiple scattering for 
the Mo-0,-Mo units was again beneficial. With a bond angle 
of 1 1 7" (calculated from the mean crystallographic distances), 
minima with R = 29.4 and 26.0% were obtained for the fits to 
the solid and solution spectra respectively. In both cases the 
angle refined to 11 3". Of particular interest are the unusually 
high Debye-Waller parameters determined for the shells of four 
OMo, oxygens at 1.87-1.88 8, (20, = 0.016-0.018 compared 
to 0.006-0.009 A2 for the other hexametalates). The same 
diminished relative intensity in the Fourier-transform peak 
for this shell was observed by Miyanaga et a1.* in EXAFS 
experiments on the same compound. They conclude that the 
vibrational peak shapes in the Raman spectrum are evidence 
of high vibrational disorder rather than static disorder in the 
Mo-0, bond. This is reasonable given that the crystallographic 
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Fig. 3 Molybdenum K-edge k3-weighted EXAFS spectrum and 
Fourier transform of [NBu",],[Mo,O,,] in the solid state at 80 K (a) 
and in acetonitrile at 25 OC (b). Details as in Fig. 2 

bond lengths for the tetrabutylammonium salt fall within a 
relatively narrow range (1.904-1.943 A) and no systematic 
asymmetry is identified. lo  

[VW,0,,]3- and [V2W,0,,]4-. A single-crystal X-ray study 
of the tungstovanadate anion in [CN3H6]4[V,W401 91 showed 
that it has the hexaniobate-type structure but could not 
ascertain the configuration of the anion because orientational 
disorder rendered all of the metal atoms equivalent.', The 
crystallographic distances are therefore averaged values of V-0 
and W-0 or V V, V W and W W distances. A large 
distribution in the M M separations (3.17-3.35 A) indicates 
that the M, octahedra are slightly deformed. Subsequent 7O 
NMR studies have confirmed that in fact only the cis isomer is 
formed.2 

The tungsten L,,,-edge EXAFS of solid Na,[V2W,019]* 
n H 2 0  at  80 K was initially modelled by four shells with co- 
ordination numbers fixed according to the cis configuration 
(Table 1). The well defined W W distance of 3.27 A lies 
just outside the range found in [w,019]2- in crystals of 
[NBUn4]2p60,9] (3.281-3.296 and is the same as the 
equivalent EXAFS-derived distance found in this work for 
[Wlo03,]4- in [NBu",],[W,,O,,]. The vanadium shell had 
less than 1% probability of being insignificant according to the 
Joyner test l 7  and brought the fit index from 0.63 to 0.52. 
Although this W . V distance (3.179 A) might seem rather 
short, it still lies within the crystallographic range for M 9 M. 
A hexavanadate core with a V V internuclear distance of 
about 3.18 8, has been structurally characterised in crystals of 
[Rh(q- C,Me,)],~,Ol9]. l 8  Thus, the EXAFS-derived dis- 
tance of 3.20 A in [V,W4019]4- is not unreasonable and may 
account for the deformation of the M, octahedron. A moderate 
improvement in the model (I? down to 28.2%) was obtained by 
fitting one OM, oxygen atom at 2.205( 15) A [202 = 0.01 16(33) 
8,'] and one tungsten at 4.627(5) A [202 =0.0058(7) A']. The 
V W distance was verified to some extent by analysis of 
the vanadium K-edge X-ray absorption spectrum. Despite only 
having data of poor quality out to k = 12 k', three tungstens 
were modelled at 3.22 8, in addition to four OM, oxygens at 
1.91 A. 

In the fit to the room-temperature tungsten L,,,-edge EXAFS 
of [NBu",],[VW,O,,] no vanadium atom could be reliably 
modelled at ca. 3.2 A but an acceptable fit was obtained with one 
tungsten atom at 4.66 A (Table 1). 

[NbxW6-x0,9](x+z)- (x = 2-4). An IR and Raman spectro- 
scopic study of these anions in aqueous solution and in the 
solid state showed that [Nb2W4019J4- and [Nb,W,01,]6- 
are both cis isomers (C2u symmetry) while [Nb3W301,]'- is 
probably a fac isomer (C,u symmetry).' For each of the 
niobotungstate anions there is good consistency between the 
tungsten L,,,-edge and niobium K-edge EXAFS-derived 
W - - 0  Nb distances (Table 1). The effect of tungsten 
substitution can be seen in the changing relative intensities of 
the niobium K-edge Fourier-transform peaks between 2.7 and 
4 A (Fig. 4). Tungsten LIl,-edge X-ray absorption spectra were 
recorded at room temperature and at 80 K for [NMe4]Na2- 
K[Nb,W,O,,]. Cooling the sample resulted in substantially 
enhanced EXAFS amplitude towards high k with a 
concomitant decrease (ca. 50%) in the Debye-Waller 
parameters determined for the M 9 M shells at 3.3 A. The 
EXAFS analysis data for all three anions justify the expected 
W:Nb ratios and configurations, although one can be less 
certain about the latter due to high correlations ( > 0.8) between 
the structural parameters of the near tungsten and niobium 
backscattering shells. These high correlations are not 
unexpected given the proximity of the two shells and it may be 
that the accuracy of some of the parameters is less than that 
normally achievable by EXAFS. 

