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The molybdenum and tungsten pyrophosphaies MP,0, (M =
Mo, W) have been synthesized and characterized. The structure of
these isostructural componnds is built wp from {MO,] (M = Ma,
W) octaliedra sharing their corners with P,0; groups. These poly-
hedra are in mixed Jayers characterized by pentagonal windows
which delimit intersecting zigzag tunnels. The measured conduc-
tivity for these compounds is in agreement with the behavior of
“hopping semiconductors.” The magnetic behavior indicates both
a large zero-field splitting and the existence of antiferromagnetic

interactions with a marked 3D character. © 1995 Academic Press, Inc.

INTRODUCTION

The great ability of the phosphate frameworks 1o stabi-
lize reduced oxidation states of molybdenum and tung-
sten has been pointed out during the past decade. These
materials ¢xhibil interesting properties with potential ap-
plications, cspecially in heterogeneous calalysis, ionic
exchange, and electron transport (1, 2). The interest of
these phases is increased by the high degree of mechani-
cal, chemical, and thermal stability provided by the |PQ,|
groups. Moreover, in spite of their similar electronic con-
figurations, molybdenum and tungsten compounds can
exhibit very different behavior.

Tungsten is characterized by its ability to form W(V)-
W(VI) mixced valency phosphates (3). in these com-
pounds very anisotropic metaliic or semimetaltic proper-
tics have been observed and these compounds arc calied
bronzes. In fact, these materials are strongly related to
the famous tungsten bronzes A,WOQO; (discovered by
Magnéli in 1953 (4)). The octahedral frameworks over
which the conducting electrons are generally delocalized
in the Magnéli phases are prescrved in part in the phos-
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phate tungsten bronzes, due to the adaptability of the
|PQy| tetrahedra and |P,0,| groups to the octahedral
framework. The great number of possible ways of con-
neeting the pyrophosphate group, which possesses height
similar to that of |[WQ4| and great flexibility due to the free
rotation of the two {POy| tetrahedra with respect to each
other, is remarkable.

Most of the studied phosphate tungsten bronzes can be
included in one of the following families (3); (a) diphos-
phate tungsten bronzes with hexagonal tunnels, DPTBy,
with the pgeneral formula A,(P:00:{WOi).: (b)
monophosphate tungsten bronzes with pentagonal tun-
nels, MPTBp, with the general formula (PO;)({WOs)s,.;
{c) monophosphate tungsten bronzes with hexagonal tun-
nels, MPTBy, with the general formula A,(PO,),
(WO3)y,,; (d) diphosphate tungsten bronzes with hexago-
nal tunnels, DPTBy, with the general formula (P204),
(WO}, 1 being an integral number commonly between
4 and 20, The difficulty in isolating these compounds as
pure phases increases with the value of m.

On the other hand, molybdenum, owing to its numer-
ous possible oxidation states (VI, V, 1V, 1ll), is a poten-
tial candidate for the formation of mixed valency mate-
rials. However, as yet, in the mixed frameworks of
octahedral molybdenum phosphates, only Mo(lV)-
Mo(lll) compounds have been observed (5-8). Among
these compounds, one of the most inlercsting is the
molybdenum(lV) pyrophosphate (9, 10). This compound
cxhibits a ZrP,O; type structure (11), characterized by
the presence of pentagonal tunnels. This steuctural type
is also characterized by its ability to accommodate te-
travalent cations with ionic radii widespread from Si**
(0.40 A) to Th** (1 A), with a linear increase in the unit-
cell parameter with the ionic radius. Taking into account
that due to the lanthanide contraction, the ionic radii of
Mo(IV) and W(IV) are practicaliy the same (0.65 A) (12),
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the obtention of a tungsten (IV) pyrophosphate appeared
to be possible. As a result, Teweldemedhin et al. (13)
have recently published the synthesis of the WP,0; com-
pound,

