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A combined theoretical and experimental study of molybdenum phosphates containing
Mo(V) either as purely Mo(V) or as mixed-valent Mo(V)/Mo(VI) and Mo(IV)/Mo(V) is
performed. This investigation, based on a structural classification of molybdenum phos-
phates, derived from that proposed by Costentin et al., allows a detailed discussion of both
the valence of the different Mo sites as well as the different coupling mechanisms for the
unpaired electron of the Mo(V) octahedra. Either direct Mo-Mo or indirect interaction
through the shared oxygen atoms can lead to magnetic moments per Mo(V) lower than
expected. It is shown that although the PO4 tetrahedra do not effectively couple the unpaired
electrons of the different Mo(V)O6 octahedra, they play an important role in determining
the magnetic properties of these solids by influencing the internal geometry of the MoO6
octahedra.

Introduction

Recent work on the molybdenum phosphates has
shown a great ability of the phosphate matrix to stabi-
lize pentavalent molybdenum. Despite the original fea-
tures of the host lattices, they are all structurally inter-
related and are characterized by a specific geometry of
the MoO6 octahedra, typical of the molybdenyl cation.
In 1992, Costentin et al.1 proposed a classification

based on the number of octahedra sharing their corners
or their edges in the “Mo-P-O” frameworks. They
distinguished class I, involving only isolated octahedra,
from class II in which there exist infinite chains of
corner-sharing MoO6 octahedra, with class III corre-
sponding to the compounds built up of polyoctahedral
Mo units. Since 1992, newMo(V) phosphates have been
discovered that exhibit structural units built up of
several octahedra. Moreover, some of these units
exhibit molybdenumwith different valences. This is the
case of the A2Mo2O3(PO4)2 monophosphates with A )
K, Rb, Tl,2-4 A3Mo4O6(PO4)4 with A ) Tl, Rb,5 and Cs1.5-
Mo2O3(PO4)26 that are all characterized by Mo2O11 units
built up of two corner-sharing MoO6 octahedra; in these
phosphates molybdenum is pentavalent for the first
series, whereas a mixed valence Mo(V)-Mo(VI) is
observed for the second series. Similarly, the phosphate

AMo3O6(PO4)27 is of great interest since one of its
octahedral sites may contain either Mo(V) or Mo(VI)
depending on the valence of the A cation inserted
between the layers. In this case the different valences
seem to be located on specific molybdenum sites, but
as will be shown below, this is not always the case.
To progress in our understanding of the crystal and

electronic structure of these phases, we propose a
structural classification, based on that proposed by
Costentin et al.1 but which is more general. The latter
is then used for the experimental and theoretical study
of the magnetic properties of these phases in order to
discuss in detail the valence of the different molybde-
num sites in these solids.

Experimental Section

Synthesis. The syntheses of the different compounds were
performed in two steps, starting from a mixture in stoichio-
metric ratios to obtain the considered formula. First, a
mixture of H(NH4)2PO4, MoO3, a nitrate or a carbonate of the
particular monovalent or divalent cation, and Al(NO3)3‚9H2O
in the case of the molybdenum aluminophosphates was ground
and heated to 673 K in air in order to decompose the nitrate
or carbonate and the ammonium phosphate. In the second
step, the resulting finely ground powder was mixed with the
appropriate amount of molybdenum. This sample was sealed
in an evacuated silica ampule, heated for 12 h to a temperature
ranging from 793 to 1173 K (Table 1) and finally quenched to
room temperature. The X-ray diffraction spectra of all the
powdered compounds studied hereafter were systematically
registered and did not show any impurity phase. To check
the absence of an amorphous phase, all the samples were
carefully examinated using a optical binocular microscope
(×40). No amorphous phase could be detected in any sample.
Magnetic Measurement. The magnetic moments of the

samples were measured by SQUIDmagnetometry. The signal
was registered with a 4 cm length scan under a field of 1 T.
After zero field cooling a magnetic field was applied at T )
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4.5 K, and the measurements were performed up to 350K. The
magnetic signal of the sample holder was measured in the
same conditions. This signal and the core magnetic contribu-
tions of the different ions of the structure were subtracted.
The resultant component of the magnetic moment parallel to
the applied field, Mz , can be written

where m is the sample mass, M is the molar mass of the
compound, øΜ is the molar susceptibility, and H is the
magnetic field.

