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A0 empirical correlation is developed for relating the wavenumbers of (W-0) stretching modes to W - 0  bwd 
lengths and bond stnmgdm for tongsten oxide reference compoonda A lepst-sqmres exponeatinl f t  of crystaUe- 
grapbicaUy determined W - 0  bwd lengths to the wavenumbers of their Raman stretchiag modes is presented 
along with a relation between W-0 bond strengtk, in valenee dts, and wavenumbers of Raman stretching 
modes. Tbe empirical bond lengtb/stretching mode wavenumber/bond strengtb relationship lead to a dque  and 
effective method of interpreting Raman spectra of tongstate species. Tbip m e W  leads to the W-0 bond lengths 
a d  coordination of tbe txqptate species. Tbe utility of the method is illmtrated by estimating the wavenombers of 
the Raman Stretching modes for the ideal WO, tetrahedron and WO, octahedron, and the bods lengtas and 
coordioatior~~ of the toagstate species in the referee compounds Na,WO,, PbWO,, CaWO, and Bi,WO,. in 
addition, the W - 0  bond lengths of the WO, octrbedrtl in crystalline Ba,MgWO, are reported for the 6rst time. 
This new approach for evdnating the Raman spectra of -ate speeies is expected to be generally applicable to 
dl tongstates, regardless of enviroameot, physical state, or oxidation state. 

INTRODUCTION 

The Raman spectra of transition metal oxides are gener- 
ally fairly informative with regard to the structure of 
metal oxide species. This is true not only for the more 
common crystalline and solution phases,' but also for 
the exotic two-dimensional surface  phase^.^.^ It is well 
established that the Raman vibrational features of a 
molecular species depend on its molecular structure and 
also the nature and strength of its chemical bonding. 
Different molecular structures generally have different 
types of bonds, and this leads to different Raman spec- 
tral features. Thus, Raman spectroscopy is an effective 
structural tool because it can be used to discriminate 
between alternative structures proposed for a chemical 
species. 

The conventional method of ascertaining the molecu- 
lar structure of a metal oxide species is performed by 
directly comparing its Raman spectrum with those of 
reference compounds. This type of approach, commonly 
referred to as fingerprinting, has proved useful because 
it identifies similar chemical functionalities and lends 
insight into the site symmetry and oxygen coordination 
of the metal cation for symmetric metal oxide species. 
For example, characteristic Raman bands have been 
used to determine that the surface rhenium oxide 
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species on a y-alumina support is tetrahedrally coordi- 
nated: and that the surface chromium oxide species on 
alumina, titania and silica supports is tetrahedrally 
coordinated and p~lymeric.~ 

The fingerprint approach of interpreting the Raman 
spectra of metal oxides, however, is not generally 
applicable to all molecular geometries because it 
requires that the molecule of interest exhibits a reason- 
able degree of point-group symmetry. This is illustrated 
by considering the surface rhenium and chromium 
oxide species discussed in the preceding paragraph. 
Under ambient conditions, with moisture present, the 
Raman spectra of the surface species are comparable to 
those of their aqueous solution counterparts. Conse- 
quently, the structures of the surface species are deter- 
mined to be very similar to those present in aqueous 
solution. Once the moisture is removed from the 
surface, however, the surface rhenium and chromium 
oxide species become distorted, and it is no longer pos- 
sible to ascertain the structure of the metal oxide species 
by direct comparison with the Raman spectra of refer- 
ence compounds. Clearly, a more systematic and gener- 
ally applicable approach is needed to interpret the 
Raman spectra of metal oxide species. 

Recently, a new approach has been developed for 
interpreting the Raman spectra of transition metal 
oxides that is systematic and generally applicable. This 
approach, termed the diatomic approximation, regards 
each metal-oxygen bond in the metal oxide species or 
crystalline lattice as vibrationally independent of its sur- 
roundings. Naturally, this approach does not lead to a 
vibrational mode analysis because it neglects nearest- 
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naghbor interactions and, consequently, bending/ 
wagging and external modes. Within the limits of 
experimental error afforded by crystallographic bond 
length determinations, however, the diatomic approx- 
imation is fully justified and may be used to determine 
metal-oxygen bond lengths from Raman stretching 
mode wavenumbers because the effect of the interaction 
force constants on the bond lengths is smaller than the 
uncertainty associated with most crystallographic bond 
length determinations. Empirical relationships have 
already been established for relating molybdenum-,6 
vanadium-' and niobium-oxygen' bond lengths to 
Raman stretching mode wavenumbers in bulk tran- 
sition metal oxide reference  compound^.^ 

In this study, an empirical relationship was found 
between tungsten-oxygen bond lengths and their 
respective Raman stretching wavenumbers. As in pre- 
vious studies, trial-and-error numerical fits led to a 
simple exponential relationship as the most expedient 
way of describing the bond length-Raman stretching 
wavenumber relationship for tungsten-oxygen chemical 
bonds. 

