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Abstract

Various compositions of solid solutions K3P(Mo1�xWx)12O40 (0pxp1) were prepared using two solid state synthetic routes. The

crystallite size was determined by linewidth refinements of X-ray diffraction patterns using the Warren–Averbach method, and

the grain size distribution by laser scattering experiments. Optical properties were determined by diffuse reflectance measurements in

the UV-visible range. The optical gap Eg was found to increase exponentially from �2.5 to �3.30 eV with increasing x, and is

systematically shifted to a higher energy when the grain size decreases. The relation between Eg and x was analyzed by calculating

the HOMO-LUMO gaps of the [P(Mo1�xWx)12O40]
3� anions on the basis of tight-binding electronic structure calculations.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Heteropolyoxometalates are polyanions of general
chemical formula [XnMpOq]

z� [1], where M is mostly
Mo or W and X is a main group or transition-metal
atom. These anions are constructed from MO6 octahe-
dra encapsulating the X atom, which acts as a
templating agent. Among them, the Keggin anions
[XM12O40]

z� [2] represent an important, representative
class of heteropolyanions (X=Al, Si, P, Fe, Co, Cu and
mostly M=Mo and W) and were extensively investi-
gated because of their wide variety of properties and
applications, including catalysis [3,4] and more recently
medicine [5,6]. To our knowledge, however, these
materials have never been systematically examined for
e front matter r 2004 Elsevier Inc. All rights reserved.
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their intrinsic optical properties, even though the
absorption threshold of the Mo/W-based Keggin ions
in solution are known to shift from the blue region of
the electromagnetic spectrum (yellow hue) to the UV
region (white hue) on going from Mo to W [7]. With a
metal M in its highest oxidation state (d0 electron
configuration) and surrounded by six oxygen atoms, a
strong absorption in the UV-visible range is expected
with potential application as a yellow pigment or a UV
absorber [8].

In the present work, we carry out a systematic
study of the optical properties of Keggin-type
K3P(Mo1�xWx)12O40 (0pxp1) compounds. Polyoxo-
metalates are frequently prepared by acidifying a
metalate solution (e.g., Na2MoO4) with H3PO4 [1] and
then adding an organic salt (e.g., Bu4NBr) to precipitate
solid A3PM12O40 (A=organic anion) materials. In the
present work, we prepare the solid solutions

www.elsevier.com/locate/jssc
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K3P(Mo1�xWx)12O40 (0pxp1) using two different
methods, determine their crystal structures by powder
XRD refinements, and measure their optical gaps by
diffuse reflectance measurements. To explain the depen-
dence of the absorption edges of K3P(Mo1�xWx)12O40

(0pxp1) on the tungsten content x, we also carry out
tight-binding electronic structure calculations for the
anions [P(Mo1�xWx)12O40]

3� (0pxp1) to obtain their
HOMO-LUMO gaps.
Table 1

Cell parameters of K3P(Mo(1�x)Wx)12O40 solid solutions

K3P(Mo1�xWx)12O40 composition Synthetic

route

Cell

parameter a

(Å)

Nominal Refined EDXS

0 Oxide 11.5949(9)

Acid 11.5881(7)

0.2 0.18(8) Oxide 11.5948(4)

0.20(4) 0.23 Acid 11.5910(3)

0.5 0.56(6) Oxide 11.6011(4)

0.44(4) 0.52 Acid 11.5986(3)

0.85 0.78(3) 0.86 Acid 11.6024(2)

0.90 0.86(3) 0.89 Acid 11.6025(4)

0.95 0.96(3) 0.93 Acid 11.6041(3)