All of the Fourier-transform spectra contain a feature 
between 4.5 and 5.0 8, corresponding to the long M M 
relationship. However, this shell could only be modelled 
reliablyfor [Nb,W,0,,]4- (Nb 9 W4.74&, ~b ,W,O, , ] ' -  
(W. . .Nb 4.78 A) and [Nb4W20,,]6- ( W . - . N b  4.74 A) 
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Fig. 4 
[NMe,]Na,K,~b,W,O,,] (b) and Na,K,[Nb,W,O,,] (c). Details as in Fig. 2 

Low-temperature (80 K) solid-state niobium K-edge k3-weighted EXAFS data and Fourier transforms of [NMe,]Na,K[Nb,W,O,,] (a), 

(absorbing element in bold type). Given that [Nb2W4OI9l4- should comprise contributions from both tungsten and 
and [Nb4W2OI9l6- (abbreviated Nb,W, -,) are both cis niobium (co-ordination number = 0.5 each). However, ac- 
isomers, the long W M and Nb 9 M shells respectively ceptable results could only be obtained if either one tungsten 
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Table 1 The EXAFS-derived structural parameters for hexametalates (single scattering calculations). Comparison with single-crystal X-ray 
distances 

Anion a 

~ ~ ~ b ~ 0 ~ ~ 1 ~  - 

solid (80 K) 

C M o 6 0  1 91’ - 
solid (80 K) 

solution f 

“b2W4O 1 91 - 

solid (298 K) 

solid (80 K) 

“b3W30i9I5- 
solid (80 K) 

“b4W2O I 91 - 
solid (80 K) 

CVW5Oi 913 - 
solid (298 K) 

[V~w40191~- 
solid (80 K) 

Shell 
0 
0 
Nb 
Nb 
0 
0 
Mo 
Mo 
0 
0 
Mo 
Mo 
0 
0 
W 
Nb 
0 
0 
W 
Nb 
0 
0 
W 
Nb 
W 
0 
0 
W 
Nb 
Nb 
0 
0 
W 
Nb 
0 
0 
W 
Nb 
Nb 
0 
0 
W 
Nb 
0 
0 
W 
W 
0 
0 
W 
V 
0 
W 

Co-ordination 
number 
1 .o 
4.0 
4.0 
1 .O 
1 .O 
4.0 
4.0 
1 .O 
1 .O 
4.0 
4.0 
1 .O 
1 .o 
4.0 
2.5 
1.5 
1 .O 
4.0 
2.5 
1.5 
1 .O 
4.0 
2.8 
1.2 
1 .O 
1 .O 
4.0 
2.0 
2.0 
1 .o 
1 .O 
4.0 
2.0 
2.0 
1 .o 
4.0 
1 .o 
3.0 
1 .O 
1 .O 
4.0 
1.5 
2.5 
1 .O 
3.0 
3.0 
1 .o 
1 .o 
4.0 
2.5 
1.5 
4.0 
3.0 

r ’/A 
1.785(3) 
1.974(2) 
3.323(1) 
4.758(7) 
1.667(3) 
1.871(4) 
3.264( 1) 
4.657( 5) 
1.672(3) 
1.874(4) 
3.269( 1) 
4.666(6) 
1.720(6) 
1.914(4) 
3.3 1 2(4) 
3.3 34( 6) 
1.7 1 6( 6) 
I .907(4) 
3.313(3) 
3.333 5) 
1.741(4) 
1.994(3) 
3.320(2) 
3.350(5) 
4.737( 5) 
1.743(5) 
1.9 10( 3) 
3.295(3) 
3.3 16( 3) 
4.780(7) 
1.763(4) 
1.988(2) 
3.327(3) 
3.3 37( 3) 
1.720(4) 
1.891(3) 
3.295(8) 
3.3 lO(3) 
4.7 3 5( 6) 
I .756(3) 
1.979(2) 
3.3 3 8 (2) 
3.329(2) 
1.720(4) 
1.9 1 O(3) 
3.270(2) 
4.660(6) 
1.743(6) 
1.9 19(4) 
3.272(2) 
3.197(5) 