EXPERIMENTAL 

The Raman spectra of the following tungstate reference 
compounds were collected: PbW0, , CaWO, , 
K,WO,, Na,WO,, Li,WO,, Al,(WO,), , NiWO,, 
W 0 3 ,  W0,-H,O, CuWO, and CsLuW,O,. The 
Raman band positions of SrWO,, BaWO, and 
Na,W,O, were taken from the literature.'0*" 

The Raman spectra were collected by using 10-40 
mW of 514.5 nm radiation from a Spectra-Physics 
Model 171 argon ion laser for excitation. The laser 
beam power was measured at the sample. The diffusely 
scattered radiation from the sample was collected in a 
90" scattering geometry and directed into a Spex Tri- 
plemate Model 1877 spectrometer coupled to an inten- 
sified photodiode-array detector (900 intensified array 
elements) and optical multi-channel analyzer (OMA I11 : 
Princeton Applied Research, Model 1463). The detector 
was thermoelectrically cooled to - 35 "C. The Raman 
spectra were collected and recorded using an OMA 111 
(PAR) dedicated computer and software. The spectral 
resolution and reproducibility were experimentally 
determined to be better than 2 cm-'. About 100-200 
mg of each tungsten oxide reference compound were 
pressed into a thin wafer about 1 mm thick with a KBr 
backing for mechanical support. Each sample was 
mounted on a sample holder (Spex Model 1445A) 
capable of rotating at about 2000 rpm to avoid local 
heating effects caused by the focused laser beam. 

THEORY 

Several levels of approximation may be made in order 
to interpret more readily the Raman vibrational spec- 
trum of a metal oxide species confined in a crystalline 
lattice. The most common approximation is to assume 
that the internal and external modes of the crystal are 

independent of one another. The internal modes of tran- 
sition metal oxide molecules within the unit cell of the 
crystal occur in the medium- and high-wavenumber 
regions (> 200 an-') whereas the external modes, 
including translational and librational modes, occur at 
lower wavenumbers (< 200 cm- '). Next, the site- 
symmetry approximation" or correlation method may 
be introduced by assuming and assigning a high degree 
of symmetry to each atom or site within the unit cell. 
Although the site-symmetry approach leads to the total 
number and types of infrared and Raman active modes 
expected from the crystal, a detailed knowledge of the 
crystal structure is first required in order to perform the 
analysis. The site-symmetry approximation does allow a 
direct comparison of the internal modes of a molecular 
species in the solid state with those of a similar molecule 
in solution or gas phase and so forms the basis of the 
fingerprint approach of interpreting Raman spectra. For 
metal oxides with distorted molecular geometries, where 
the site-symmetry and fingerprint approaches are not 
applicable, there is a demonstrated need for a system- 
atic way of determining molecular structures from 
Raman vibrational bands. 

In recent studies, empirical relationships have been 
found between the metal-oxygen Raman stretching 
mode wavenumbers and their bond lengths for molyb- 
denum-: vanadium-, and niobium-oxygen* bonds. 
The empirical Raman stretching mode wavenumber- 
bond length relationship was found to follow a simple 
exponential form : 

f = A exp(BR) (1) 

where A and B are fitting parameters, v is the Raman 
stretching mode wavenumber (cm-') and R is the 
metal-oxygen bond length (A). In this study, Eqn (1) 
was also found to describe adequately the relationship 
between the Raman stretching mode wavenumbers and 
bond lengths of tungsten-oxygen bonds that are present 
in tungsten oxide reference compounds. 

The Pauling bond strengths, in valence units, also 
referred to loosely as bond orders or bond valences, of 
the metal-oxygen bonds are useful for discussing the 
plausibility of proposed metal oxide  structure^.'^ The 
Pauling bond strength of a bond reflects the relative dis- 
tribution of available valence electrons throughout the 
covalent bonds of a metal oxide species. Further, 
according to the valence sum rule, there is a conserva- 
tion of valency associated with the metal cation, and so 
the valence sum rule serves as a bookkeeping device for 
the valence electrons. Hence the calculated valence state 
of a proposed structure may be compared with the 
formal oxidation state of the metal cation as a simple 
test for the plausibility of that structure. 

A generally applicable relationship has been devel- 
oped by Brown and Wu14 which relates the cation- 
oxygen bond valence s to the interatomic distance R. 
The empirical expression relating a W - 0  bond length 
to its bond strength, or valence is 

s(W-0) = (R/1.904)-6.0 (2) 
where 1.904 A is the estimated bond length of a W - 0  
bond of unit valency. The empirical parameters in Eqn 
(2), 1.904 and 6.0, were determined from the data for 
twelve different W6 + cation environments. 
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RESULTS 

The tungsten-oxygen bond lengths were obtained from 
the reported values for several tungsten oxide com- 
pounds and assigned to their respective Raman stretch- 
ing mode wavenumbers. These tungsten oxide reference 
compounds are listed in Tables 1 and 2 along with their 
reported W-0 bond lengths, assigned Raman stretch- 
ing mode wavenumbers, calculated bond strengths 
[from Eqn (211 and tungsten cation valence states 
(valence sum rule) and oxygen coordination number of 
each tungsten cation. 