Structural Classification

Taking into consideration the great complexity of the
frameworks of the phosphates involving molybdenum-
(V), we have chosen a very easy system of classification
based only on the number of MoO6 octahedra, i.e., each
group of the classification includes the phosphates in
which the frameworks exhibit the same number of
octahedra in their octahedral unit. Thus group 1
includes all the compounds exhibiting the isolated
octahedra, group 2 the compounds having a bioctahedral
unit, group 3 the phosphates showing a trioctahedral
unit, etc. and finally group ∞ contains the compounds
with [MoO5]∞ infinite octahedral chains. Each group is
split into subgroups according to the type of sharing in
the octahedral unit (corner sharing or edge sharing). If
a compound has two sorts of octahedral units in its
framework, the latter is enclosed in the group corre-
sponding to the unit built from the greater number of
octahedra. Table 2 summarizes this classification.
This new system of classification of the molybdenum-

(V) phosphates is more flexible than that previously
published. Indeed, it is possible to easily include
structures exhibiting new octahedral units. Moreover,
the establishment of relations between the physical
properties and the structure of these compounds re-
quired a comparison between the different frameworks
and particularly between the different types of units
involved in these frameworks. The comparison is easier
with this classification as shown by the magnetic study
in which the possible coupling between molybdenum
atoms is very important.

Magnetic Study

The results of the magnetic measurements (Table 3)
are presented here following the new classification of

Table 2. These results will be discussed in more detail
in the next section where, on the basis of the results of
a molecular orbital study, we try to correlate the
structural and magnetic properties of these phases. It
is interesting to remind here that some of the polyhedral
units are obtained with mixed valent molybdenum.
Isolated Octahedral Units. Isolated octahedra

Mo(V)O6 are present in the structures of the compounds
CsMoOP2O7

21 and KMoOP2O7.20 The Mo(V)O6 octahe-
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Table 1. Synthesis of the Studied Samples

compound
synthesis
temp (K) result

CsMoO(P2O7) 873 Cs(MoO)(P2O7)a and
â-CsMo2P3O13
as impurity

KMoO(P2O7) 1100 green powder
R-A2Mo2O3(PO4)2 (A ) K, Rb) 973 red powder
Rb3Mo4O6(PO4)4 933 khaki powder
CdMoO2(PO4) 1173 purple powder
â-K2Mo2O4(P2O7) 923 brown powder
AgMo3O6(PO4)2 873 dark blue powder
SrMo3O6(PO4)2 993 brown powder
A9Mo9O3(AlO4)3(PO4)11
(A ) Cs, Rb, K/Cs, Rb/Cs)

973 brown powder

CsMo2O2(PO4)2 1093 brown powder
Cs6Mo7O9(PO4)7‚H2O 793 brown powder

a The magnetic measurements were performed on a sample
consisting of green crystals of CsMoO(P2O7) picked out with
tweezers using a binocular microscope.

Mz ) (m/M)øMH

Table 2. Structural Classification
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dra are strongly distorted: one of the distances between
the molybdenum and the apical oxygen atoms is short
(less than 1.7 Å), whereas the other is very long (about
2.2 Å).
The molar susceptibility of these two compounds

versus the temperature T are plotted in Figure 1. The
curve corresponding to the potassium compound shows
an antiferromagnetic ordering at T ≈ 25 K. The two
curves have been fitted with a Curie-Weiss type law:

The fitting parameterCM leads to 1.30 µΒ per Mo atom
for CsMoOP2O7 and 1.73 µΒ for KMoOP2O7. These
values should be compared to 1.73 µΒ, the theoretical
value computed for a spin-only contribution and g ) 2.
The experimental value found for the Cs-based molyb-
denum phosphate is significantly lower than the theo-
retical one. As the structures of the K- and Cs-based
compounds are very similar, it is difficult to find a
decisive reason to explain this difference.
Bioctahedral Units. Following the classification

introduced in the present paper, we have found three
different behaviors of the magnetization for these
molybdenum phosphates. These differences can be
ascribed to the difference in the bioctahedral units
(classes 2A, 2B1, 2B2) and to the mixed valence or not
of the molybdenum atoms in these units.
(a) Class 2A: In this class the bioctahedral units