20’”AZ 
0.0030(5) 
0.0071(3) 
0.0073(1) 
0.0057( 10) 
0.0007(3) 
0.0159(10) 
0.0056( 1) 
0.0030(6) 
0.0033(5) 
0.0178(9) 
0.0071 (1) 
0.0055(8) 
0.0044(9) 
0.0092(6) 
0.007 l(4) 
0.0072( 1 1) 
0.005 1 ( I  0) 
0.0090(6) 
0.0043( 3) 
0.0041 (8) 
0.0030(7) 
0.0077(5) 
0.0049(3) 
0.0039(9) 
0.0039(9) 
0.0042( 7) 
0.0062(3) 
0.0048(4) 
0.0024(4) 
0.0049( 9) 
0.0045( 6) 
0.0082(4) 
0.0059(2) 
0.0090(5) 
0.00 14( 5) 
0.0058(3) 
0.0064( 10) 
0.005 l(4) 
0.0032(7) 
0.0036(5) 
0.008 5( 3) 
0.0052(2) 
0.0083(3) 
0.0030(7) 
0.0090(4) 
O.OOSO(2) 
0.0060(8) 
0.0049( 9) 
0.0094(6) 
0.0044( 1 ) 
0.0049( 8) 

1.910( 1 1) 0.01 16( 19) 
3.217(9) 0.0066( 11) 

r(crysta1) d/A E”/eV 
1.77 (1.75-1.78) 26.1 
2.01 (1.97C2.056) 

4.76 
1.68 (1.667-1.680) 29.2 
1.93 (1.904-1.943) 

4.62 

3.37 (3.316-3.431) 

3.28 (3.27 1-3.288) 

29.5 

11.7 

11.2 

25.6 

11.6 

24.3 

14.4 

25.8 

12.5 

1.70 (1.60-1.82) 12.5 

3.27 (3.168-3.347) 
1.94 (1.77-2.09) 

3.27 (3.168-3.347) 
10.0 

E, “/eV 
- 6.7 

- 5.5 

- 5.5 

- 8.0 

- 8.0 

-4.5 

- 7.5 

-5.5 

- 7.0 

-4.8 

- 4.0 

-4.0 

- 4.5 

R (%I 
28.5 

31.0 

28.9 

45.1 

37.5 

31.2 

35.3 

30.2 

33.4 

25.3 

26.0 

26.0 

76.1 

See experimental for counter ions. ’ Standard deviations in parentheses. Debye-Waller factor; ct = root-mean-square internuclear separation. 
[HNb601,]7-, X-ray data from ref. 13 for Na7[H30][Nb60,,]-14H20; [Mo6OI9]’-, X-ray data from ref. 10 for [NBun4],[Mo6019]; 

[VtW4Ol9I4-, averaged values of W-0 an V-0 or W W, W V and V - V distances from crystal structure of x-[CN3H6]4[V2W4019].14 
“ Virtual potential representing inelastic losses and core-hole lifetime effects. Saturated solution of tetra-n-butylammonium salt in acetonitrile. 

or one niobium atom was fitted in addition to the four shells 
shown in Table l.* Fair improvements in the fits to the nio- 
bium K-edge EXAFS of Nb,W, and tungsten L,,,-edge EXAFS 
of Nb,W, were obtained on addition of a sixth shell of 
one OM, oxygen. For the former: R = 30.5%, r = 2.347(2) 
8, and 20’ = 0.0103(38) A2 (99% probability of being 

* For Nb2W, and M = W: R = 36.4%, r = 4.656(8) A and 20’ = 
0.0061(10) A’. For Nb2W4 and M = Nb: R = 36.2%, r = 4.784(8) A 
and 20’ = 0.0047(12) A’. For Nb4W2 and M = W: R = 25.0%, 
r = 4.645(16) A and 202 = 0.0139(25) A’. For Nb,W, and M = Nb: 
R = 24.4%, r = 4.767(10) A and 20’ = 0.0108(16) A’. 

significant). For the latter: R = 32.6%, Y = 2.279(20) 8, 
and 20’ = 0.0128(47) 8,’ (95% probability of being sig- 
nificant). 

Decametalates 

The structures of [W10032]4- and [v1&28]6- are related to 
that of the hexametalate-type ion (Fig. 1). In [WlOO,,]”- 
two W,O,, units (defect W6OI9 units) are bonded mirror- 
symmetrically through four corner-sharing oxygen atoms with 
the formation of an octahedral space. In [v10028]“- ten VO, 
octahedra share edges to form a structure with approximate D,, 
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symmetry that resembles two octahedral V,O, units joined to 
share one V V edge. 

[V,o0,]6-. Evans" carried out an X-ray study of the 
decavanadate ion in crystals of K2Zn2V,,02,~16H20 and these 
data have been used to generate a model to fit the low- 
temperature vanadium K-edge EXAFS of [NH,],[V, 002 s] 
in the solid state (Fig. 5, Table 2). There are three distinct 
vanadium sites in the ideal structure (orthorhombic molecular 
symmetry): V,, V,, (vanadium displaced toward one apex of the 
VO, octahedron) and V,,, (vanadium displaced toward one 
edge).* The EXAFS was only analysable up to ca. k = 12.5 8,-' 
but despite this a good theoretical fit was obtained with a six- 
shell model. The two V-0 shells expected at about 1.61 8, (one 
0,) and 1.70 A (short ob, co-ordination number = 0.4) could 
not be resolved and only one shell was fitted at 1.62 8,. As a 
result, the Debye-Waller parameter for this shell is rather 
high for such a short distance. The v-ob shell at 1.87 A is 
also poorly defined (202 = 0.036 A2) and this is probably due 
to a large spread in bond lengths (1.803-2.077 8, for K2Zn2- 
Vlo02g*16H20). 