For the tungsten oxide reference compounds listed in 
Tables 1 and 2, all Raman bands about 400 cm-' are 
assigned to wavenumbers W-0 stretching modes and 
are assumed to reflect directly the W-0 bond lengths 
present in the tungstate species. The shortest bonds are 
assigned to the highest Raman stretching mode wave- 
numbers (> 800 cm-'). The W - 0  bonds of interme- 
diate length (about unit valency) are characteristic of 
bridging W-0 bonds and are assigned to Raman 
mode stretching wavenumbers in the 600-800 cm- ' 
region. The procedure for assigning the longer W-0 
bonds (> 1.9 A) to their Raman stretching mode wave- 
numbers, however, is less certain and depends on 

Table 1. Tetrahedrally coordinated tungsten oxide reference 
compounds 

Compound 

PbWO, 

CaWO, 

SrWO, 

BaWO, 

K2W04 

Na,WO, 

NazWzO, 

Li,WO, 

AI,(WO,L 

RIA 

1.772 (2x) 
1.772 
1.772 
1.788 (2x) 
1.788 
1.788 
1.779 (2 x) 
1.779 
1.779 
1.781 (2x) 
1.781 
1.781 
1.76 
1.79 
1.80 (2x) 
1.819 (2x) 
1.819 (2x) 
1.759 
1.762 
1.807 (2x) 
1.77 
1.78 
1.79 
1.81 
1.764 (a)c 
1.764 (a) 
1.769 (a, 2x) 
1.771 (b) 
1.801 (b) 
1.804 (b) 
1.825 (b) 

v/cm-' * s/v.u.b 

902 1.54 
764 1.54 
750 1.54 
910 1.46 
836 1.46 
795 1.46 
919 1.50 
836 1.50 
797 1.50 
922 1.49 
831 1.49 
791 1.49 
926 1.60 
926 1.45 
853 1.40 
931 1.31 
811 1.31 
940 1.61 
940 1.59 
835 1.37 
963 1.55 
928 1.50 
881 1.45 
853 1.36 

1060 1.58 
1030 1.58 
1002 1.55 
905 1.54 
838 1.40 
838 1.38 
810 1.29 

Valence/ 
V.U. Ref. 

19 

6.2 
19 

5.8 
19,22 

6.0 
19,22 

6.0 
23 

5.9 

5.3 
18, 21 

18, 24 

5.9 
25 

5.8 
26 

(a) 6.3 
(b) 5.6 

'v (cm-'): Assigned W-0 Raman stretching mode wavenumber. 
b~ (v.u.): Pauling bond strength in valence units [Eqn 12)]. 