1 Acid 11.6020(2)
2. Experimental

2.1. Synthesis

To ensure that we deal with intrinsic optical properties
of K3P(MoxW1�x)12O40, we prepared samples using two
different methods. In the classical ceramic route (here-
after the ‘‘oxide route’’), metal oxide MO3, (Strem
Chemicals, 99.9% for MoO3 and Merck, 99% for WO3),
potassium carbonate (K2CO3, Aldrich, 99%) and
dipotassium hydrogenophosphate (K2HPO4, Merck
99%) were intimately ground with a 10wt% excess of
K2CO3 and K2HPO4, and heated in air at 500 1C for 30h
in an alumina crucible. The soft chemistry route (here-
after the ‘‘acid route’’) employed a solid-state metathesis
between a mineral acid hydrate H3PM12O40, xH2O
(M=Mo, W) (Flucka) with a 6wt% excess and
potassium nitrate (KNO3, Merck 99%) at 300 1C for
5 h. The resulting powder product was washed thor-
oughly with water to dissolve any remaining trace of acid
impurity and then dried in air at 80 1C.

The acid route showed a higher chemical reactivity
than does the oxide route, and is found appropriate for
preparing pure samples of K3P(Mo1�xWx)12O40

(0pxp1). In contrast, the oxide route led to better
crystallized materials but its use was restricted to the
range of x ¼ 020:6 to obtain pure samples, because
tungsten bronze impurities are systematically detected
for x40:6: The color of the final product K3P(Mo1�x

Wx)12O40 continuously varies with x; from yellow for
x ¼ 0 to white for x ¼ 1: Moreover, K3PMo12O40

prepared by the oxide route exhibits a bright yellow
color (Fig. 1a), but that prepared by the acid route a
pale yellow color (Fig. 1b). This trend is systematically
observed for all Mo rich members of the K3P(Mo1�x

Wx)12O40 series.
Fig. 1. Color of K3PMo12O40 samples prepared by: (a) the oxide route and (b

polyethylene glycol heated at 180 1C is shown in (c).
2.2. Analysis

The purity and crystallinity of samples were checked
by XRD. The XRD patterns were collected using a
Siemens D5000 diffractometer without monochromator
(CuK-L3,2, l=1.540598 and 1.544390 Å; reflection
geometry; point detector with a 0.0151 2y step; 2y
range=10–1001). Structural refinements were performed
with the Fullprof [9] software using the structure of
K2(H3O)PMo12O40 as a model [10]. Tables 1 and 2
summarize results of the structural refinement as well as
the compositions determined by Energy Dispersion
X-ray Spectroscopy (on a JEOL JSM-5800LV scanning
electron microscope coupled with a germanium PGT
Prism detector).

The crystallite size was deduced by a Warren–Aver-
bach analysis of the (200) and (400) diffraction peaks.
The grain diameter distributions were deduced with a
Beckman–Coulter LS 230 laser scattering particles size
analyzer using the Mie model [11]. The refractive index
of K3PMo12O40 samples was found to be 2.15 according
to the Gladstone Dale formula [12].

UV-visible diffuse reflectance spectra were recorded
with a Varian Cary 5G spectrometer equipped with a
Harrick Praying Mantis accessory and the WinUV
software for computer controlling. The reflectance
measurements were collected in the 200–600 nm range
(i.e., from 2.07 to 6.20 eV) with a mirror sample as the
reference for 100% reflectance. For pure molybdenum
) the acid route. The hue of a mixture K3PMo12O40, polypropylene and
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Table 3

Colorimetric coefficients for commercial yellow pigments and

K3PMo12O40

Compound L a b Cab hab

PbCrO4 87.9 3.8 98.4 98.47 87.79

BiVO4 90.4 �8.7 86.1 86.54 95.77

CdS 90.4 �6 95.1 95.29 93.61

K3PMo12O40 86.7 2.08 85.19 85.22 91.41

Table 2

Atomic positions, isotropic atomic displacement parameters (Å2) and

reliability factors for K3PMo12O40 (bold characters) and K3PW12O40

(italic characters) synthesized by the oxide route and refined in the

Pn3̄m space group

Atom Site x y z B (Å2) t

Mo 24k 0.4671(1) x 0.2586(2) 0.97(4) 1

W 0.4671(2) 0.2577(4) 0.87(9)

O1 24k 0.6514(8) x 0.007(1) 1.3(4) 1

0.649(3) 0.010(5) 0.7(7)