[W,o0,,]4-. The best fit to the room-temperature tungsten 
L,,,-edge EXAFS of [NBu",],[W,,O,,] in the solid state was 
achieved with three W W shells and two shells for terminal 
and doubly bridging oxygen (Fig. 6, Table 2). The EXAFS- 
derived short and long W W distances of 3.27 8, and 4.65 8, 

* Each V, or V,, atom is bonded to one OV terminal oxygen (1.602- 
1.608 A) and one OV6 six-fold bridging oxygen (2.218-2.355 A). In 
addition, each V,, atom is bonded to four OV, oxygens (1.837-1.907 A) 
and each V, atom to two OV, oxygens (1.965-2.014 A). The V,,, atoms 
are each bonded to two OV, oxygens (1.678-1.71 3 A), two OV, oxygens 
(1.917-1.945 A) and two OV, oxygens (2.1 10-2.123 A), Apart from the 
V,,, - - - V,,, distance (3.3 1 A), all of the V - - - V distances are in the range 
3.052-3.187 A. 
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Fig. 6 Tungsten L,,,-edge k3-weighted EXAFS data and Fourier 
transform of ~Bu"4]4[W,003, ]  in the solid state at 25 "C. Details as 
in Fig. 2 

rl A 

are in close agreement with the mean crystallographic values 
determined by Fuchs et al. l 2  in the [NBu",H]+ salt. In between 
these two shells is a W W separation at 3.86 8, which comes 
from the almost linear (1 75") W-0-W bridges that link the two 
halves of the anion. 

Isopolymolybdates 

The heptamolybdate anion is the predominant species formed 
on acidification of molybdate solutions to pH 3-5.5, [Mo- 
042 -3 > lo-, mol dmP3. If, however, NBu",Cl is added to such 
solutions the tetrabutylammonium salt of a-[M0g02,l4- 
precipitates rather than that of [Mo,02,16-. If CC-BBU",], 
[MOgO2,] is dissolved in acetonitrile in the presence of 
potassium ions an isomerisation to P-[Mo,O,,l4- takes place 
and ~-[NBu",]3~[Mos02,] crystallises on cooling. The 
EXAFS models for the above three anions have been arrived 
at by examining the crystal structures of three salts: Na,- 
[ M 0 , 0 ~ , ] ~ 1 4 H ~ 0 , ' ~  ~-[NBu",],[Mo,O,,] 2o and P-[NH4],- 
[M0,02,]*4H20.21 Despite the complexity of the structures, 
the Mo-0 bond lengths and non-bonded Mo Mo distances 
may be grouped into a series of significant ranges (Table 2). The 
ions [Mo,O2,I6- and P-[Mo8O2,l4- are related in that both 
can be 'derived' from the [v , ( )02g]6 -  structure by removal of 
three and two MO, octahedra respectively (Fig. 7). The CC- 

[M0g02,l4- anion consists of a ring made up of six MOO, 
octahedra linked to one MOO, tetrahedron above, and another 
below, its octahedral cavity. 

Oxygen shells corresponding to short, medium and long 
Mo-0 were fitted to the low-temperature molybdenum K-edge 
EXAFS of ~ - ~ B u " , ] , ~ [ M o s 0 2 , ] ~ H 2 ~  (Fig. 8) and CC- 

[NBu",],[Mos02,] in the solid state (Table 2). Inclusion of a 
distant oxygen shell at 2.16 8, for [NH,],[Mo,02,]-4H20 
resulted in a significant decrease in the fit index from 0.67 to 
0.60 but the shell was poorly defined (20' = 0.032 8,'). For a- 

2956 J. Chem. SOC., Dalton Trans., 1996, Pages 2951-2961 

http://dx.doi.org/10.1039/DT9960002951


(6) 

W 

Fig. 7 Bond structures of [Mo,0,,16- (a), fi-[M0&6l4- (b) and 
MMo,O,,"- (c) anions. Large open circles represent oxygen atoms, 
small filled circles molybdenum atoms and the medium filled circle the 
heteroatom, M. Atomic coordinates from ref. 19 for Na,[Mo,O,J. 
14H,O, ref. 21 for P-[NH4],[Mo,OZ6]~4H2O and ref. 22 for Na,[H,- 
CrM060,4]*8H,0 

[M080,6l4- it was not possible to resolve the two oxygen shells 
corresponding to cis-MOO, (crystallographic Mo-0, 1.68 A) 
and tetrahedral MOO, (crystallographic Mo-0 1.77 A) units 
(average co-ordination numbers of I .5 and 1 .O respectively). 
Instead, just one shell was fitted at 1.72 A. 