Designations (a) and (b) represent different tungsten cation 
sites. 

~~~~~ 

Table 2. Octabedrally coordinated tungsten oxide reference 
compounds 

Compound 

NiWO, 1.79 (4x) 

wo3 1.80 (a)c 
2.1 9 

1.84 (b) 
1.84 (b) 
1.86 (a) 
1.91 (b) 
1.92 (b) 
1.93 (a) 
1.96 (a) 
1.97 (ab) 
1.99 (a) 
2.01 (b) 

WO,. H,O 1.69 
1.83 
1.83 
1.93 (2x) 
2.34 

Na2W20, 1.725 
1.725 
1.921 
1.921 
2.252 (2x) 

cuwo, 1.760 
1.81 6 
1.845 
1.988 
2.028 
2.208 

1.80 
1.88 
1.89 
2.04 
2.42 

CSLUW,O, 1.73 

See Table 1. 

v/crn-' 

893 
41 5 
808 
71 9 
71 9 
71 9 
71 9 
71 9 
625 
604 
604 
580 
520 
951 
81 6 
81 2 
639 

957 
940 
598 
422 

958 
908 
776 
543 
474 

962 
826 
750 
702 
525 

S/v.U.b 

1.45 
0.43 
1.40 
1.23 
1.19 
1.15 
1.01 
0.95 
0.92 
0.84 
0.82 
0.77 
0.72 
2.01 
1.27 
1.27 
0.92 
0.29 
1.81 
1.81 
0.95 
0.95 
0.37 
1.60 
1.33 
1.21 
0.77 
0.68 
0.41 
1.78 
1.40 
1.08 
1.05 
0.66 
0.24 

Valence/ 
V.U. Ret.  

27 

28,29 
6.7 

(a) 5.9 
(b) 5.9 

30 

6.7 
18,24 

6.2 
31 

6.0 
32 

6.2 

extrapolating into the low-wavenumber region ( < 400 
cm-') with a preliminary exponential fit derived from 
all other data. This is because the bendindwagging 
modes also lie in the low-wavenumber region, as do the 
very intense lattice vibrations characteristic of crys- 
tallinity. In contrast, the very long W-0 bonds that 
are expected to give rise to stretching modes below 400 
an-' have lost most of their covalency rendering their 
Raman band intensities weak. Consequently, the W-0 
bond length-stretching mode wavenumber relationship 
is not expected to be reliable for determining W - 0  
bond lengths greater than 2.2 A because of the unreli- 
ability of the band assignments in this region. 

A range of tungstate structures, spanning both tetra- 
hedral and octahedral geometries, are listed in Tables 1 
and 2. The reference compounds containing WO, tetra- 
hedra are presented in Table 1 and include PbWO,, 
CaWO, , SrWO,, BaWO, , K2W04, Na,WO, , 
Na,W,O,, Li,WO, and A12(W0,)3. A general conclu- 
sion made by comparing the Raman spectra of the 
tetrahedrally coordinated tungstate species with their 
molecular structures is that the highest observed wave- 
number of the W - 4  Raman stretching modes of a 
tungstate species, which is due to the shortest bond in 
that structure, also reflects the regularity of that struc- 
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ture. That is, for a given coordination type and formal 
oxidation mode state of the metal cation, a higher 
Raman stretching mode wavenumber indicates a more 
distorted structure, whereas a lower Raman stretching 
mode wavenumber indicates a more regular structure. 
For this reason, the WO, tetrahedra listed in Table 1 
are presented in order of increasing highest Raman 
stretching mode wavenumber. This order also reflects 
the regularity of these structures so that the shortest 
W 4  bond in the most regular tetrahedron is expected 
to have the lowest stretching mode wavenumber 
whereas the most distorted tetrahedron should exhibit 
the highest stretching mode wavenumber. Accordingly, 
PbW0, has the most regular tetrahedron of the refer- 
ence compounds whereas AI,(WO,), has the most 
irregular or distorted tetrahedron. 

Tungsten oxide reference compounds containing 
WO, octahedra are listed in Table 2. These tungstate 
reference compounds include NiWO, , W03,  
W03-H20,  Na2W,0,, CuWO, and C S L U W ~ O ~ .  As 
with the WO, tetrahedra in Table 1, the WO, octa- 
hedra in Table 2 are listed in order of increasing irregu- 
larity, and this is reflected in the structure's highest 
occurring Raman stretching mode wavenumber. 
Accordingly, NiW04 has the most regular WO, octa- 
hedron with four bonds of 1.79 A and two of 2.19 A 
(these reported bond lengths are questionable, however, 
in view of the extraordinarily high valence state of 6.7 
valence units calculated for the W6* cation from these 
bond length values). The most irregular W 0 6  octa- 
hedron is found in C S L U W ~ O ~ ,  which has a very short 
W 4  bond of 1.73 A, yielding a Raman band at 962 
cm-'. 

The data in Tables 1 and 2 consist of 63 points corre- 
lating W-0 Raman stretching mode wavenumbers to 
their reported crystallographic bond lengths. The func- 
tional form of this correlation is found to be adequately 
expressed as the simple exponential function Eqn (1). 
The fitting parameters are determined from a non-linear 
least-squares treatment of the data. The resulting 
expression relating W - 0  bond lengths to Raman 
stretching mode wavenumbers is 

v / c m - '  = 25 823 exp(- 1.902R) (3) 
Equation (3) is plotted in Fig. 1. The standard deviation 
of estimating a W - 0  bond distance from its Raman 
stretching wavenumber is about 0.034 A. Conversely, 
the standard deviation of estimating a Raman stretch- 
ing wavenumber from an absolute bond length is about 
55 cm-'. Also shown in Fig. 1, as dotted lines, are the 
estimated bond lengths and Raman stretching wave- 