Mo2O11 are built up from two corner-sharing octahedra.
In R-K2Mo2O3(PO4)22 and R-Rb2Mo2O3(PO4)23 the two

molybdenum atoms have the same valency, Mo(V).
From the slopes of the (øM - ø0)-1 versus T curves we

find 0.22 and 0.10 µB per Mo(V) for the K- and Rb-based
compound respectively (Figure 2). This nearly diamag-
netic behavior is discussed in the following section.
In the Rb3Mo4O6(PO4)4 compound, we have two crys-

tallographically independent Mo2O11 bioctahedral units,
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Table 3. Magnetic Measurements Resultsa

compound ø0 (emu mol-1) θ (K) CM

µeff ) µ/µB per
Mo(V) ion

CsMoO(P2O7) (T > 25 K) -0.0003 -43.5 0.211 1.30
KMoO(P2O7) (T > 25 K) 0 -27 0.375 1.73
R-K2Mo2O3(PO4)2 0.000086 -4 0.025 0.22
Rb2Mo2O3(PO4)2 0.000118 4.5 0.005 0.10
Rb3Mo4O6(PO4)4 0.00080 -0.2 0.296 0.51
CdMoO2(PO4) 0.000045 -8.5 0.0038 0.17
â-K2Mo2O4(P2O7) 0.00012 -10 0.057 0.34
AgMo3O6(PO4)2 (T > 25 K) -0.00022 -12. 0.275 1.48
SrMo3O6(PO4)2 0.000155 -11 0.023 0.22
Cs9Mo9O3 (AlO4)3(PO4)11 0.002 -6 0.717 0.27
K2Cs7Mo9O3 (AlO4)3(PO4)11 0.037 -25 1.146 0.34
Cs4Rb5Mo9O3 (AlO4)3(PO4)11 0 -16.4 1.093 0.33
Rb9Mo9O3 (AlO4)3(PO4)11 0.008 -17 1.047 0.32
CsMo2O2(PO4)2 0 -5.5 0.357 0.85
Cs6Mo7O9(PO4)7‚H2O 0.0005 4.7 0.588 0.43

a Temperature: 4.5 K e T e 300 K, Magnetic field: 1 T.

øM ) ø0 +
CM

T - θ

Figure 1. Molar susceptibility ø versus temperature T of two
class 1a compounds: (a) CsMoO(P2O7) shows a paramagnetic
behavior in the whole range of temperature investigated here
(4.5-300 K) with 1.30 µB per Mo(V). (b) KMoO(P2O7) showing
an antiferromagnetic ordering at T ≈ 25 K. Fitting the
paramagnetic domain with a Curie-Weiss law leads to 1.73
µB per Mo(V).
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i.e., four molybdenum sites, but there are three Mo(V)
and one Mo(VI) atoms distributed over the four sites.
This statistic distribution of the three electrons on the
four sites corresponds to the delocalization of one elec-
tron on the two octahedral sites of one of the two Mo2O11
units. The resulting moment per Mo(V) atom extracted
from (øM - ø0)-1 versus T (Figure 2) is 0.51 µB.
(b) Class 2B1: For this group of the classification the

bioctahedral Mo2O10 units are made from two edge-
sharing octahedra (Table 2). The short Mo-Mo distance
in this unit (2.62 Å) suggests the existence of a Mo-Mo
chemical bond.
In CdMoO2(PO4)32 as well as in â-K2Mo2O4(P2O7)30 all

the molybdenum atoms have the valence Mo(V) and are
engaged in Mo-Mo chemical bonds. Indeed the atomic
moments per Mo atom deduced from the (øM - ø0)-1
versus T curves (Figure 2) are 0.17 and 0.34 µB for the
Cd- and K-based phosphates, respectively.
(c) Class 2B2: Two phosphates concerned with the

present work, AgMo3O6(PO4)2 and SrMo3O6(PO4)2,7
belong to the 2B2 group. The same Mo3O14 unit is
present in the two compounds. The Mo3O14 unit is built
up with one Mo2O10 unit (two edge-sharing octahedra)
sharing one corner with a trigonal bipyramid. In the
Ag-based compound there is only one Mo(V) and two