O2 24k 0.0678(9) x 0.768(1) 1.5(4) 1

0.068(3) 0.762(6) 0.7(7)

O3 24k 0.1242(8) x 0.543(1) 1.1(4) 1

0.126(3) 0.538(5) 0.7(7)

O4 8e 0.326(1) x x 0.6(7) 1

0.323(3) 0.7(7)

P 2a 1
4

1
4

1
4

0.2(5) 1

0.7(7)

K 6d 1
4

3
4

3
4

2.7(3) 1

3(1)

Rp=11% Rwp=13% RBragg=2.6% w2=1.6

Rp=12% Rwp=14% RBragg=6.0% w2=3.3

Table 4

Exponents zi and valence shell ionization potentials Hii of Slater-type

orbitals wi used for extended Hückel tight-binding calculationa

Atom wi Hii (eV) zi Cb z0 i C0b

Mo 5s �8.34 1.955 1.00

Mo 5p �5.24 1.360 1.00

Mo 4d �10.50 3.954 0.4930 2.047 0.6458

W 6s �8.26 2.281 1.00

W 6p �5.17 1.690 1.00

W 5d �10.37 4.151 0.5725 2.176 0.5799

O 2s �32.3 2.688 0.7076 1.675 0.3745

O 2p �14.8 3.694 0.3322 1.659 0.7448

P 3s �18.6 2.367 0.5846 1.499 0.5288

P 3p �14.0 2.065 0.4908 1.227 0.5940

aHii’s are the diagonal matrix elements /wi|H
eff|wiS, where Heff is the

effective Hamiltonian. In our calculations of the off-diagonal matrix

elements Heff=/wi|H
eff|wjS, the weighted formula was used. See:

Ammeter, J.; Bürgi, H.-B.; Thibeault, J.; Hoffmann, R., J. Am. Chem.

Soc. 100 (1978) 3686.
bContraction coefficients used in the double-zeta Slater-type orbital.
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samples, the Lab colorimetric coefficients (Table 3) were
measured with a Pacific Spectrograd Colorimeter
(sphere diameter of 150mm). The stability of the
material in contact with a polymer was also evaluated
by heating polypropylene granules at 180 1C with
0.5wt% of powder samples and 0.1wt% of polyethy-
leneglycol.

2.3. Electronic structure calculations

K3P(Mo1�xWx)12O40 (0pxp1) consists of isolated
[PMo12�xWxO40]

3� anions, so we expect that the trend
in the band gaps of K3P(Mo1�xWx)12O40 (0pxp1) is
well described by that in the HOMO-LUMO gaps of its
[PMo12�xWxO40]

3� anions. Thus, extended Hückel
tight-binding (EHTB) molecular calculations [13] were
carried out for the [PMo12�xWxO40]

3� polyanions
(x ¼ 0212) with all possible spatial distributions of
Mo and W using the SAMOA package [14] and the
atomic orbital parameters summarized in Table 4. The d

orbitals of Mo/W and the s/p orbitals of O/P were
represented by double-zeta Slater-type orbitals [15].
3. Results and discussion

3.1. Structural and morphological aspects

Our XRD analysis of K3P(Mo1�xWx)12O40 samples
show that they are pure and crystallize in a cubic
structure ðPn3̄mÞ with cell parameters close to those of
the isostructural K2(H3O)PMo12O40 compound [10].
The cell parameters and the chemical compositions of
K3P(MoxW1�x)12O40 are listed in Table 1 for x=0, 0.2,
0.5, 0.85, 0.90, 0.95 and 1. (The sum of the occupancies
of Mo and W was constrained to be 1 on the M sites in
the structural refinements.) Only the atomic positions of
the end-members K3PMo12O40 and K3PW12O40 are
given in Table 2 for simplicity. Among the members in
the K3P(Mo1�xWx)12O40 series, no clear change is
observed in their atomic positions because differences
are within the usual experimental uncertainty. This is
expected because the ionic radii of Mo6+ and W6+ are
very similar (0.59 and 0.60 Å, respectively [16]). Thus, no
steric strain is expected in the K3P(MoxW1�x)12O40 solid
solution.

