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The magnetic properties of [(VO);(1-PO4)2(2,2'-bpy)(1t-OH2)]1/3H,0 (1) and (VO),H4P,0q9 (2), a tubular
and a layered vanadium(IV) phosphates containing triply oxido bridged V" dimers, are analyzed
considering the Bleaney-Bowers S = 1/2 dimer model. In compound 1 the presence of an additional V!V
connected with the V!V dimers through ;.L1,2—PO43’ bridges is described with a Curie-Weiss type correc-
tion. This model reproduces the magnetic properties of compound 1 with g = 1.956, Jgim = —102.1 cm™!,

=—-0.4cm™ ! and No=278 x 107® emu mol~'. In compound 2, the presence of a small percentage of
paramagnetic impurity has to be considered to account for the divergence of y,, at low temperatures.
This simple model reproduces the magnetic data of compound 2 with g=1.99, J=—-62.4cm™! and a
1.2% of monomeric impurity. The moderate antiferromagnetic coupling found in the triply oxido bridges
Molecular magnetism VYV dimers is justified from the structural parameters of the bridge. These studies confirm that the cou-
Vanadium pling through —-O-P-0- bridges is antiferromagnetic and relatively weak, as well as previous magneto-
DFT structural correlations in this kind of oxido bridges. DFT calculations on a dinuclear fragment model
for the two systems gave the following values of Jcuc = —72.4 cm™! for 1 and Jeac = —5.2 cm™! for 2. These
values reproduce the antiferromagnetic nature of the superexchange interactions between the V'V
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centers.
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1. Introduction

Vanadium phosphorus oxides (VPO) are studied due to the great
structural variety they can present. The wide number of structures
that can be obtained by the different combinations of the vana-
dium polyhedra with the phosphorus polyhedra, range from 0D
to 3D crystalline lattices. Moreover, vanadium can present differ-
ent oxidation states; this fact confers more plasticity and more
variety to these inorganic lattices. Besides, the use of organic
ligands offers the possibility to direct and modulate the dimen-
sionality and coordination modes in these VPO systems, giving rise
to the so-called hybrid organic-inorganic compounds.

Magnetic properties of inorganic lattices based on VPO systems
may depend on the structural features of the inorganic network,
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and on the nature of the paramagnetic centers present in the
structure. In the specific case of VV-based VPO systems, these are
interesting because the vanadium spin carrier is directly con-
densed into the VPO network. The phosphate bridges of oxovana-
dium phosphates are known to provide spin exchange pathways,
and the way these bridges are coordinated determines the magni-
tude of the superexchange interaction between the paramagnetic
V" centers [1-7]. However, in a 1D or 2D structure the different
bonding modes of the phosphate groups to the vanadium atoms
do not permit to unambiguously assign the magnitude of the spin
exchange interaction related to the different magnetic exchange
pathways present in the structure. Besides, the intrachain interac-
tions in oxovanadium phosphate bridged chains have been shown
to be stronger than the interchain ones [8].

At present, chemists are able to prepare in a reproducible
manner and in quantitative yields different VPO phases and the
corresponding functionalized MVPO systems by hydrothermal
synthetic methods. Therefore they are able to obtain large amounts
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of pure solids in order to measure their physical properties [9-14].
In this work we have measured the bulk magnetic properties of
two vanadium(IV) extended systems, and used molecular magne-
tism models to fit these data, and explain the observed magnetic
behavior. Theoretical calculations based on Density Functional
Theory were used to explain the antiferromagnetic nature of the
experimental magnetic data.

2. Experimental
2.1. Synthesis

A mixture of V,0s, NaVOs3-H,0, 2,2’-bipyridine, NH,OH-HCI,
H5;PO,4 and H,0 in a molar ratio of 0.55 (100 mg):1.5 (182 mg):
1.5 (234 mg):5.0 (347.5 mg):6.5 (0.3725 mL):1000 (18 mL) were
added to a Parr reactor and heated at 200 °C for 96 h. Two phases
were obtained, which were separated mechanically: green crystals
of [(VO)3(ts-PO4)a(2,2-bpy)(1-OH,)]-1/3H,0 (1) (52.1% yield), and
as minor product blue crystals of (VO),H4P>09 (2) (less than 4%
yield).