Mo(VI); on the contrary, there are two Mo(V) and one
Mo(VI) in the Sr-based compound. From the (øM -ø0)-1
versus T curves, one finds 1.48 µB per Mo(V) atom in
the Ag compound corresponding to the behavior of one
isolated Mo(V) ion. This result will be interpreted in
the next section and compared to the much lower value
(0.22 µB) found for the Sr compound.
Trioctahedral Units. Four compounds concerned

with the present study contain the trioctahedral unit
Mo3O15. This unit is built up from a bioctahedral
unit Mo2O10 which shares one oxygen of the com-
mon edge with a third octahedron. The magnetization
of Cs9Mo9O3(AlO4)3(PO4)11,34 Rb9Mo9O3(AlO4)3(PO4)11,
Cs5Rb4Mo9O3(AlO4)3(PO4)11, and K2Cs7Mo9O3(AlO4)3-
(PO4)1135 has been measured, and the (øM -ø0)-1 versus
T curves fit with a magnetic moment close to 0.3 µB per
Mo(V) ion. In these compounds, all the molybdenum
atoms are pentavalent. But, as will be discussed later,
the molybdenum located in the two edge-sharing octa-
hedra have their d1 electrons engaged in a σ bond, and
one can expect that the Mo3O15 unit magnetically
behaves as an isolated octahedron.
Tetraoctahedral Units. The tetraoctahedral unit

Mo4O20 is also built up from the bioctahedral Mo2O10
unit which now shares the two oxygens of the shared
edge with two further octahedra. The CsMo2O2(PO4)236
phase contains Mo4O20 units with mixed-valent molyb-
denum. The molybdenum atoms in the edge-sharing
octahedra are Mo(IV), and those in the corner-sharing
octahedra are Mo(V). The magnetic moment per Mo(V)
atom is 0.85 µB. This value will be discussed in the next
section. In Cs6Mo7O9(PO4)7‚H2O39 both the Mo3O15 and
Mo4O20 units are present. The molybdenum valences
in the Mo4O20 are the same as in CsMo2O2(PO4)2. In
the trioctahedral unit Mo3O15 the three molybdenum
atoms are Mo(V). The measured magnetic moment is
0.43 µB per Mo(V) atom.

Discussion

The phases discussed in this work contain essentially
two types of MoO6 octahedra depending on the presence
or not of one very strong O-Mo‚‚‚O bond length
alternation. As pointed out before, Mo(V)O6 octahedra
usually exhibit such a bond alternation. In this section
we would like to correlate the structural and magnetic
properties of the molybdenum phosphates we have
investigated. The existence of MoO6 octahedra with
different valences makes necessary a detailed discussion
of the real valence of each molybdenum site. We have
faced this problem by using two different approaches.
First, the oxidation states of the different Mo sites in
the lattice have been estimated from the usual bond
length-bond valence correlations.45 Second, we have
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Figure 2. 1/(ø - ø0) versus temperature for the following
group 2 compounds labeled a-e: (a) Rb3Mo4O6(PO4)4; (b) R-K2-
Mo2O3(PO4)2; (c) Rb2Mo2O3(PO4)2; (d) â-K2Mo2O4(P2O7); (e)
CdMoO2(PO4). The large scattering of the moment per Mo atom
deduced from the slopes of the curves is discussed in the text.
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carried out tight-binding calculations for the 3D lattices
and/or molecular orbital calculations for fragments of
them in order to discuss in detail the nature of the
electronic levels.46 As noted in the section concerning
the magnetic measurements, the effective magnetic
moments per Mo(V) in several of these phases are
noticeably smaller than expected. Even if some type of
nonstoichiometry could be invoked to explain these
observations, the differences are sometimes too large
to always give credit to such an explanation. In some
cases the unpaired electrons associated with some
MoVO6 octahedra must be strongly coupled leading to
an effective decrease of the magnetic moment. For
instance, this possibility is quite clear in the case of
phases containing bioctahedral units built from edge-
sharing octahedra.
The t2g levels of a regular MoO6 octahedron have