numbers for the ideal WO, and W06 structures. These 
values are estimated in the Discussion section. 

A bond valence-stretching wavenumber correlation is 
also useful for determining the structures of tungstate 
species because the bond valence, in valence units, is 
representative of the strength of the chemical bond and 
denotes the relative number of total valence electrons 
occupying the bond. According to the valence sum rule, 
the additive contributions of the valences of each of the 
W - 0  bonds per tungsten cation site should equal the 
formal oxidation state of the tungsten cation, that is, 6.0 
valence units for its fully oxidized state. The combined 
use of the empirical bond valence-bond length relation- 
ship of Brown and Wu,', Eqn (2), and Eqn (3) yields the 
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Bond Length/Angstrorns 

Figure 1. Tungsten-oxygen bond length-stretching mode wave- 
number correlation. 

following relationship between the Pauling W-0 bond 
strength s (in valence units) and the Raman stretching 
mode wavenumber : 

s(W-0) = (0.276 13 ln[25 823/v (cm-1)]}-6.0 (4) 

Equation (4) is plotted in Fig. 2. The estimated bond 
strengths and Raman stretching wavenumbers are 
shown for the ideal WO, tetrahedron and WO, octa- 
hedron. 

DISCUSSION 

The general empirical relationship used to relate wave- 
numbers of Raman stretching modes of metal-oxygen 
bonds to their associated bond lengths has been pre- 
viously justified for several transition metal 
Although vibrational interactions between neighboring 
metal-oxygen bonds do exist, the net influence of these 
vibrational interaction force constants on the metal- 

2.00 2.25 i 
> 
S 1.75 

s = (0.276 Ln(25.823/ v ) ) - ~ "  / 
2 1 5 0 1  c rn i 

0.001 " . ' " " I 
0 200 400 600 800 1000 1200 

W-0 stretching mode; wavenumber/cm-' 

Figure 2. Tungsten-oxygen stretching mode wavenumber-bond 
strength correlation. 
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oxygen bond lengths is smaller than the experimental 
error associated with most bond distance determi- 
nations. This means that, to a first approximation, 
metal-oxygen Raman stretching mode wavenumbers 
may be directly converted into bond lengths and 
strengths within a specified precision that is determined 
by the magnitude of vibrational interactions in metal 
oxide molecules. This information, generated from the 
Raman spectrum of a metal oxide species, may be used 
to deduce possible structures for the tungstate species 
by using a systemic approach that is illustrated below. 

In the following subsections, applications of Eqns (3) 
and (4) will be illustrated for several tungstate com- 
pounds having both known and unknown structures. In 
order to facilitate in the calculations, a BASIC computer 
program was written and used to consider all possible 
combinations of bond strengths consistent with the 
formal oxidation state of the metal cation within a 
specified tolerance (the initial tolerance is 0.15 v.u.). 
Once the program identifies a combination of W--0 
bond strengths consistent with the formal oxidation 
state of the tungstate cation (6.0 v.u., 0 = 0.15 v.u.), the 
coordination, bond strengths and bond lengths of the 
plausible structure are listed. 

Applications 

Estimation of wavenumbers of stretching modes for symmetric 
tungstate units: WO, and WO,. The Raman stretching 
mode wavenumbers of symmetric metal oxide species 
can be easily estimated by using Eqns (3) and (4). For 
highly symmetric species, only one type of metal- 
oxygen bond is present, one bond length, and therefore 
only one Raman stretching mode wavenumber should 
be observed in the high-wavenumber region. However, 
for the perfect tetrahedron and octahedron both sym- 
metric and antisymmetric stretching modes are expected 
according to the & and 0, character tables. If these two 
Raman bands were observed, it would indicate two 
types of metal-oxygen bonds with two different bond 
lengths, according to the present treatment. For tran- 
sition metal oxide species, however, the symmetric and 
antisymmetric modes are expected to be close in wave- 
number. In fact, Eqn (3) yields identical bond lengths 
for both the symmetric and antisymmetric Raman 
stretching modes within the limits of their standard 
deviations. This is because the extent of the vibrational 
interactions between neighboring metal-oxygen bonds 
corresponds to less than that of the combined error 
associated with diffraction and Raman measurements. 

To test the expectation that the symmetric and anti- 
symmetric modes of a perfect WO, tetrahedron or 
WO, octahedron (assuming & or Oh point-group sym- 
metry, respectively) would yield identical bond lengths 
within experimental error requires the experimentally 
determined Raman spectrum of these ideal structures. 
Unfortunately, these structures have not been verified to 
exist. Instead, an example of a metal oxide species that 
exhibits almost ideal, if not ideal, tetrahedral point- 