The structure of K3PM12O40 can be described as a
cubic centered arrangement of discrete [PM12O40]

3�

anionic species (Fig. 2) counterbalanced by K+ cations
in octahedral sites. The polyanion [PM12O40]

3� consists
of four M3O13 units made up of three MO6 edge-sharing
octahedra (O3–O4) (Fig. 2a). The M3O13 units are
linked to each other by corner-sharing (O1) to form an
[M12O40] cluster, the central cavity of which encases a
phosphorus atom to form a PO4 tetrahedron with four
O4 oxygen atoms (Fig. 2b). In each MO6 octahedron,
the metal atom is displaced from the octahedral center
toward the mono-coordinated O2 atom (i.e., the outer-
most oxygen atom of the Keggin polyanion).
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Fig. 2. (a) M3O13 structural unit made up of three MO6 octahedra, (b)

[PM12O40] polyanion made up of four M3O13 units.
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The main structural feature differentiating the two
synthetic routes is an isotropic line broadening of the
diffraction peaks of the XRD patterns going from the
oxide route to the acid route (Fig. 3). This may be due to
a lower crystallinity (i.e., smaller crystallite sizes) and/or
the existence of strains within the crystallites. To get
some insight into this question, the crystallite size of
K3PMo12O40 samples was determined using the Warren–
Averbach method [17,18] as implemented in the
WINFIT software [19]. In this method, the peak shape
is considered as the convolution of the incident X-ray
beam wavelength distribution, the diffractometer reso-
lution and intrinsic broadening of the materials due to
sample imperfections (size and strain broadening). The
first two can be measured and deconvoluted with a
careful measurement of a standard (LaB6 from NIST)
under the same experimental conditions as used to
collect the XRD pattern of the studied sample. Then,
coherent size broadening and strain broadening can be
separated, because the former and the latter depend on
1/cos y and tgy, respectively. As a consequence, an
accurate determination of the peak shape for several
reflections within the same diffraction plane family
allows one to separate between the crystallite size and
the strain contributions.

Thus, following the classical procedure described
elsewhere [17,18], the crystallite diameter was estimated
to be about 340 Å for K3PMo12O40 synthesized by the
acid route (with a insignificant strain contribution to
the HFWM, i.e., �0.049%). In contrast, the oxide route
leads to K3PMo12O40 crystallite sizes large enough to
avoid any line broadening compared with LaB6, the
coherent size domain being expected to be greater than
1000 Å. Laser scattering experiments carried out on
K3PMo12O40 samples yield the particle size distributions
displayed in Fig. 4. The comparison of the volume
percentage versus particle size shows a wider distribu-
tion of grain sizes for the acid route than for the oxide
route (with diameters ranging from 0.05 to 30 mm
and from 0.3 to 50 mm, respectively), and larger grains
for the oxide route as expected. Note that the lowest
values of the distributions agree well with the crystallite
sizes determined by the Warren–Averbach method
(i.e., 0.034 mm and higher than 0.1 mm). The smaller
grain and crystallite size obtained by the acid route is
probably related to the higher reactivity of this process
compared with the oxide route.

3.2. Optical properties

3.2.1. Molybdenum phase

The reflectance spectra of K3PMo12O40 samples
synthesized by the oxide and acid routes are shown in
Fig. 5. These spectra exhibit a large absorption band
located in the UV and the violet regions of the
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Fig. 5. Reflectance spectra of K3PMo12O40 samples prepared by the

oxide route (solid line) and the acid route (dashed line).
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electromagnetic spectrum, with a steep onset at 2.6 and
2.8 eV for the oxide and acid routes, respectively. These
values are consistent with the colors of the K3PMo12O40

samples (i.e., bright yellow for the oxide route, and pale
yellow for the acid route) (Fig. 1). As already mentioned
for Keggin ions in solution and other polyoxometalates
[7], this absorption originates from the O 2p-Mo 5d

charge transfer.
The color variation for a given composition seems to

follow the expected relationship between grain size and
optical properties, i.e., the smaller the particles, the
higher the absorption threshold becomes in energy. This
is in part correlated with the energy dependant character
of the scattering coefficient of powder samples [20,21]
when the particle size is smaller than twice the length of
the impinging electromagnetic wave (i.e., smaller than
about 1 mm for a yellow compound).