antibonding combinations between the Mo d orbitals
and the O p orbitals. Hence, a shortening of an Mo-O
bond length raises the energy of any t2g orbital if it has
an antibonding combination between the Mo and O
orbitals along the shortened Mo-O bond. Conse-
quently, a distortion where one Mo-O bond is shortened
leaves one t2g level (i.e., that which is in a plane
perpendicular to the shortened Mo-O bond) and raises
the energy of the remaining two levels (see Figure 3a).
By contrast, all three t2g levels are raised by a distortion
in which two or more Mo-O bonds are shortened.47 In
fact, the situation depicted in Figure 3a applies to all
Mo(V) octahedra we consider here. Then, just by
carefully considering the crystal structure and using
this qualitative reasoning, we can determine the direc-
tionality of the orbitals associated with the d electrons
of the Mo(V)O6 octahedra and we can analyze if there
is some possibility of coupling.
The values of µΒ found for the two phases containing

isolated octahedral units which we have studied are
somewhat different: 1.73 for KMoOP2O7 and 1.30 for
CsMoOP2O7. Whereas the first value is what is ex-
pected for an isolated MoVO6, the second seems to be
too small. Our calculations for the 3D networks of the
two related but slightly different structures exclude
any coupling between the low-lying t2g orbital of the
different octahedra either directly or through the PO4
tetrahedra. We believe the more plausible origin for the
relatively low value of µΒ for CsMoOP2O7 should lie in

some difference in the stoichiometry between the two
oxides even if such a difference has not been evidenced
on the small-sized single crystals used in the X-ray
diffraction study.
Compounds belonging to class 2A exhibit Mo2O11

units made of two corner-sharing octahedra. The
calculated valences45 for the twoMo atoms of these units
are 5.01/5.02 for R-K2Mo2O3(PO4)2 and 4.84/4.99 for
R-Rb2Mo2O3(PO4)2. Thus the two sites have the same
valence (V). For Rb3Mo4O6(PO4)4 there are two different
Mo2O11 units but only three electrons. The calculated
valences45 for the two Mo atoms of each unit are 5.4/
5.5 and 5.3/5.3. These results suggest a statistical
distribution of bioctahedral units with Mo(V)/Mo(V) and
Mo(V)/Mo(VI).
The strong O-Mo‚‚‚O alternation in these three

compounds occurs with two of the four equatorial oxygen
atoms. Thus, the low-lying t2g orbital is one that can
make π-type interactions with the py orbital of the
shared oxygen atom. However, as shown in Figure 3b,
the out-of-phase combination of the two t2g orbitals
cannot mix with the py orbital of the bridging oxygen
because of the local pseudosymmetry plane and lies at
low energy (for simplicity we do not show the orbitals
of the nonshared oxygens and we use a dot to indicate
the absence of oxygen contribution in one site). The in-
phase combination of the two t2g orbitals can mix with
the py orbital of the bridging oxygen and thus lies at
higher energies. According to our calculations the
energy gap between the two orbitals is always around
0.5 eV. Consequently, the two electrons per Mo2O11 unit
of R-K2Mo2O3(PO4)2 and R-Rb2Mo2O3(PO4)2 are housed
in the low-lying orbital (Figure 3b), and thus a diamag-
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Figure 3. (a) Schematic representation of the energy level of
the t2g orbitals of a regular MoO6 octahedron (left) and of a
MoO6 exhibiting a strong apical bond alternation (right). The
arrow shows the shorter Mo‚‚‚O apical distance. (b) Lowest
lying orbital in the Mo2O11 unit (two octahedra sharing one
corner). The dot indicates the absence of oxygen contribution
in one site. (c) Lowest lying orbital in the Mo2O10 unit (two
octahedra sharing one edge).
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netic behavior is expected. For Rb3Mo4O6(PO4)4 there
are three electrons per two different Mo2O11 units. Our
calculations for the two types of Mo2O11 units give
practically identical results. In both cases the low-lying
orbital (Figure 3b) is energetically well separated from
the next orbital and is equally shared by the two molyb-
denum atoms. Consequently, there must be a statistical
distribution of bioctahedral units with one pair of
strongly coupled electrons and of bioctahedral units with
one unpaired electron delocalized among the two sites.
Thus, in agreement with the results of the previous
section, the effective magnetic moment per Mo(V) atom
is expected to be one-third of the theoretical value.
The CdMoO2(PO4), â-K2Mo2O4(P2O7), AgMo3O6(PO4)2,