group symmetry is the vanadate species in the sillenite 
structure of 2 5 B i z ~ , - V , 0 , ,  which exhibits stretching 
modes at 790 cm- (intense) and 775 cm-' (weak)." 
Both of these stretching mode wavenumbers, however, 
yield the same V 4  bond length of 1.719 A, within the 

standard deviation of 0.019 A, using a previously 
derived V-0 bond length-stretching wavenumber 
correlation.' This result corroborates the assumption 
that the vibrational interactions between neighboring 
metal-oxygen bonds may be neglected in order to 
derive reasonable bond lengths, bond strengths and 
coordinations for metal oxide species from observed 
Raman bands. 

Although Eqns (3) and (4) may be used to determine 
bond lengths and strengths from observed Raman 
bands, it is also possible to derive wavenumbers of 
Raman stretching modes from given bond strengths 
and/or bond lengths. For example, the stretching mode 
wavenumbers of the ideal WO, and WO, structures are 
estimated by first equally dividing the six valence units 
of available bond strength (assuming W6 + cation) 
between the four equivalent bonds of the tetrahedron 
and the six equivalent bonds of the octahedron. Equa- 
tion (2) yields 1.780 A for the W-0 bonds of the tetra- 
hedron and 1.904 A for those of the octahedron. 
Substituting these values into Eqn (3) yields Raman 
stretching mode wavenumbers of 874 cm-' for the ideal 
WO, tetrahedron and 691 cm-' for the ideal WO, 
octahedron. These values are represented in Figs 1 and 
2 as dotted lines. 

The estimated wavenumbers of stretching modes for 
the ideal WO, and WO, structures may be compared 
with those of the tungstate reference compounds listed 
in Tables 1 and 2. The most regular tetrahedron in 
Table 1 can be identified as the one with the lowest 
Raman stretching mode wavenumber for the shortest 
W-0 bond in its structure. According to these criteria, 
PbWO, is identified as having the most regular WO, 
tetrahedron because its shortest W-0 bond exhibits a 
stretching mode at 902 cm-'. This value is 28 cm-', or 
half a standard deviation, higher than that predicted for 
the ideal WO, tetrahedron at 874 cm-', and within the 
precision of Eqns (3) and (4) the WO, structural unit in 
PbWO, is consistent with a highly regular, if not ideal, 
tetrahedron. However, three wavenumbers of the 
stretching modes are observed for PbWO, at 902, 764 
and 750 cm-' and correspond to 1.76, 1.85 and 1.86 A, 
respectively. Within the limits of the standard deviation, 
0.034 A, there are two distinct W 4  bond lengths in 
the PbWO, structure. Therefore, according to the 
present treatment, the WO, tetrahedron in PbW04 is 
not ideal, but consists of at least two sets of unique 
W-0 bond lengths. 

It is commonly accepted that the tungstate ion in 
aqueous solution, WO&,, , possess & point-group sym- 
metry. The observed Raman bands for this species 
appear at 931,838 and 325 cm-' and have been assign- 
ed according to point-group symmetry.16 The short- 
est W-0 bond in WO&,,, however, exhibits a Raman 
stretching mode at 931 cm-', which indicates an irregu- 
lar tetrahedral structure (if tetrahedral coordination is 
assumed). In fact, the W0:- tetrahedra in PbWO, (902 
cm-'), CaWO, (910 cm-'), SrWO, (919 cm-'), 
BaWO, (922 cm-'), K,WO, (926 cm-') and Na,WO, 
(931 cm-') are at least as regular as WO&,,. Indeed, it 
is the authors' contention that the structure of the 
WO&, ion is significantly distorted from the ideal 
tetrahedron because it is hydroxylated, perhaps as 
WO,H,,,,, . In the hydroxylated structure, two wave- 
numbers of W-0 Raman stretching modes are 
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Table 3. Na,WO,: structure determination by Raman spectroscopy 
Observed Raman Bands W-0 stretches 931, 81 1 cm -' 

Bending/external 371, 309 cm-' 

Glcrn-' s/v u. 

W-0 bond types A 931 1.676 1.747 
B 811 1.313 1.819 

Coordination A B Valence 

Possible structure 4 2 2 5.979 

This study (Raman) Reported 

2 x A 2 x 1.747 (34) A 4 x 1.819 
2 x 6 2 x 1.819 (34) A 

expected: one due to terminal W-0 bonds and one 
due to W-OH bonds. The terminal W-0 bonds have 
a strength of about 1.676 V.U. each, leaving about 1.324 
V.U. for each of the W-OH bonds. This bond strength 
for the W-OH bond translates to a stretching mode 
wavenumber of 815 cm-' by Eqn (4), which is very 
close to that observed at 838 cm-'. The only tungstate 
structure that can generate W-0 stretching mode 
wavenumbers at 931 and 838 cm-' (using the BASIC 
program previously discussed to determine all pos- 
sibilities systematically) is a WO, tetrahedron with two 
bonds of 1.75 A and two of 1.80 A (the calculated W6+ 
valence is 6.1 v.u.). These bond lengths are consistent 
with the postulated H,WO,,,,, unit. 

The most regular tungstate octahedron currently 
known is the slightly distorted WO, unit in the per- 
ovskite Ba,MgWO, . This compound is not included as 
a reference compound in Table 2 because its bond 
