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Departments of Chemistry and Physics, CICECO, UniVersity of AVeiro, 3810-193 AVeiro,
Portugal, and Department of Physics, UniVersity of Minho, Guimarães, Portugal
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A new vanadium(III) phosphate, Na3V(OH)(HPO4)(PO4), has been synthesized by using mild hydrothermal conditions
under autogeneous pressure. This material represents a very rare example of sodium vanadium(III) phosphate
with a chain structure. The crystal structure has been determined by refinement of powder X-ray diffraction data,
starting from the atomic coordinates of an isotypic compound, Na3Al(OH)(HPO4)(PO4), which was obtained under
high temperature and high pressure. The phase crystallizes in monoclinic space group C2/m (No. 12) with lattice
parameters a ) 15.423(9) Å, b ) 7.280(0) Å, c ) 7.070(9) Å, � ) 96.79(7)°, V ) 788.3(9) Å3, and Z ) 4. The
structure consists of one-dimensional chains composed of corner-sharing VO5(OH) octahedra running along the b
direction. They are decorated by isolated PO4 and HPO4 tetrahedra sharing two of their corners with the ones of
the vanadium octahedra. The interconnection between the chains is assured by three crystallographically distinct
Na+ cations. Magnetic investigation confirms the 3+ oxidation state of the vanadium ions and reveals an
antiferromagnetic arrangement between those ions through the chain.

1. Introduction

Vanadium phosphates exist in a wide range of structural
forms because of their variable oxidation states as well as
the large diversity in the bonding of the VOn polyhedra
(tetrahedra, square pyramids, and distorted and regular
octahedra) and the PO4 tetrahedra. The association of
different vanadium oxidation states (V, IV, and III) with their
various polyhedra leads to a large diversity of the resulting
structures and properties.1 The major interest in vanadium
phosphates originates from the catalytic applications of
vanadyl pyrophosphate in the selective oxidation of butane
to maleic anhydride.1-3 Vanadium phosphates have also
shown promising results as heterogeneous catalysts in the
selective oxidation of propane to acrylic acid and of pentane
to maleic and pthalic anhydride and in the oxidative

dehydrogenation of ethane, propane, etc.4 In this respect,
some of the most widely studied are the vanadium(V)
vanadyl orthophosphates (R-, �-, γ-, δ-, and ω-VOPO4 and
VOPO4 ·2H2O) and the vanadium(IV) vanadyl hydrogen
phosphates (VOHPO4 ·2H2O, VOHPO4 ·0.5H2O and VO(H2-
PO4)2), vanadyl metaphosphate (VO(PO3)2), and vanadyl
pyrophosphate ((VO)2P2O7), claimed to be an active phase
of commercial catalysts.4-8 Additionally, reduced vanadium
phosphate systems with low-dimensional structures often
exhibit unusual magnetic behavior, which makes them very
attractive for magnetic and electrochemical studies.9-11

Boudin et al. have reviewed 126 vanadium phosphate
compounds with mono- or divalent metallic cations. The
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vanadium ion in one third of these phosphates exists in
oxidation state 3+. The magnetic and catalytic properties
of 45 and 15 compounds, respectively, are reviewed, and
their structure-property relationships are also discussed.12

However, the preparation of new alkaline vanadium(III)
phosphates is still possible.

Here, we report the mild hydrothermal synthesis and
structural and magnetic characterization of a new rare
inorganic vanadium(III) phosphate with a chain structure.
This is the second inorganic metal phosphate synthesized
via using 2-methylpentamethylenediamine (MPMD),13 and
to the best of our knowledge, it is the first sodium
vanadium(III) phosphate containing isolated chains of va-
nadium polyhedra.