and SrMo3O6(PO4)2 phases they all have edge-sharing
Mo2O10 bioctahedral units, although the latter two share
one of the oxygen atoms with a MoO5 pentagonal
bipyramid (class 2B2). Both the molecular orbital
calculations and the bond length-bond valence correla-
tions suggest that the Mo in the pentagonal bipyramid
is in a +VI oxidation state. The presence of the
pentagonal bipyramid in the class 2B2 phases induces
a subtle change in the internal geometry of the octahe-
dra. Whereas those of the CdMoO2(PO4) and â-K2-
Mo2O4(P2O7) phases (class 2B1) have a strong alterna-
tion perpendicular to the equatorial plane, those of class
2B2 phases have the strong alternation within the plane
of the equatorial oxygens. In the first case, the low-
lying t2g orbital is the x2 - y2 (see Figure 3a), which is
well oriented to interact in a σ way with the x2 - y2
orbital of the second octahedra. This leads to a low-
lying orbital which according to our calculations is in
both cases well separated from the next energy level
(∼0.85 eV). Thus the two electrons of the bioctahedral
units of these class 2B1 phases are strongly coupled,
leading to a Mo-Mo σ bond. Consequently these phases
should be nearly diamagnetic.
The number of Mo(V) sites in the two class 2B2 phases

investigated here is different: there are two for SrMo3O6-
(PO4)2 but only one for AgMo3O6(PO4)2. In the second
case, the bond length-bond valence calculations45 give
5.83 for the valence of the Mo site which shares an
oxygen with the pentagonal bipyramid (Mo(2)) and 5.12
for the other (Mo(1)). This suggests that the electron
of the bioctahedral unit is localized in the Mo(1) site.
Interestingly, with two Mo(V) sites and a long Mo-Mo
distance (3.37 Å), SrMo3O6(PO4)2 is not expected to be
nearly diamagnetic as found in our magnetic measure-
ments.
As mentioned, the O-Mo‚‚‚O bond alternation of

these class 2B2 phases occurs not in a direction perpen-
dicular to the equatorial plane of the octahedra but
within such plane. The low-lying t2g orbital lies in a
plane perpendicular to the equatorial one and points
toward one of the shared positions of the bioctahedral
unit. Thus, this orbital is different from that of the
bioctahedral units of the CdMoO2(PO4) and â-K2Mo2O4-
(P2O7) phases. The local symmetry of the out-of-phase
combination of the two orbitals (Figure 3c) does not
allow the mixing of the pz orbital of the shared oxygen
toward which they point, and consequently this orbital
lies at low energy. The in-phase combination of the two
orbitals allows the mixing of the pz orbital of the shared
oxygen and lies at higher energies. According to our
computations the orbital of the Figure 3c is the lowest

lying of the bioctahedral unit and is well separated
(∼0.4-0.5 eV) from both the next level of the bioctahe-
dra and the lower level of the pentagonal bipyramid.
The only difference in our calculations for the SrMo3O6-
(PO4)2 and AgMo3O6(PO4)2 is that whereas in the first
case the orbital (Figure 3c) is almost equally distributed
among the two molybdenum sites of the Mo2O10 unit,
in AgMo3O6(PO4)2 it is heavily concentrated on the Mo-
(1) atom (i.e., 71% of the orbital is concentrated on Mo-
(1) and only 21% on the Mo(2)) because of the stronger
distortion of the Mo(2)O6 octahedra. Consequently, the
two electrons of the bioctahedral units of SrMo3O6(PO4)2
are strongly coupled, and the phase should be nearly
diamagnetic. It is interesting to emphasize that this is
so despite the very long Mo-Mo distance (3.37 Å) which
rules out the existence of a Mo-Mo bond. As for the
Mo2O11 bioctahedral units of the K2Mo2O3(PO4)2 and
R-Rb2Mo2O3(PO4)2 phases, the coupling is not a direct
coupling but through the p orbital of one bridging
oxygen. For AgMo3O6(PO4)2 our calculations confirm
that the valences are localized and the unpaired electron
resides on the Mo(1)O6 octahedra.
The trioctahedral units of the A9Mo9O3(AlO4)3(PO4)11

phases we have studied are built from an edge-sharing
Mo2O10 unit which shares one of its common oxygens
with another octahedron (Figure 4a). We will refer to
the two equivalent Mo atoms of the bioctahedral unit
as Mo(2) and to that of the third octahedron as Mo(1).
Using the structure of Cs9Mo9O3(AlO4)3(PO4)11, the
calculated valences45 for Mo(1) and Mo(2) are 4.99 and
4.85, respectively. Thus all octahedra can be described
as Mo(V)O6. The strong alternation for the two octa-
hedra of the Mo2O10 unit occurs along the direction
perpendicular to the equatorial plane. Thus the situ-