lengths are not known. The Raman stretching mode 
wavenumber of the shortest W 4  bond in 
Ba,MgWO, is reported to occur at 817 cm-'.I7 This 
value is 126 cm-' higher (two standard deviations) than 
that estimated for the perfect WO, octahedron, suggest- 
ing that the WO, octahedron in Ba,MgWO, is not 
ideal, but is significantly distorted. 

Crystalline compounds of known structure: Na,WO, , 
PbW04, CaWO, and Bi,WO,. Table 3 illustrates the sys- 
tematic procedure for determining the coordinations 
and bond lengths of the tungstate species in Na,WO,. 
This compound exhibits two Raman stretching mode 
wavenumbers above 400 cm-', at 931 and 811 cm-', 
and two wavenumbers below 400 cm-', at 371 and 309 
cm- ', attributed to bendinglwagging or external 
modes. The two stretching mode wavenumbers at 931 
and 811 cm-' are each initially assumed to be represen- 
tative of unique W - 0  bond types, shown in Table 3 as 
A and B. These two wavenumbers are entered into a 
computer program and the bond strengths and lengths 
determined by Eqns (3) and (4), respectively. The 
program then determines every possible combination of 
wavenumbers consistent with the formal oxidation state 
of the tungsten cation, or 6.0 V.U. with a tolerance of 
0.15 V.U. As Table 3 shows, only one structure is pos- 
sible, and it is tetrahedrally coordinated with two bonds 
at 1.75 A and two of 1.82 A (calculated valence of 6.0 
V.U. for the tungsten cation). Single-crystal x-ray diffrac- 
tion measurements on Na,WO, show all four W-0 

bonds at 1.819 A" (yielding a calculated valence of 5.3 
V.U.). 

Table 4 shows the identical procedure performed on 
PbWO, and CaWO,, both having the scheelite crystal 
structure. PbWO, exhibits three W-0 stretching 
wavenumbers at 902, 764 and 750 cm-'. As Table 4 
shows, five structures are possible for PbWO,, but only 
two structures, (a) and (b), use the highest stretching 
mode wavenumber at 902 cm-I. Because both (a) and 
(b) are equally probable, a hybrid structure is formed 
having three bonds of 1.76 A and one bond of 1.86 A. 
Diffraction measurements show all four bonds at 1.772 
A for PbWO,." For CaWO,, the observed stretching 
mode wavenumbers at 910, 830 and 795 cm-' yield 
three possible structures, but only (c) uses all three 
stretching wavenumbers. This tetrahedron has two 
W - 0  bonds of 1.76 A, one of 1.80 A, and one longer 
bond of 1.83 A. Diffraction measurements show all four 
W - 0  bonds of CaWO, at 1.788 A." 

Thus, Eqns (3) and (4) provide a great deal of infor- 
mation about tetrahedral tungstate species in the solid 
state. Of the possible structures generated, most can be 
rejected by choosing only those structures using the 
highest occurring Raman band. This is because the 
shortest W-0 bond always results in the Raman band 
of highest wavenumber for tungstate species. The 
second criterion for rejecting possible structures is to 
maximize the number of observed Raman stretching 
mode wavenumbers because of the underlying assump- 
tion that each observed Raman stretching mode wave- 
number represents a unique bond type. For PbWO, 
(Table 3), however, only two of the three observed 
Raman bands were used by each possible structure. 
This may indicate a stronger degree of vibrational coup- 
ling between neighboring W - 0  bonds in the PbWO, 
structure. This conflict was resolved, however, by neces- 
sarily forming a hybrid structure of possibilities (a) and 
(b) from Table 3. A third criterion for rejecting possible 
structures is to choose metal cation valences that most 
closely match those of its formal oxidation state; in the 
case of W6+ this value is 6.0 V.U. As a final criterion, 
structures may be rejected based on information provid- 
ed by chemical arguments or other experimental tech- 
niques. For example, if tetrahedral coordination is 
known for a chemical species, then five- and six- 
coordinated possibilities may be immediately rejected. 
The possibility of impurity phases must also be con- 
sidered because the Raman bands due to these extra- 
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Table 4. Scheelites PbWO, and CaWO,: structure determination by 
Raman spectroscopy 

Observed Raman Bands 

W-0 bond types 

Possible structures 

Reasonable structure 

Observed Raman Bands 

W-0 bond types 

Possible structures 

Reasonable structure 

PbWO, 

W-0 stretches 902, 764, 750 cm-' 
Bending/external 356, 327, 190, 176 cm-' 

?/cm-' s/v.u. RIA 

902 1.584 1.764 
764 1.1 85 1.851 
750 1.148 1.861 

Coordinatlon A B C Valence 

4 3 1 -  5.936 
4 3 -  1 5.9000 
5 - 5 -  5.926 
5 - 4 1 5.890 
5 - 3 2 5.852 

This study (Raman) Reported 

3 x A  2 ~ 1 . 7 6 4 ( 3 4 ) 8 ,  4x1.772A 
1 x BC 1 x 1.856 (38) 8, 

CaWO, 

W-0 stretches 910, 836, 795 cm-l 
Bending/external 395, 330, 21 3, 11 2 cm-' 

S/crn-' s/v.u. RIA 

91 0 1.609 1.759 
836 1.385 1.804 
795 1.269 1.830 

Coordination A B C Valence 

4 3 -  1 6.096 
4 2 2 -  5.987 
4 2 1 1 5.871 

This study (Raman) Reported 