2. Experimental Section

2.1. Synthesis. In a typical synthesis of Na3V(OH)(HPO4)(PO4),
a solution of 0.72 g of sodium dihydrogen phosphate-NaH2PO4

(Aldrich) and 10.01 g of distilled water was mixed with 10.2 g of
MPMD (DuPont). Then, 0.11 g of vanadium(IV) oxide sulfate
pentahydrate (VOSO4 ·5H2O, Riedel-de Haën) was dissolved in
4.65 g of distilled water and added to the above solution. The
resulting mixture was homogenized for 40 min and then transferred
into a Teflon-lined autoclave (45 mL). The crystallization was
performed under static conditions at 150 °C for 7 days. After fast
cooling with flowing water, the run product was filtered with
distilled water and dried at 40 °C for 1 day. The phase crystallizes
as 40-70 µm aggregates composed of prismatic particles (Figure
S1 in the Supporting Information). Similar to a previously reported
material,13 to date, Na3V(OH)(HPO4)(PO4) must be prepared with
MPMD in the starting mixture, although this amine is not included
in the structure (see infrared data). The mass loss before 475 °C
(Figure S2 in the Supporting Information) is mainly due to
decomposition of the title compound, which also suggests the
absence of amine. This implies its role as a reactant for achieving
proper conditions for crystallization. The preparation of Na3V
(OH)(HPO4)(PO4) appeared to be quite sensitive toward the grade
of the reactants used in the initial batch. For instance, in the same
system and conditions, when the source of NaH2PO4 is substituted
by sodium phosphate dibasic dodecahydrate-Na2HPO4 ·12H2O
(Aldrich), we get vanadium(IV) phosphate with a cubic structure,
Na3.053((V5O9)(PO4)2)(OH)0.1(H2O)8.14

2.2. Characterization. The scanning electron microscopy (SEM)
images and chemical analysis (EDS) were carried out using a
Hitachi S-4100 scanning electron microscope equipped with a
Römteck EDS system. Powder X-ray diffraction (XRD) data were
collected on a Philips X’Pert MPD diffractometer (Cu KR1,R2

X-radiation) using a fixed divergence slit of 0.25° and a flat-plate
sample holder in a Bragg-Brentano parafocusing optics configu-
ration. The diffraction intensity was collected by the step scan
method (step 0.02° and time 420 s) in the 2θ range between 10
and 90°. Fourier transform infrared spectra (FTIR) of powdered
samples suspended in KBr pallets were acquired between 400 and
4000 cm-1 using a Mattson model 7000 spectrometer, resolution 2
cm-1. The thermogravimetric (TG) curve was measured with a TG-
50 Shimadzu analyzer. The samples were heated under air at a rate

of 5 °C/min. Direct current (dc) magnetic susceptibility (�dc) was
measured in a VSM magnetometer, from 50 K up to 250 K, under
a magnetic field of 5 kOe.

3. Results and Discussion

3.1. Structure Refinement. The powder XRD pattern
of Na3V(OH)(HPO4)(PO4) was indexed from 19 accurately
measured reflection positions by using the TREOR pro-
gram.15 A monoclinic cell was obtained, a ) 15.413(9)
Å, b ) 7.275(0) Å, c ) 7.067(6) Å, and � ) 96.78(3)°,
giving the figures of merit M19 ) 47.616 and F19 ) 80.5
(0.0044, 54).17 No additional systematic absences from
the expected ones for space group (C2/m) were observed.
These data were used for searching in the available
structural databases (ICDD, International Centre for
Diffraction Data, and ICSD, Inorganic Crystal Structure
Database), which indicated a similarity between the
present phase and Na3(M)(OH)(HPO4)(PO4) (M ) Al,
Ga).18 Using this information, the structural elucidation
was performed by the Rietveld method with the TOPAS-3
package19 and starting from the atomic coordinates of the
Na3Al(OH)(HPO4)(PO4) isostructural compound.18 After
extraction of structure factor amplitudes by the Le Bail
method,20 the initial structural refinement cycles included
the scale factor, the zero-point shift, the lattice parameters,
and the background parameters as variables. Following
satisfactory matching of the peak positions, the atomic
positions, the thermal parameters, and the peak profile
parameters including the peak asymmetry were refined.
All of the atoms were refined with individual isotropic
displacement parameters. The higher values of Na(3) and
P(2) could be due to the poor crystallinity of the sample
together with possible disorder over these positions.