For [Mo,~ , , ]~ - ,  Mo Mo shells at 3.21 (co-ordination 
number = 0.8), 3.28 (0.6) and 3.42 A (1.7) are predicted. In fact, 
only two shells at 3.20 and 3.38 8, could be fitted to the EXAFS 
(average co-ordination numbers of 1.4 and 1.7 respectively). 
For X-[M080,6]4-, shells at 3.39 (co-ordination number = 
l.S), 3.70 (0.25) and 3.82 (3.0) are predicted corresponding to 
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Fig. 8 Molybdenum K-edge k3-weighted EXAFS data and Fourier 
transform of P-[NBu"~]~K[Mo,O,,]~H,O in the solid state at 80 K. 
Details as in Fig. 2 

proximity of a shell for Mocap - Mo,,~.  For P-[Mo,0,,14- 
two shells at 3.24 (co-ordination number = 2.0) and 3.49 A (2.3) 
are predicted and indeed the EXAFS was well fitted by two 
shells with distances close to these (3.22 and 3.43 A). 

Anderson ions of the type MMo,O,,"- 

The Anderson23 structure was first observed for 
[TeM0,024]6 - and has since been characterised in several 
heteropoly-tungstates and -molybdates [Fig. 7(c)]. The 
structure is analogous to that of cl-[MO80,6]"- in that it 
contains a ring of six edge-sharing MOO, octahedra. The 
central octahedral vacancy is occupied by a heteroatom in 
oxidation state 2 4 ,  6 or 7. Levason and co-workers 24 showed 
that a combination of iodine and metal-edge EXAFS could 
provide reliable structural data on Anderson polyanions of the 
type M',[H,5-,M2,13024] (M2 = Co or Fe). 

[TeMo,O,,l6-. Molybdenum K-edge X-ray absorption 
spectra were recorded for Na6[TeM06O2,]*2H,O in the solid 
state at 80 K (Fig. 9) and also for a saturated solution of the salt 
in water. In both cases the k3-weighted EXAFS was best fitted 
by a five-shell model of two OMo oxygens at 1.71 A, two OMo, 
oxygens at 1.92 A, two OMo,Teoxygens at 2.25 A, one tellurium 
at 3.23 8, and two molybdenum at 3.23 A. The EXAFS-derived 
interatomic distances are compared in Table 3 with those found 
by Evans25 in a single-crystal X-ray study of [NH,],[Te- 
MO,O,,]*7H2O.Te(OH),. The Mo-0 bond lengths are in good 
agreement but the EXAFS-derived Mo . Mo and Mo Te 
distances are about 0.06 A shorter. 

- 
Morjng Moring, Mocap Mocap and Moring Mocap re- 
spectively. Only two shells at 3.33 and 3.73 8, could be fitted. 
The latter shell was poorly defined (202 = 0.03 A,), possibly 
due to a large spread in Moring Mocap distances and/or to the 

Keggin ions of the type a-[PM,,0J3- 

For tungstates the x-Keggin2' anion has approximate overall 
Td symmetry and is based on a central X 0 4  tetrahedron 
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Table 2 The EXAFS-derived structural parameters for isopolymetalates of the type M,O,"-, y > 6. Comparison with single-crystal X-ray distances 

Anion 

[v&2816- 
solid (80 K) 

[wioo3214- 
solid (298 K) 

[M0,02416- 
solid (80 K) 

a-cMo802614 - 
solid (80 K) 

P-CM0S026l4 - 

solid (80 K) 

Edge 
V K  

w LIII 

Mo K 

Mo K 

Mo K 

Shell 
0 

0 
V 
0 
0 
V 
0 
0 
W 
W 
W 
0 
0 
Mo 

Mo 
0 

0 
0 
Mo 
Mo 

0 
0 
0 
Mo 
Mo 

Co-ordination 
number 
1.2 

3.6 
4.8 
3.6 
1.2 
1.2 
1 .o 
4.0 
3.2 
0.8 
0.8 
2.0 
2.0 
1.4 

1.7 
2.5 

1.5 
1.5 
1.5 
3.0 

2.0 
2.0 
2.0 
2.0 
2.3 

rlA 
I .6 1 7( 5 )  

1.872(7) 
3.095(6) 
3.284(7) 
2.228(9) 
4.459( 12) 
1.722(4) 
1.908(3) 
3.272(2) 
3.857(3) 
4.65 l(7) 
1.707(2) 
1.908(5) 
3.200( 3) 

3.383(3) 
1.7 15(2) 

1.905(3) 
2.350(10) 
3.328( 5 )  
3.728( 12) 

1.701(2) 
1.927(3) 
2.280( 9) 
3.223(2) 
3.434(3) 

2d/A2 
0.0 1 0 1 ( 1 0) 

0.0364( 15) 
0.0226(9) 
0.0094( 13) 
0.01 23(22) 
0.0093( 19) 
0.003 5( 6) 
0.0102(5) 
0.0077( 2) 
0.0034(3) 
0.006 1 ( 10) 
0.0044( 3) 
0.0131(11) 
0.0066(3) 