As a part of our investigation on molybdenum phos-
phates, we have found a synthetic pathway that leads to
the obtention of the MoP;0O; pyrophosphate as a pure
phase. Using this procedure for the W-P-0 system we
have also been able to prepare the WP,0; compound.
The present work deals with the synthesis, structural
characterization, magnetic behavior, and electron trans-
port properties of these materials,

EXPERIMENTAL

Preparation of the MP,O7 (M = Mo, W) Compounds

The starting materials were mixtures of MoOs or WO,
oxides and (NH;),HPO,, with the molar ratio of 1M : 5P,
(M = Mo or W). The mixtures were ground and put into
an alumina crucible, Calcination was carried out in air by
. using an electrical furnace at two sequential tempera-
tures. At first temperature, about 250°C, the ammonium
phosphate decomposed, and then the samples reacted at
600°C for 4 hr. The dark products obtained, recovered
microcrystalline powder compounds, which correspond
to MoP,0O; and WP,0; stoichiometries, were dissolved in
hot water.

Molybdenum, tungsten, and phosphorus content were
confirmed by atomic absorption (Perkin—Elmer 3030B)
and gravimetric techniques, respectively. The results
were as follows: found: Mo, 35.3% (W, 51.1%); P, 22.9
(17.0); required: Mo, 35.5 (W, 51.4); P, 23.0 (17.3}.

X-Ray Crystallography

A STOE automatic powder diffraction system, operat-
ing at 40 kV, 20 mA, with monochromatic CuKe radia-
tion (1.5406 A), has been used to record the X-ray pow-
der diffraction patterns of the compounds. A scan w-260
has been performed, with steps of 0.02° in 28 and a fixed-
time counting of 15 sec. Room temperature was main-
tained at 298(1) K.

Physical Measurements

IR spectra (KBr pellet) were obtained with a Nicolet
FT-IR 740 spectrophotometer. Magnetic susceptibility
measurements were performed on a polycrystalline sam-
ple using a DSM8 magnetometer/susceptometer between
4.2 and 300 K. A Bruker ESP300 spectrometer, operating
at X and Q bands, was used to study the ESR polycrys-
talline spectra between 4.2 and 300 K. The temperature
was stabilized by an Oxford Instrument (ITC4) regulator.
The magnetic field was measured with a Bruker 200
gaussmeter, and the frequency inside the cavity was de-
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termined using a Hewlett—Packard 5352B microwave fre-
guency counter. The conductivity was measured by the
four-point method (14). It was calculated by measuring
the intensity/voltage ratic between the points in both di-
rections of the current in order to minimize the dissym-
metry effect between the contacts.

RESULTS AND DISCUSSION

The X-ray powder diffraction patterns of both molyb-
denum and tungsten pyrophosphate compounds are simi-
lar (Fig. 1). They have been indexed using the LSUCRE
program (15) in a cubic unit-cell with the Pa3 space
group, previously determined by Leclaire er al. (10) for
the MoP,O; compound, from the X-ray single crystal
data. From Table i, it can be seen that the unit-cell di-
mensions of these compounds are similar, and corre-
spond to two cations, molybdenum and tungsten, belong-
ing to the second and third series of transition metals,
respectively. The calculated density for WP,0,, 4.74 g
cm™?, is in agreement with the measured value, 4.73(1) g
cm?, obtained by the hydrostatic method.

The structure of the MoP,0; compound was described
by Leclaire ef al. (10) as a three-dimensional framework
built up from [MoQOg| octahedra sharing their corners with
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FIG. 1. X-ray powder diffraction patterns of the MP,0; (M = Mo,

W) compounds.
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TABLE 1 _
Unit-cell Dimension$ of the MP,0; (M = Mo, W) Compounds

a v

pcxp Feale
Compound (A) (&%) z (gem™)  (gemh
MoP,0, 7.944(1)~ 501.4(2)2 4a 3.53¢ 3.57¢
WP,0, 7.942(1) 500.9(2) 4 4.73( 4.74