The final Rietveld plot is shown in Figure 1. Details of
the final refinement and atomic parameters are given in
Tables 1 and 2. Selected bond distances and bond valence
sum (BVS) calculations are listed in Table 3. Bond angles
are given in Table S1 in the Supporting Information. The
chemical analysis data by energy-dispersive X-ray spectrom-
etry (EDS) obtained from a number of different particles Na:
P:V (3.0:2.07:1.11) are in fair agreement with the values
obtained from the structural characterization Na:P:V (3.0:
2.0:1.0).

3.2. Structure Description. The crystal structure consists
of one-dimensional chains composed of corner-sharing
VO5(OH) octahedra running along the b direction (Figure
2a). They are separated by isolated PO4 and HPO4 tetrahedra
sharing two of their corners with the ones of the vanadium
octahedra. The interconnection between the chains is assured
by three crystallographically distinct Na+ cations (Figure 2b).
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The crystal structure contains one crystallographically unique,
six-coordinated V3+ atom, where the bond distances V-O(H)
vary from 1.968(1) to 2.031(4) Å (average, 2.00 Å). BVS
calculations21 of O(7) (calculated -1.08; expected -2)
suggest the presence of a partial negative charge and a
possible OH group, which support the structure model

adopted for the present refinement. The same calculations
for the vanadium atom (see Table 3) gave a value of 3.02,
which confirms the oxidation state 3+ determined by the
magnetic measurements.

There are two crystallographically distinct phosphorus
atoms, both with tetrahedral coordination. The lengths of the
P(1)-O bonds range from 1.539(6) to 1.589(2) Å (average
1.571 Å) indicating some degree of multiple-bond character.

(21) Lufaso, M. W.; Woodward, P. M. Acta Crystallogr., Sect. B 2001,
57, 725.

Figure 1. Experimental (upper line) and simulated (bottom line) powder XRD patterns of Na3V(OH)(HPO4)(PO4).

Table 1. Crystal Data and Structure Refinement Parameters

compound Na3V(OH)(HPO4)(PO4)
chemical formula Na3VP2O9H2

fw 1303.41 g/mol
cryst syst monoclinic
space group C2/m (No. 12)
unit cell dimens a ) 15.423(9) Å, b ) 7.280(0)

Å,c ) 7.070(9) Å, � ) 96.79(7)°
volume 788.3(9) Å3

Z 4
D(calcd) 2.74(5) g/cm3

wavelength Cu KR1,R2

2θ range 9.0-90.0°
time per step 420 s
2θ step size 0.02
no. of indep reflns 364
zero point 0.030(9)
Caglioti law parameters

(U, V, W)
0, -0.0072(8), 0

peak shape pseudo-Voigt
background Chebychev polynomial, 12

coefficient
reliability factors Rp ) 5.36, Rwp ) 7.82, Rexp

) 4.39, GOF ) 1.78
structure factor RB ) 3.59

Table 2. Atomic Coordinates and Isotropic Displacement Parameters
for Na3V(OH)(HPO4)(PO4)

atom Wyckoff x y z SOFa Biso (Å2)

Na(1) 4 0 0.2287(3) 0 1 0.50(3)
Na(2) 4 0.1128(0) 0.5 0.7091(2) 1 1.96(1)
Na(3) 4 0.25 0.25 0.5 1 2.25(2)
V 4 0.25 0.25 0 1 1.27(3)
P(1) 4 0.3799(7) 0 0.7700(0) 1 0.738(9)
P(2) 4 0.1181(3) 0 0.6995(2) 1 2.76(0)
O(1) 4 0.4833(0) 0 0.7762(9) 1 0.502(6)
O(2) 4 0.3323(2) 0 0.5659(7) 1 2.53(2)
O(3) 8 0.3531(3) 0.1763(2) 0.8788(9) 1 1.83(1)
O(4) 8 0.1680(5) 0.1834(8) 0.7706(2) 1 2.95(9)
O(5) 4 0.0277(5) 0 0.7676(7) 1 3.11(6)
OH(6) 4 0.1183(9) 0 0.4677(5) 1 0.986(1)
OH(7) 4 0.2373(1) 0 0.1213(3) 1 0.500(2)