0.0085( 5) 
0.0058( 3) 

0.0036(4) 
0.0161(27) 
0.0 147(9) 
0.0298(27) 

0.0036(2) 
0.0074(6) 
0.0225(29) 
0.0096(4) 
0.01 15(5) 

r(crysta1) "/A E"/eV EJeV R (%) 
1.61 ( I  .602-1.608) 15.8 - 2.0 32.4 
1.70 (1.678-1.713) 
1.9 1 (1.803-2.077) 
3.12 (3.052-3.187) 
3.41 (3.28-3.44) 
2.23 (2.1 10-2.355) 
4.44 
1.71 (1.68-1.76) 11.2 -7.3 27.0 
1.93 (1 34-2.06) 
3.28 (3.251-3.298) 
3.79 (3.787-3.796) 
4.62 (4.6154.621) 
1.72 (1.67-1.76) 31.5 -4.0 33.3 
1.92 (1 38-2.01) 
3.21 (3.19-3.21) 

3.42 (3.41-3.45) 
I .68 (1.67-1.69) 28.7 -3.0 36.1 

3.28 (3.27-3.28) 

1.77 (1.76-1.78) 
1.90 (1.88-1.92) 
2.44 (2.35-2.53) 

3.70' 

1.7 1 (1.69-1.72) 28.9 -2.0 31.1 

3.39 (3.38-3.4 1) 

3.82 (3.77-3.88) 

1.94 (1.85-2.01) 
2.33 (2.18-2.48) 
3.24 (3.22-3.26) 
3.49 (3.43-3.58) 

a [v10028]6-, X-ray data from ref. 11 for K2Zn2[Vlo02,]~16H20, interatomicdistances averaged over ideal orthorhombic symmetry; [W,o032]4-, 
X-ray data from ref. 12 for [ N B U " ~ H ] ~ ~ , ~ O ~ ~ ] ;  [Mo,02,16-, X-ray data from ref. 19 for Na6[M0,O2,]*14H2O; a-[Mo8.02,14-, X-ray data 
from ref. 20 for Z - [ N B U * ~ ] ~ [ M O ~ ~ ~ ~ ] ;  P-[M0@26l4-, X-ray data from ref. 21 for P-[NH,],[M0802,].4H20. Separation of tetrahedrally 
co-ordinated molybdenum capping atoms. 

-1 2 
klA-' 

1.61 

0 1.0 2.0 3.0 4.0 5.0 

rlA 
Fig. 9 Molybdenum K-edge k3-weighted EXAFS data and Fourier 
transform of Na6[TeMo,02,] in the solid state at 80 K. Details as in 
Fig. 2 

Fig. 10 Bond structure of the a-[XM12040]n- anion. Large open 
circles represent oxygen atoms, small filled circles M atoms and the 
medium filled circle the X atom. Atomic coordinates from ref. 27 for 
a-CH 5 0 2 1  3CPWI 2 0 4 0 1  

surrounded by twelve MO, octahedra arranged in four groups 
of three edge-shared octahedra, M3013 (Fig. These 
groups are linked by sharing corners to each other and to 
the central XO, tetrahedron. In contrast, the corresponding 
molybdates adopt a structure in which all the mirror planes 
have been lost as a result of displacement of the molybdenum 
atoms within their MOO, octahedra.27 All trans-related 
0-Mo-0-Mo bonds alternate in length and the overall 
structure is chiral (point group T). 

U-[PW,,O,]~-. The simplest fit to the room-temperature 
tungsten L,,,-edge EXAFS of [NBu",],[PW 12040] in the solid 
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Fig. 11 Tungsten L,,,-edge k3-weighted EXAFS data and Fourier 
transform of ~-[NBU",],[PW,,O,,] in the solid state at 25 "C. Details 
as in Fig. 2 

state was achieved with one OW terminal oxygen at 1.7 1 A, four 
OW, doubly bridged oxygens at 1.90 A, two tungstens at 3.40 8, 
corresponding to edge-sharing W 0 6  octahedra and two 
tungstens at 3.68 8, corresponding to corner-sharing W 0 6  
octahedra (Fig. 1 1 ,  Table 3). These results are in good 
agreement with the crystallographic data for dodecatungsto- 
phosphoric acid hexahydrate. 26 No OW, four-fold bridging 
oxygen shell, expected at ca. 2.43 A, could be included in the 
model. A statistically valid shell of 1.3 phosphorus atoms at 
3.49 8, was subsequently fitted to the EXAFS. This brought F 
and R from 0.51 and 28.8% to 0.47 and 25.8% respectively. 
However, the refined distance is about 0.06 A shorter than 
expected. Also the shell had to be fitted with a co-ordination 
number of 1.3 since if only one phosphorus was fitted then 2a2 
for the shell refined to a very low value ( < 0.001 81,). 

u-[PMo,,O,]~-. Miyanaga et al. * carried out EXAFS 
experiments on various polyoxo-molybdate and -tungstate 
compounds and reported that the OMo, oxygen peaks which 
should appear at ca. 1.9 8, in the Fourier transforms of the 
EXAFS for [Mo60,,12- and [PMO~,O,~]~-  were hardly 
discernible, while the tungstates and other molybdates gave the 
metal-oxygen peaks normally. As noted above, they concluded 
that the Debye-Waller factors for the metal-bridging oxygen 
bonds in the two anions are exceptionally large (G 2 0.08 A). 
While this is probably true for hexamolybdate, the authors fail 
to consider that it could be the systematic asymmetry in the 
Mo-0, bonds in [ P M O ~ , O , ~ ] ~ -  that results in peaks of 
diminished intensity in the Fourier transform. 