@b From Refs. (10} and (9), respectively.

|P,O; groups. Thus the octahedra are compietely sur-
rounded by the pyrophosphate anions (see Fig. 2). These
polyhedra give mixed layers characterized by the pres-
ence of pentagonal windows limited by two octahedra
and three tetrahedra. The layers are staggered in such a
way that the pentagonal windows delimit intersecting zig-
Zag funnels. Likewise, it can be observed the classical
geomelry of the diphosphate group, with three short P-O
bonds [1.42(3) A] corresponding to the oxygen atoms
common to tungsten and phosphorus atoms, and a longer
one [1.510(9) Al corresponding to the oxygen atom bridg-
ing two phosphorus atoms.

Over the past years, the real structure of zircontum and
molybdenum pyrophosphate compounds has not been
completely determined. In 1971, Chaunac (16) reported
that under most preparative conditions ZrP,0; has a
weak superstructure. Recenily, Haushalter and Mundi
(1) have observed in the MoP;0; compound, with the aid
of synchroton radiation, a few weak reflections belonging
to a superstructure, which suggest an orthorhombic sym-
metry. Unfortunately, the superstructure of these pyro-
phosphate compounds has not yet been resolved. How-

FIG. 2.
pound.

Schematic illustration of the structure of the MoP;0, com-
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ever, these crystallographic results have not preciuded
carrying out a study of the physical properties of these
MP,0O; (M = Mo, W) compounds.

IR spectroscopy is a useful technique for the identifica-
tion of different types of phosphates, Good correlations
between the essential vibrational features and the struc-
tural data can be obtained (17, 18). However, for phos-
phates containing high-oxidation-state cations, the cat-
ion-oxygen force is large enough to alter the P-O
vibrational frequency, and additional information may be
needed. For the condensed phosphates, due to the exis-
tence of two types of P—-0 bonds, an additional approxi-
mation could be considered. The P-0,,, distance, for an
“external’’ oxygen, is shorter than for an “‘internal” or
bridging one within the P-O-P chain or ring, and the
stretching frequency is accordingly higher.

The IR bands of the molybdenum and tungsten pyro-
phosphates are shown and compared with other pyro-
phosphates of transition eiements in Table 2 (19). Band
assignments have been empirically made on the basis of
those reported by Rulmont et af. (18) and Huang et al.
(19) for the pyrophosphates given in the literature, The -
spectra are complex, but in general three characteristic
groups of bands are observed in the range 1300-700
em~t, Two broad bands approximately centered at 1230
and 1100 cm™} for the MoP,0O; and three bands at 1260,
1160, and 1000 cm™! for the WP»05 are observed. These
bands correspond to the »,(P-O.,) antisymmetric
stretch of the pyrophosphate groups. The bands ascribed
to the antisymmetric stretch of the P-O-P bridge appear
around 960 and 930 cm™! for the molybdenum and tung-

TABLE 2
Selected IR Bands (cm™!) and Empirical Assignments for Sev-
eral MP,0O; Pyrophosphates of Transition Elements between 400
and 1500 cm™!

Assignment Ti® Zre Mo Hf= w
1280w 1270w 1230s 1260m

¥as (P—0yy) 1095vs 1132vs 1100vs 1120vs 1160vs

1051vs 1000s

vas (P-0y) 9605 981s 960s 962vs 930s

v, (P~0y) Td1w 746w 740m 742m 740m

v, {(M-0) 621m 690w

& 583w 5495 525s 540s 530s

8, (O-P-0O) 561m 500w

8, (O-P-O) 448m 445w

& 435m 430m

& (O-M-0) 409w 409w

Note. vs, very strong; s, strong: m, medium: w, weak.
2 From ref. (19).
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sten pyrophosphates, respectively. The more character-
istic band of these types of compounds is due to the
symmetric stretch of the P~O-P bridge, which appears at
740 cm™! in both compounds. According to Lazarev’s
analysis (20}, this vibration should be IR inactive if the
anions were of symmetry Dsy or Dy, Thus, its observa-
tion prevents the P-O-P bridge from being linear, as im-
plied by the Pa3 space group determined by X-ray dif-
fraction (Leclaire ef af. (10)). This problem has also been
found in other isotypic compounds {(ZrP;0O,; SnP;0s,
SiP.07) (19, 21, 22), and it is mainly associated with inex-
act location of the O(1) oxygen atom on the ternary axis.