a SOF ) site occupancy factor.
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The second phosphor tetrahedron is protonated, where the
bond distances of P(2)-O(H) varies from 1.527(9) to
1.639(4) Å (average 1.588 Å). A longer distance of 1.639(4)
Å is observed in the terminal bond P(2)-OH(6), which
indicates a partial negative charge. This was also confirmed
by BVS calculations for the O(6) (calculated -1.189;
expected -2). The absence of the valency value (Table 3)
for P(1) and P(2) is around 9% and 14%, respectively. This
can be attributed to a local disorder of the phosphorus atoms,
which could not be modeled with the present set of data and
requires further study on the first coordination sphere of the
polyhedra.

The three distinct Na+ cations show an irregular coordina-
tion geometry. They are coordinated with six (Na(1)), five
(Na(2)), and eight (Na(3)) oxygen atoms, respectively. The

bond distances Na-O(H) vary from 2.107(1) to 2.997(8) Å
with average distances of 2.454, 2.350, and 2.603 Å for
Na(1), Na(2), and Na(3), respectively.

The presence of vanadium changes the metrics of the unit
cell (V ) 788.3(9) Å3) when compared with the isostructural
compounds containing Al (V ) 753.5(3) Å3) and Ga (V )
774.8(6) Å3).18 The refined crystal structure shows that
vanadium atoms occupy the octahedral site of Al/Ga;
however, in contrast with the former, it can adopt different
oxidation states. Considering that the ionic radii of six-
coordinated vanadium in 4+ and 5+ oxidation states are
smaller (0.58 and 0.54 Å, respectively) than the ones in 2+
and 3+ (0.79 and 0.64 Å, respectively),22 one of both valence
states could be assumed. However, in order to get unambigu-
ous information concerning the oxidation state of the
vanadium ion, we performed magnetic measurements. Previ-
ous work on similar sodium vanadium phosphate compounds
composed of chains of vanadium(IV) octahedra demonstrates
the complexity of the cation distribution and vanadyl bond
orientations in these materials.9,23 Such structural peculiarities
can also be expected in the present compound considering
the high isotropic displacement parameters of the sodium
atoms. However, to reveal these features, high-resolution or
single-crystal data are required.

3.3. Infrared Spectroscopy. The FTIR transmittance
spectrum of Na3V(OH)(HPO4)(PO4) is shown in Figure 3.
It exhibits bands at 3587, 1156, 1066, 961, 882, 651, 556,
and 467 cm-1, and none of them could be assigned to amine
vibration modes. The weak sharp band at 3587 cm-1 arises
from the O-H bond stretching modes, supporting the
suggestions from the Rietveld refinement. The asymmetric
P-O stretching mode appears at 1156, 1066, 961, and 882
cm-1, whereas the asymmetric O-P-O vibrations are
observed at 651, 556, and 467 cm-1.24

3.4. Magnetic Properties. Figure 4 depicts the inverse
magnetic susceptibility as a function of temperature, where
a clear Curie-Weiss behavior was observed above 90 K.
The paramagnetic effective moment peff) 2.49 µB/V is close
to the theoretical value 2.83 µB/V3+ (considering g ) 2 and
S ) 1). The small deviation indicates a possible orbital
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Figure 2. Structure of Na3V(OH)(HPO4)(PO4) viewed along (a) [001] and
(b) [010]. For clarity, the sodium atoms are omitted in part a.