The molybdenum K-edge EXAFS was analysed for 
[NBu",]3[PMol,040] in the solid state at 80 K (Fig. 12) and 
also for a saturated solution of the salt in acetonitrile. It soon 
became clear during curve-fitting analysis that the Mo-0, 
distances were indeed resolved into two short and long 
components (Table 3). Thus the spectra were fitted by five-shell 
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Fig. 12 Molybdenum K-edge k3-weighted EXAFS data and Fourier 
transform of a-[NBu",],[PMo, 20,,] in the solid state at 80 K.  Details 
as in Fig. 2 

models that included shells of two OMo, oxygens at ca. 1.80 A 
and two oxygens at ca. 1.95 A. Not surprisingly, the two 
distances were highly correlated (ca. 0.8) but the fit-index 
contour maps of Mo-0, (short) versus Mo-0, (long) show 
reasonably well defined minima. Statistically valid shells of one 
OMo, oxygen atom were subsequently fitted to the EXAFS. 
For the solid-state spectrum this gave R = 38.8%, r = 
2.390( 1 1 )  A and 20, = 0.0096(25) A2. For the solution spectrum 
a fit with R = 32.5%, Y = 2.380(6) 8, and 20, = 0.0079(13) A2 
was obtained. 

Conclusion 
Polyoxometalates are best characterised in the solid state by 
X-ray diffraction but suitable crystals cannot always be grown 
and so there is still much scope for the development of new 
complementary methods such as fast atom bombardment mass 
spectrometry. We have obtained a wealth of structural 
information, much of it new, on various cluster ions by a 
combination of metal-edge EXAFS spectroscopy. These data 
have been shown to be reliable by comparison with X-ray 
crystallographic results, where available. Particular value arises 
with structures that are disordered crystallographically such as 
[V2W40,9]4-. It is clearly desirable to make use of as many 
independent experimental methods as possible in order to 
identify the solute species in polyanion solutions. Molybdenum 
K-edge EXAFS analysis data show that the framework 
structures of [TeM06024]6- and [ M o , ~ , , ] ~  - are not 
perturbed significantly after dissolving the salts Na,[Te- 
Mo,O,,]-nH,O and ~BU",],[M0601 9] in water and 
acetonitrile respectively. Direct structural evidence has also 
been found for the retention of the systematic asymmetry in the 
Mo-0, bonds in [NBu",],[PMo,,0,,] when it is dissolved in 
acetonitrile. 

J. Chem. SOC., Dalton Trans., 1996, Pages 2951-2961 2959 

http://dx.doi.org/10.1039/DT9960002951


Table 3 The EXAFS-derived structural parameters for heteropolymetalates. Comparison with single-crystal distances 

Co-ordination 
Anion Edge Shell number rlA 202/A2 r(crysta1) "/A E'IeV EJeV R (%) 
[TeM06024]6- M o K  0 2.0 1.705(2) 0.0030(3) 1.71 (1.693-1.723) 29.4 - 3.5 31.7 

solid (80 K) 0 2.0 1.918(3) 0.0063(6) 1.94 (1.913-1.957) 
0 2.0 2.251(8) 0.01 51(22) 2.29 (2.282-2.3 16) 
Te 1 .o 3.227(3) 0.0036(3) 3.29 (3.282-3.300) 
Mo 2.0 3.228(5) 0.01 19(14) 3.29 (3.275-3.312) 

solution M o K  0 2.0 1.713( 1) 0.0034(2) 26.3 -3.5 24.1 
0 2.0 1.926(2) 0.0067(4) 
0 2.0 2.255(6) 0.0191(18) 
Te 1 .o 3.231(3) 0.0055(3) 
Mo 2.0 3.234(4) 0.0151(11) 

cpw1204013 - WLII, 0 1 .o 1.710(6) 0.0093(11) 1.70 13.8 -5.0 28.8 
solid (298 K) 0 4.0 1.898(3) 0.01 18(4) 1.90 

W 2.0 3.403(3) 0.0105(4) 3.41 
W 2.0 3.680(3) 0.01 06(4) 3.70 

[PMO~,O,~]~-  M o K  0 1 .o 1.670(4) 0.0028(6) 1.69 (1.64-1.70) 28.1 -3.0 41.9 
solid (80 K) 0 2.0 1.809(5) 0.0054(6) 1.85 (1.83-1.89) 