The region of lower frequencies in the IR spectra is
similar for both compounds. Two strong and broad
bands, centered at 525 and 435 em ™! for the molybdenum
compound and 530 and 430 cm~! for the tungsten com-
pound, were observed. The band which appears at ap-
proximately 530 cm™! has been observed in other pyro-
phosphates of tetravalent elements {Sn, Pb) (23) and can
be assigned to the antisymmetric stretching mbodes in the
MO octahedra. The bands around 430 cm~' are usually
ascribed to the bending modes of the pyrophosphate
groups which are strongly coupled with the vibrational
modes of the MOy octahedra.

Magnetic susceptibility measurements were performed
in the 4.2-300 K temperature range for both compounds
(Fig. 3). No remarkable anomalies were detected on the
susceptibility vs temperature curves, but the thermal de-
pendence observed for the magnetic susceptibility of
WP,0);, clearly contrasts with the Pauli paramagnetic be-
havior described for tungsten bronzes (24},

In both cases the data are well described by a Curie—
Weiss law, with C = 0.70 cm*K/mole, 8§ = —13.7 K and
C = 0.31 cm*K/mole, 8 = —4.2 K for the molybdenum
and tungsten pyrophosphates, respectively, In order to
explain the extremely low value observed for the Curie
constant of the tungsten compound, it is necessary to
take into account the strong influence of the spin—orbit
coupling in a 5d fon (A = 10630 cm~’ for the W(IV) free ion
(25)), which causes a strong reduction of the magnetic
effective moment with respect to the “spin-only’” mag-
netic moment.- Considering the Russell-Saunders cou-
pling scheme for tungsten, the expected magnetic mo-
ment of W(IV) is 1.63 up (26) (C = 0.33 cm*K/mol), in
good agreement with the experimental data of WP,0,.

The effective magnetic moments decrease with de-
creasing temperature below 100 K, the molybdenum and
tungsten phases respectively reach values of 1.26 and
1.16 ug at 4.2 K and values of 2.63 and 1.55 pp at room
temperature. This fact, and the negative # values, suggest
that the main magnetic interactions in these compounds
are antiferromagnetic.

However, for heavy transition metals this result must
be cautiously evaluated due to the great importance of
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FIG, 3. Thermal evolution of the X and X, 7 for MP,0; (M = Mo,
W) compounds.

the spin—orbit coupling. This tends to cause energy level
degeneracies to be resolved and it originates large split-
ting at zero-field and also gives rise to short spin-lattice
relaxation times (27). For the last reason, ESR spectra of
these types of compounds can only be observed at helium
temperatures. Nevertheless, in our case no signal was

_detected in the ESR experiments even at 4.2 K, indicat-

ing the existence of rather strong zero-field splitting. Tak-
ing into account that the zero-field splitting of the isoelec-
trenic V(III) ion is always positive (doublet above the
singlet) in every case in which it has been evaluated (28),
and extrapolating this situation to Mo(lV) and W(IV},
decreasing temperature will cause depopulation into a
diamagnetic ground state and therefore decrease the ef-
fective magnetic moment, an effect qualitatively simijar
to an antiferromagnetic interaction, '

Using the Van Vieck equation, one can easily deduce
an analytical expression for the susceptibility of aniso-
tropically magnetic behavior, originating by the zero-field
splitting, in the absence of any appreciable exchange.
The resulting expression deviates appreciably from the
Curie~Weiss law when D/kT — 1. However, the experi-
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mental x~! data follow straight lines in the whole range of
measured temperature., Moreover, spin—orbit coupling
increases with the atomic number, so that more impor-
tant zero-field splitting is expected for W(IV) than for
Mo(1V), but the 8 value is greater for the MoP,Q, com-
pound. Thus, the nonzero value of 8 cannot only be as-
cribed to the effect of the zero-field splitting, and mag-
netic interactions must take place.