Due to the bright hue of K3PMo12O40 samples
synthesized by the oxide route, the colorimetric Lab
parameters were determined. As can seen in Table 3, the
Lab parameters of K3PMo12O40 are comparable to
those of PbCrO4, BiVO4 and CdS. To probe its potential
application as pigments, the powder was then embedded
in polypropylene to evaluate its tinting strength.
Unfortunately, the thus-obtained mixture exhibits a
pale green color (Fig. 1c) originating from a molybde-
num reduction process in contact with an organic
medium at 180 1C, which is due to the ability of Keggin
anions to become reduced without structural change.
The generation of blue species associated with homo-
nuclear charge transfers [22] leads to a green color by
subtractive color mixing.

3.2.2. Influence of Mo/W substitution

Reflectance spectra were measured for all the samples
of K3P(Mo1�xWx)12O40 (0pxp1) prepared by the acid
route (Fig. 6), while only three spectra were collected for
samples synthesized by the oxide route (x=0, 0.2 and
0.5). The dependence of the absorption edges of
K3P(Mo1�xWx)12O40 (0pxp1) on the tungsten content
x for the samples prepared by the two synthetic routes
are presented in Fig. 7. The absorption edges, positioned
at 2.45, 2.5, 2.6 eV for x=0, 0.2 and 0.5 for the samples
from the oxide route, and those ranging from 2.55
(x ¼ 0) to 3.3 (x ¼ 1) eV for the samples from the acid
route, depend on the degree of crystallinity as already
mentioned, and increases with increasing the tungsten
content x (as determined by the Rietveld analysis). This
shows that K3P(Mo1�xWx)12O40 is not composed of
[Mo12PO40]

3� and [W12PO40]
3� polyanions, but of

[Mo12�xWxPO40]
3� (0pxp12) anions, and that the

optical gap is tuned by changing the Mo/W ratio. This is
in contrast to the finding for the Y1�xCexPS4 solid
solution, for which the Ce-4f-Ce-5d absorption gap is
independent of the Ce content x [23].



ARTICLE IN PRESS

Fig. 9. HOMO-LUMO gaps calculated for the various W atom

arrangements of the [P(Mo(1�x)Wx)12O40]
3� anions.
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It should be pointed out that the absorption threshold
of K3P(Mo1�xWx)12O40 increases exponentially with
increasing x (Fig. 7); the threshold increases slightly up
to x ¼ 0:80 and then varies much faster with increasing
the tungsten content. To shed light on this trend, it is
necessary to examine the electronic structure of the
[Mo12�xWxPO40]

3� anions as a function of x; which is
described in the next section.

3.3. Electronic structure

The electronic structure of Keggin ion was determined
by Jansen et al. [24] using EHTB calculations, but the
dependence of the electronic gap on the W/Mo ratio was
not considered. To account for the intrinsic gap variation
in K3P(Mo1�xWx)12O40 (0pxp1), we calculate the
HOMO-LUMO gaps of the [P(Mo1�xWx)12O40]

3� an-
ions. Recently, first principles density functional theory
electronic structure calculations have been reported for
some Keggin anions [25–27]. These calculations pre-
dicted that the HOMO-LUMO gap is practically
independent of the central ion, and increases from 2.06
to 2.50 eV and 2.84 eV for [SiMo12O40]

4�, C3v-
[SiMo3W9O40]

4� and [SiW12O40]
4� anions, respectively.