Table 3. Selected Bond Distances (Å) and BVSs (∑s) for
Na3V(OH)(HPO4)(PO4)

Na(1)-O(5) 2× 2.412(7) V-O(3) 2× 1.968(1)
Na(1)-O(3) 2× 2.425(7) V-O(4) 2× 1.994(3)
Na(1)-O(1) 2× 2.524(3) V-OH(7) 2× 2.031(4)
∑(Na(1)-O) ) 1.041 ∑(V-O) ) 3.02
Na(2)-O(1) 1× 2.107(1) P(1)-O(2) 1× 1.539(6)
Na(2)-O(2) 1× 2.211(3) P(1)-O(3) 2× 1.577(2)
Na(2)-OH(7) 1× 2.475(1) P(1)-O(1) 1× 1.589(2)
Na(2)-O(4) 2× 2.477(4) ∑(P(1)-O) ) 4.538
∑(Na(2)-O) ) 1.257 P(2)-O(5) 1× 1.527(9)
Na(3)-O(2) 2× 2.236(5) P(2)-O(4) 2× 1.593(2)
Na(3)-O(4) 2× 2.463(0) P(2)-OH(6) 1× 1.639(4)
Na(3)-OH(6) 2× 2.715(8) ∑(P(2)-O) ) 4.346
Na(3)-O(3) 2× 2.997(8)
∑(Na(3)-O) ) 1.204
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contribution. This result ratifies our claim, based on an
indirect conclusion from oxidation rules, that the vanadium
ions in the present compounds have 3+ oxidation states. An
experimental value of 2.61 µB/V was found for another V3+

compound.25 The negative paramagnetic Curie temperature
(θp ) -35.8 K) indicates an antiferromagnetic (AFM)
arrangement between those V3+ ions. The exchange interac-
tion between V3+ ions changes from AFM to ferromagnetic

(FM) when the V-O-V bridge angle reaches (increasing
angle) a crossover value of 133°, as was already shown for
some vanadium(III) complexes.26 This fact is in accordance
with the structural data, where the V-O-V angle is 127.3°.

On the other hand, we can expect some weak FM
contribution, which, in fact, can be responsible for the
deviation of the Curie-Weiss law below 90 K (Figure 4),
where FM fluctuations of the magnetic interactions can exist.
Indeed, it can arise as a result of (i) the tilting of the
coordination polyhedra of V3+ (i.e., non-collinear alignment)
and/or (ii) the obtained bridge angle V-O-V (127.3°),
which is quite close to the crossover angle for AFM to FM
arrangements. In this sense, a complete and deep analysis
on the magnetic behavior of the present compound deserves
attention and is in progress. The magnetic data presented
here fit the scope of the present paper, determining therefore
the oxidation state of the vanadium ions (V3+) and their
strongest magnetic arrangement (AFM).

4. Conclusion

A rare example of sodium vanadium(III) phosphate is
synthesized by a hydrothermal method. This is the second
metal phosphate prepared using MPMD. The crystal structure
is determined by refinement of powder XRD data from
atomic coordinates of the isotypic high-temperature- and
high-pressure-obtained compound Na3Al(OH)(HPO4)(PO4).
The present compound is found to be the first sodium
vanadium(III) phosphate containing isolated chains of va-
nadium polyhedra. From the magnetic measurements, it was
possible to (i) confirm the 3+ oxidation state of the vanadium
ions and (ii) determine the AFM arrangement between those
ions through the chain.
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Figure 3. FTIR spectrum of Na3V(OH)(HPO4)(PO4).

Figure 4. Inverse dc magnetic susceptibility as a function of the
temperature. The paramagnetic effective moment is in accordance with
isolated V3+ ions. The negative paramagnetic Curie temperature is a
signature of the AFM arrangement of those V3+ ions, also in accordance
with the V-O-V bridge angle of 127.3° (the crossover for vanadium
compounds is 133°, above (below) which the system is FM (AFM)).27 Inset:
raw magnetic susceptibility.
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