Considering the structural features exhibited by these
pyrophosphates, antiferromagnetic interactions (with a
marked 3D character) must be propagated by a superex-
change mechanism through the {P,O4| groups, as has been
confirmed for other molybdenum phosphates (29, 30).

Measurements of electrical resistivities were per-
formed from room temperature to 400°C. At higher tem-
peratures the resistivity is about 10°  + ¢m for both com-
pounds, and it becomes greater than 108 @ - cm at 100°C.
In Fig. 4 is represented the variation of conductivity as a
function of temperature, showing the characteristics of
semiconducting behaviors. Below 235 and 130°C for the
molybdenum and tungsten pyrophosphates, respectively,
the conductivity becomes too weak for our instrumenta-
tion and the data could not be accurately measured. The
activation energy calculated for the high temperature re-
gion (250-400°C), was 0.85 and 0.81 eV for the molybde-
num and tungsten compounds, respectively.

The observed conductivity values are much lower than
those observed in other semiconductor compounds of the
W-P-0 system, e.g., for WPQs, o = 102 () - cm)™! at
room temperature with an activation energy of 0.084 eV
(31), and obviously the values do not correspond to the
metallic behavior expected for a tungsten bronze. These
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FIG,. 4. Evolution of Ln conductivity (Ln &) vs reciprocal tempera-
ture (1/7) for MP,O; (M = Mo, W) compounds.
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results and the localized magnetic moment suggest the
presence of localized electrons. The observed electronic
conductivity may be associated to a hopping phenome-
nomn.

Reactions of molybdenum or tungsten pyrophosphates
with sodium 1odide from aqueous solution allow to obtain
phases in which the sodium cation has been incorporated
to the crystal structure. The study of these new phases by
ESR spectroscopy indicates that Mo(III) or W(III) are
also present. A more detailed study of these reactions is
being carried out.

CONCLUDING REMARKS

Interest in these materials lies mainly in the presence
of interconnected pentagonal funnels. Due to these
opened structures, they are able to accept small ions or
molecules. There also exists the possibility of redox in-
tercalation reactions occurring where the molybdenum/
tungsten can be either reduced or oxidized, and could
thus be used as ionic exchangers or catalysts. From this
point of view the optimization of the synthetic pathways
that can lead to pure phases is a very important start-
point, and as a result, it appears that the M/P ratio in the
reaction mediom is the most important parameter io con-
sider. The considerable zero-field splitting presented in
the studied compounds originating from the spin-orbit
coupling, which also causes a strong reduction on the
magnetic effective moment of the tungsten pyrophos-
phate, is remarkable. On the other hand, the temperature
dependence of the magnetic susceptibility observed for
WP:0,, as well as its electron transport properties, indi-
cate that electronic delocalization is not present, at least
below room temperature. Therefore, even if some struc-
tural features and the composition indicate that WP,05 is
the first member {(m = 1) of the diphosphate tungsten
bronzes with pentagonal tunneis (DPTB, (P2O4)(WO1)s),
the observed properties do not allow it to be considered a
bronze. Although the [PO,| groups are effective in trans-
mitting the magnetic interactions, the covalent character
of the PO bonds precludes their participation in electron
conduction. For this reason, electronic localization is ob-
served when the |WQg| octahedra are only linked to [PO,|
tetrahedra, which occur in WP,05, in contrast with the
|WO4—|WOs bonds present in the tungsten bronzes.
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