2 x A 2 x 1.759 (34) 8, 
1 x B 1 x 1.803 (34) 8, 
1 x c 1 x 1.830 (34) A 

4 x 1.7888, 

neous phases, although generally weaker in intensity, 
would disconcert the analysis. For a multi-phase 
system, then, it follows that all the observed Raman 
bands must be assigned to their respective phases before 
beginning the analysis. These criteria, used in conjunc- 
tion with Eqns (3) and (4), provide a systematic pro- 
cedure for determining the oxygen coordination and 
tungsten-oxygen bond lengths of a tungstate molecular 
species. 

A more slightly complicated example is provided by 
Bi,WO,, and the procedure for determining the struc- 
ture of its tungstate species is presented in Table 5. Five 
bands are observed above 400 cm-' in the Raman spec- 
trum of Bi,W06 and all of these are assumed to rep- 
resent five unique W - 0  bond types in its structure. 
Within the tolerance of 0.15 v.u., sixteen possibilities 
arise. Only structure (o), however, uses all five of the 
wavenumbers and is therefore determined to be the only 
viable structure. The bond lengths of structure (0) are 
listed at the bottom of Table 5. The shortest and longest 
bonds of the WO, octahedron add to 3.86 A, which is a 
reasonable length for this WO, structural unit consider- 
ing a mono-oxo length of 3.98 A and a di-oxo length of 
3.80 A (from Table 2). The single-crystal x-ray diffrac- 

tion results yielded two bonds of 1.69 A, two of 1.82 A 
and two of 2.30 A for the WO, unit in Bi,WO;' [these 
reported bond lengths yield a calculated valence of 7.4 
V.U. for the W6+ cation by Eqn (2)]. 

Crystalline compounds of unknown structure: Ba,MgWO, and 
HgWO,. Table 6 outlines the procedure for determining 
the tungstate structure in Ba,MgWO, from the Raman 
spectrum. Ba,MgWO, exhibits three Raman bands 
above 400 cm-' at 817, 680 and 444 cm-'. As Table 6 
shows, only three possibilities arise with structures (b) 
and (c) using all three wavenumbers. Consequently, a 
hybrid structure is formulated from both of these pos- 
sibilities, and the bond lengths of the WO, octahedron 
present in the Ba,MgWO, structure are listed at the 
bottom of Table 6. 

CONCLUSION 

Empirical expressions were presented for relating 
tungsten-oxygen bond lengths, Raman stretching mode 
wavenumbers and Pauling bond strengths (in valence 
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Table 5. Bi,WO,: structure determination by Raman spectroscopy 
Observed Raman Bands 

W-0 bond types A 
B 
C 
D 
E 

Possible structures 

Reasonable structure ( 0 )  

W-0 stretches 829, 792, 712, 597, 520 cm-l  
BendingJexternal 41 6, 326, 304, 280, 259, 224, 21 0. 185, 155 cm - l  

?/ern-' s/v.u. RIA 
829 1.364 1.808 
792 1.260 1.832 
71 2 1.052 1.888 
597 0.790 1.980 
520 0.636 2.053 

Coordination A B C D E Valence 

1 6.094 5 4 - - -  
5 3 1 - -  1 5.990 
5 3 1 -  1 -  6.1 43 
5 3 -  1 1 -  5.935 
5 2 2 - -  1 5.886 
5 2 2 -  1 -  6.039 
6 3 - - -  3 6.001 
6 2 1 -  1 2 6.051 
6 2 1 - -  3 5.898 
6 2 -  2 -  2 6.105 
6 2 -  1 2 1 5.996 
6 2 -  1 3 -  6.1 49 
6 1 2 -  2 1 6.100 
6 1 2 -  1 2 5.947 
6 1 1 1 2 1 5.892 
6 1 1  1 3 -  6.046 

This study (Raman) Reported 

1 x A 1 x 1.808 (34) A 2 ~ 1 . 6 9 8 ,  
1 x B 1 x 1.832 (34) 8, 2 x 1.82 A 

2 x D 2 x 1.981 (34) 8, 
1 x E 1 x 2.053 (34) 8, 

1 x C 1 x 1.888 (34) A 2 2.30 a 

units). These empirical relationships provide an easily CaWO, and Biz WO,) and unknown structure 
used method of directly determining W-0 bond (Ba,MgWO,) where bond lengths and coordinates were 
lengths and coordinates from observed Raman spectra. determined. The Raman stretching mode wavenumbers 
This method of interpreting the Raman spectra of tung- of the perfect WO, tetrahedron and WO, octahedron 
sten oxide compounds (based on a simple diatomic were estimated to be 874 and 691 cm-l, respectively. A 
approach) was illustrated for crystalline tungstate com- re-evaluation of the Raman spectrum of the tungstate 
pounds of known structure (Na,WO,, PbW04, species in basic, aqueous solution, WO&, , suggested a 

Table 6. Ba,MgWO,: structure determination by Raman spectroscopy 
Observed Raman Bands W-0 stretches 81 7, 680, 444 cm -’ 

t/crn-’ S/V.U. RIA 

W-0 bond types A 81 7 1.330 1.816 
B 680 0.975 1.912 
C 444 0.501 2.136 

Coordination A B C Valence 

Possible structures (a) 5 3 2 - 5.940 
(b) 6 3 1 2 5.968 
(c) 6 2 3 1 6.086 

This nudy (Raman) Reported 

Reasonable structure (bc) 2 A 2 x 1.816 (34) A Unknown 
1 x AB 1 x 864 (82) a 
1 x B 1 x 1.912 (34) A 
1 x BC 1 x 2.024 (34) A 
1 x C 1 x 2.136 (34) A 
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hydroxylated species, WO,H,,,,, , with two W-0 ter- 
minal bonds of 1.75 A and two W-QH bonds of 1.80 
A. AS demonstrated, the method developed in this study 
for determining the structures of tungsten oxide species 
from lheir Raman provides much insight into 
the structures of materials that cannot be routinely 
examined by diffraction methods. 
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