0 2.0 1.973(7) 0.0102(12) 1.96 (1.93-2.00) 
Mo 2.0 3.41 l(3) 0.0096(4) 3.41 
Mo 2.0 3.698(7) 0.0166(13) 3.70 

0 2.0 1.792(4) 0.0071(7) 
0 2.0 1.939(6) 0.0117(12) 
Mo 2.0 3.404(3) 0.0128(5) 
Mo 2.0 3.687(5) 0.01 63( 10) 

solution M o K  0 1 .o 1.656(3) 0.0030(5) 29.4 -3.0 37.3 

a [TeM06024]6-, X-ray data from ref. 25 for [NH,],[T~Mo~O,,]-~H,O~T~(~H)~; [PW12040]3-, neutron data from ref. 26 for a- 
[H502]3[PW12040]; [PMo,~O,,]~-, X-ray data from ref. 27 for H,[PMo,,04,]~13-14H,0. Saturated solution of sodium salt in water. 
' Saturated solution of tetra-n-butylammonium salt in acetonitrile. 

Experimental 
Preparation of compounds 

The following compounds were prepared and purified as 
reported previously: [NBUn4]2[M06019],2 K7[HNb60,9],2 

K[Nb2W4019],30 [NMe,]Na2K2[Nb3W301g],30 Na4K2- 
CNBun41 3 LVw 5 0  191 3 29 Na4[V2W40 1 9],29 "Me4Na2- 

CNb4W20191,~~ [NH416[V10028]t31 [NBUn4]4[W10032],32 
a-[NBun4]4[Mo802 61 7 P- "Bun,] 3K[Mo,O2 61 rN- 
Bun4] [PW 2040], [NBu",] [PMo 2040] and Na6[Te- 
M o , ~ , , ] . ~ ~  The compound [NH4]6[Mo7024] was obtained 
from May and Baker Ltd. and used without further 
purification. All samples were identified in the solid state by 
their IR spectra, which agreed with the spectra found previously 
for the same compounds s 7 2 9 * 3 2 7 3 s  in all cases except that of the 
molybdate [TeM06024]6 - , for which no earlier spectrum was 
reported. The niobate complexes Nb,W6 -xO1 9 ( x + 2 ) -  were 
further characterised in solution by their UV spectra.30 

EXAFS data acquisition and analysis 

X-Ray absorption spectra were recorded in transmission mode 
on stations 7.1 [double crystal Si( 1 1 1) order-sorting mono- 
chromator] and 9.2 [double crystal Si(220) order-sorting 
monochromator] of the Synchrotron Radiation Source at the 
Daresbury Laboratory, operating at 2 GeV (ca. 3.20 x lo-" J) 
and an average current of 150 mA (range 1 17-270 mA). Solid 
samples were diluted if necessary with boron nitride and held 
between layers of sticky tape in 1 mm thick aluminium plates. 
For low-temperature measurements (ca. 80 K) the sample plates 
were mounted on either fixed or variable-temperature liquid- 
nitrogen cryostats. Aluminium cells of thickness 5 mm were 
used to obtain multiple solution spectra at room temperature. 
The personal computer resident program PAXAS 36 was used 
to extract the raw EXAFS, xE(k). Removal of the pre-edge 
background was achieved using a polynomial of order 2 and the 
post-edge background was subtracted by fitting this region with 
a polynomial of order 6, 7 or 8. Curve-fitting analyses, by least- 
squares refinement of the non-Fourier filtered k3-weighted 

EXAFS data, were carried out within EXCURVE37 (version 
EXCURV 92) on the Daresbury Convex C220, using spherical- 
wave methods with ab initio phase shifts and backscattering 
factors calculated in the usual manner from relativistic 
Hartree-Fock self-consistent field (HF-SCF) derived atomic 
charge densities. Statistically derived errors on the determined 
distances were generally below 0.01 8, but a more realistic 
estimate is 1.5%, or 0.02-0.07 8, for the distances quoted in this 
paper.38 The statistical validity of shells was assessed by 
published means and, unless otherwise stated, the shells were 
found to have less than 1% probability of being insignificant. l 7  
The number of independent parameters used in the fits are 
within the guideline N,,, = 2(kmax - kmin)(Rmax - R m i n ) / ~ . 3 9  
The R factors are defined as (SIxcalc - ~exp"~k3dk/~~~exp"~k3dk) 
x 100% and the fit indexes as Ci(ki3[~ica1c(k) - 
Values of AFAC, the energy-independent parameter used to 
account for the reduction in EXAFS amplitude due to multiple 
excitations, were 0.95, 0.85, 0.90 and 0.90 for the niobium K-, 
molybdenum K-, tungsten LIII- and vanadium K-edge spectra 
respectively. Some of the molybdenum and niobium K-edge 
Fourier transforms contained features below 1 A which could 
not be removed by variation in the background-subtraction 
procedure. However, these artifacts did not effect fitting of the 
real atomic shells. 
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