Figure 4. (a) Trioctahedral unit Mo3O15 with the Mo(2) and
Mo(1) sites (see text). (b) The tetraoctahedral unit Mo4O20 in
which the Mo(2)O6 octahedra are very regular and the Mo(1)-
O6 octahedra show a strong O-Mo‚‚‚O bond alternation. (c)
Tetraoctahedral unit Mo4O16 built on two Mo2O10 units sharing
four edges. In this Mo4O16 unit all the octahedra show a
O-Mo‚‚‚O bond alternation perpendicular to the equatorial
plane of the two Mo2O10 units.
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ation is exactly as for the phases of class 2B1 examined
above: the low-lying t2g orbital is x2 - y2, which points
toward the x2 - y2 orbital of the second Mo atom of the
bioctahedral unit and leads to a Mo-Mo σ bonding
orbital. This orbital is well separated (0.7 eV) from the
next orbital of the trioctahedral unit which is the lowest
t2g orbital of the Mo(1)O6 octahedron. Consequently, the
two electrons of the Mo(V)O6 octahedra of the edge-
sharing bioctahedral unit are strongly coupled, and
there is only one unpaired electron per trioctahedral
unit located on the Mo(1)O6 octahedron. The value of
the effective magnetic moment per Mo(V) atom is thus
expected to be one-third of the theoretical value. Al-
though the observed values are somewhat smaller, our
calculations do not support the possibility of coupling
between the low-lying Mo(1)O6 t2g orbitals of different
trioctahedral units, either directly or through the PO4
tetrahedra.
Let us now consider the tetraoctahedral units built

from the edge-sharing Mo2O10 bioctahedral unit, which
shares two of the common oxygens with two further
octahedra (Figure 4b). Phases containing such units
include CsMo2O2(PO4)2, K1.5Mo2O2(PO4)2‚H2O, and Cs6-
Mo7O9(PO4)7‚H2O. The Mo(2)O6 octahedra are very
regular whereas the Mo(1)O6 ones have a strong
O-Mo‚‚‚O bond alternation within the equatorial plane
(here we consider the triply shared oxygen as an apical
vertex of the Mo(1)O6 octahedra but an equatorial vertex
of the Mo(2)O6 ones). Using the crystal structure of
CsMo2O2(PO4)2, the calculated valences45 for the Mo(1)
and Mo(2) atoms are 4.96 and 3.96, respectively. This
suggests the oxidation states V and IV for Mo(1) and
Mo(2), respectively. Since there is no O-Mo‚‚‚O bond
alternation in the Mo(2)O6 octahedra the three t2g
orbitals are low in energy and lead to a set of three
bonding (σ, π, and δ) and three antibonding (σ*, π*,
and δ*) orbitals for the edge-sharing bioctahedral
unit. Our calculations for the tetraoctahedral units of
CsMo2O2(PO4)2 show that there are two low-lying
orbitals (mainly the σ and π of the edge-sharing bioc-
tahedral unit) separated by a gap of 0.5 eV from the
next two levels which are essentially the low-lying t2g
orbitals of each of the two Mo(1)O6 octahedra. Thus,
these calculations show that there is a Mo(2)dMo(2)
double bond and confirm the oxidation states proposed
above. In K1.5Mo2O2(PO4)2‚H2O there is one more
electron per tetrahedral unit. Our calculations show
that in that case the δ orbital of the edge-shared
bioctahedral unit is slightly below the low-lying t2g
levels of each of the two Mo(1)O6 octahedra. Thus the
extra electron is delocalized between the two Mo(2)O6
octahedra leading to a half integer oxidation state
(+3.5). The situation here is completely different from
AgMo3O6(PO4)2 where the two octahedra of the edge-
shared Mo2O10 unit exhibit different oxidation states (V
and VI).
Our calculations for the tetraoctahedral units of