For each composition x; all possible arrangements of
the W and Mo arrangements in the anion were
calculated. As an example, the three different config-
urations for x ¼ 0:5 are given in Fig. 8, each triangle
representing a MO6 octahedron (M=Mo or W). No
relaxation of the structural arrangement of the Keggin
anion was considered because our XRD analysis
showed no significant change in the structures of
the K3P(Mo1�xWx)12O40 series. The calculated
HOMO-LUMO gaps as a function of x are summarized
in Fig. 9. In terms of the smallest HOMO-LUMO gap
for each value of x; the observed exponential increase of
the absorption edge with increasing x is well reproduced.
Therefore, the variation of the absorption threshold in
the series K3P(Mo1�xWx)12O40 reflects the intrinsic
properties of their [(Mo1�xWx)12O40]

3� anions.
It is noted from Fig. 9 that the HOMO-LUMO gaps

of the [(Mo1�xWx)12O40]
3� anions for a given x depend
Fig. 8. Schematic representation of the three W atom arrangements

used for the calculations of the HOMO-LUMO gaps of the

[P(Mo(1�x)Wx)12O40]
3� anion for x ¼ 0:5: The shaded and unshaded

triangles represent the WO6 and MoO6 octahedra, respectively.
on the ordering of the W atoms. In K3P(Mo1�x

Wx)12O40 samples for a given x; it is quite probable
that all possible W atom orderings are present in their
[(Mo1�xWx)12O40]

3� anions. If so, the absorption band
measured for a sample with a certain x would be the
superposition of several absorption bands with different
threshold energies. This explains why the reflectance
spectra of solid solutions K3P(Mo1�xWx)12O40 have a
flatter absorption edge compared with those of the pure
compounds K3PMo12O40 and K3PW12O40.

It is interesting to probe why the smallest HOMO-
LUMO gap of the [P(Mo1�xWx)12O40]

3� anion for each
value of x increases strongly only in the region of x ¼ 1:
This observation stems essentially from the fact that the
W 5d orbitals have a greater spatial extension than do
the Mo 3d orbitals, and hence overlap better with the O
2p orbitals. In the M–O–M (M=Mo, W) bridges of
[(Mo1�xWx)12O40]

3�, the O 2p orbitals make weak
antibonding interactions with the M d orbitals in the
LUMO, but weak bonding interactions with the M d

orbitals in the HOMO [28]. Since the W 5d orbitals
overlap better with the O 2p orbitals than do the Mo 3d

orbitals, the energy of the highest-lying O 2p levels of the
M–O–M bridges will increase in the order, W–O–Wo
W–O–MooMo–O–Mo, while the lowest-lying d-block
levels of the M–O–M bridges will increase in the order,
Mo–O–MooW–O–MooW–O–W. Thus, to a first
approximation, the HOMO-LUMO gap would be
unaffected as long as the Mo–O–Mo bridges are present
in the [(Mo1�xWx)12O40]

3� anion. As the value of x

approaches 1, the anion does not have the Mo–O–Mo
bridges any more, so that the HOMO-LUMO gap is
governed by the W–O–Mo bridges and is hence
increased. Eventually, at x ¼ 1; all the M–O–M bridges
of the anion consist of the W–O–W bridges thereby
leading to the largest HOMO-LUMO gap.
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4. Concluding remarks

Of the two synthetic methods employed for preparing
powder samples of K3P(Mo1�xWx)12O40 (0pxp1), the
acid route showed a higher chemical reactivity than does
the oxide route, and leads to pure samples for the whole
range of x: The acid route leads to a wider distribution
of grain sizes and smaller grains than does the oxide
route with a systematic blueshift. The optical gaps of
solid solutions K3P(Mo1�xWx)12O40 were determined as
a function of the tungsten content x on the basis of
diffuse reflectance measurements in the UV-visible
range. With increasing x; the optical gap is found to
increase exponentially from �2.5 to �3.30 eV, and this
trend is well reproduced in terms of the HOMO-LUMO
gaps calculated for the [P(Mo1�xWx)12O40]

3� anions.
The latter finding is well accounted for by considering
how the HOMO and LUMO levels are affected by the
W 5d and Mo 4d orbitals. K3PMo12O40 samples
prepared by the oxide route show the Lab parameters
comparable to those of PbCrO4, BiVO4 and CdS, but
lose their bright hue in an organic medium.
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