CsMo2O2(PO4)2 suggest that there is one unpaired
electron per Mo(V)O6 octahedra. The measured mag-
netic moment per Mo(V) atom is around half the
expected value. This difference is obviously too large
to be due to nonstoichiometry problems. Our calcula-
tions for the tetraoctahedral units of CsMo2O2(PO4)2,
K1.5Mo2O2(PO4)2‚H2O, and Cs6Mo7O9(PO4)7‚H2O show
that the low-lying t2g levels of the two Mo(1)O6 octahe-

dra lie energetically very near the δ and δ* orbitals of
the edge-shared bioctahedral unit. These orbitals can
provide a coupling path between the low-lying t2g levels
of the two Mo(V)O6 octahedra. Although this coupling
is weak according to our calculations, it can be very
sensitive to the energy separation between the δ/δ* and
the low t2g levels of the two Mo(V)O6 octahedra. We
believe that weak coupling through the δ/δ* levels of
the bioctahedral unit can be the reason for the decreased
values of the magnetic moment per Mo(V) in the phases
containing tetraoctahedral units such as that shown in
Figure 4b.
Although we have not studied the magnetic properties

of BaMo4O8(PO4)2 (class 4B) involving only Mo(V), we
have carried out calculations for the Mo4O16 units
(Figure 4c) of this phase. In Figure 4c two Mo2O10
bioctahedral units share four edges, and all octahedra
have an O-Mo‚‚‚O bond alternation perpendicular to
the equatorial plane of the Mo2O10 units. Thus the t2g
orbital which lies at low energy is x2 - y2. This orbital
is well oriented to interact with the other x2 - y2 orbital
of the same Mo2O10 unit leading to a Mo-Mo σ bond.
At the same time it almost does not interact with those
of the other Mo2O10 unit. Thus we should expect the
existence of two low-lying orbitals associated with a
Mo-Mo σ bond of each of the two Mo2O10 units. In
agreement with this qualitative analysis, our calcula-
tions for the Mo4O16 units of BaMo4O8(PO4)241 show that
there are two low-lying Mo-Mo bonding orbitals sepa-
rated by a large energy gap (1 eV) from the next orbitals.
Thus it is predicted that BaMo4O8(PO4)2 will be dia-
magnetic.
Finally let us consider MoAlP2O9, which contains

infinite chains of corner-sharing Mo(V)O6 octahedra. It
is interesting to compare this phase with R-Rb2Mo2O3-
(PO4)2 which contains corner-sharing bioctahedral units.
With an infinite chain of Mo(V)O6 octahedra there is in
principle the possibility of electronic delocalization along
the chain and thus metallic character. It all depends
on the nature of the O-Mo‚‚‚O bond alternation. In
MoAlP2O9 the alternation occurs along the chain direc-
tion. Thus the low-lying t2g orbital is x2 - y2, which
makes δ-type interactions along the chain, and thus it
cannot interact with any of the oxygen orbitals. Con-
sequently, the unpaired electron of each Mo(V)O6 octa-
hedron is completely localized, and this phase should
be paramagnetic. The difference with R-Rb2Mo2O3-
(PO4)2 arises from the fact that in the latter the strong
O-Mo‚‚‚O bond alternation implicates two equatorial
oxygen atoms instead of two apical ones. This changes
the nature of the low-lying t2g orbital which in R-Rb2-
Mo2O3(PO4)2 makes π-type interactions with the oxygen
p orbitals leading to delocalization. This example makes
clear that although the PO4 tetrahedra do not effectively
couple the unpaired electrons of the different MoVO6
octahedra, they can play an important role in determin-
ing the magnetic properties of these phases by influenc-
ing the direction of the O-Mo‚‚‚O bond alternation
within the octahedra.

Concluding Remarks

The number of molybdenum phosphates containing
Mo(V) either as purely Mo(V) or as mixed valent Mo-
(IV/V) and Mo(V/VI) has greatly increased in recent
years. The frameworks of these phases contain octa-
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hedral units built from several octahedra through corner
or edge sharing. The more convenient structural clas-
sification of these phases seems to be according to the
number of octahedra in these units. A combined theo-
retical and magnetic study of several of these phases
led us to the elucidation of the valence of the different
Mo atoms in these systems as well as to show the dif-
ferent possibilities of coupling for the unpaired electron
of the Mo(V) octahedra. The PO4 tetrahedra, which do
not effectively couple the unpaired electrons of the

different Mo(V)O6 octahedra, play an important role
in determining the magnetic properties of these solids
by influencing the internal geometry of the MoO6

octahedra.
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