An alternative synthetic method was used to obtain a better
yield of compound (2). While all amounts of the reagents were re-
duced, the relative amount of the reducing agent NH,OH-HCl, was
increased. A mixture of V,0s, NaVOs-H,0, 2,2'-bipyridine,
NH,O0H-HCI, H3PO4 and H,0 in a molar ratio of 0.27 (50 mg):0.75
(91 mg):0.75 (117 mg):4 (278 mg):3.25 (0.1862 mL):1000 (18 mL)
mmol with a reaction time of 96 h; the cooling time was 48 h. With
these modifications the yield of (2) increased (80.8% yield), and
larger crystals of (2) were obtained.

Both compounds were identified by their powder diffraction
patterns; compound (1): trigonal, space group R3, a =29.7600(3)
A, ¢=9.5745(2)A; compound (2): orthorhombic, space group
Pmmm, a=7.416(1) A, b=9.592(2) A, c = 5.689 A. These crystalline
parameters were previously reported by Yang and Lu [13] and
Torardi and Calabrese [14], respectively.

3. Magnetic study
3.1. Experimental

The DC magnetic susceptibility measurements were carried out
in the temperature range 2-300 K with applied magnetic fields of
0.1 and 1.0 T on polycrystalline samples of compounds 1 and 2
(with masses of 36.23 and 25.92 mg, respectively) with a Quantum
Design MPMS-XL-5 SQUID susceptometer. The isothermal magne-
tizations were performed on the same samples at 2 K with mag-
netic fields up to 5T. The susceptibility data were corrected for
the sample holders previously measured using the same conditions
and for the diamagnetic contributions of the salts as deduced by
using Pascal’s constants (yqi,=—147.78 x 107% and —137.76 x
1078 emu mol~! for 1 and 2, respectively) [15].

3.2. Computationals details

Single point calculations were performed using a fragment
generated from the crystalline structure containing two vanadium
atoms. Spin-unrestricted calculations under the Density Functional
Theory approach were done, using the hybrid B3LYP functional
[16] and a triple-{ all electron basis set for all atoms [17]. A guess
function was generated using Jaguar 5.5 code [18], and a triple-{
basis set was used for all the atoms. Total energy calculations were
performed with the caussian09 program [19], using the quadratic
convergence method with a convergence criterion of 1077 a.u.
Mulliken spin densities were also obtained from the single point
calculations.

The Heisenberg-Dirac-van Vleck spin Hamiltonian was used to
describe the exchange coupling in the polynuclear complex:

H=-Y7J;SsS;

i>j

where, S; and S; are the spin operators of the paramagnetic centers i,
j of the compound. The J; parameters are the magnetic coupling
constants between the centers with unpaired electrons of the
molecule.

4. Results and discussion
4.1. Magnetic study for [(VO)s(u-POy4)x(2,2'-bpy )(u-OH3)]-1/3H50 (1)

The experimental magnetic behavior of 1 is shown in Fig. 1. The
product of the molar magnetic susceptibility times the tempera-
ture, y,,T per V'V trimer, shows a room temperature value of ca.
1.06 emu K mol ! (close to 1.125 emu K mol ™!, the expected value
for three isolated S = 1/2 V!V centers with g = 2.00). On lowering the
temperature, y,,T shows a progressive decrease to reach a plateau
with a value of ca. 0.35 emu K mol~! in the temperature range 20-
5 K. Below ca. 5 K y,,,T shows an abrupt decrease to reach a value of
ca. 0.26 emu K mol~" at 2 K.

This behavior indicates that the three S = 1/2 V'V centers present
predominantly antiferromagnetic interactions that cancel the con-
tribution of two of the three V'V centers since the plateau observed
at low temperatures (ca. 0.35 emu K mol~!) corresponds to the ex-
pected value for one unpaired electron (0.375 emu K mol~! for
g=2). The more abrupt decrease observed at very low tempera-
tures suggests the presence of an additional and weaker antiferro-
magnetic coupling present in the remaining unpaired electron.

The isothermal magnetization M(H) at 2 K shows a saturation
value slightly lower than 1.0 ug, which is the theoretical saturation
value for a S = 1/2 ground state with g = 2.00. This lower value con-
firms the presence of the additional weak antiferromagnetic cou-
pling observed at very low temperatures.

In order to fit the magnetic data we have to analyze the possible
magnetic exchange pathways in the structure of compound 1. As
can be seen in Fig. 2, this compound presents a VIV dimer where
the two vanadium atoms, V2 and V3, are connected through a tri-
ple oxido bridge from two short ,;-PO4 bridges (V2-04=
2.089(3), V2-07=2.073(3), V3-04=2.040(3) and V3-07-=
2.025(3)A) and one long water bridge (V2-012=2.463(3) and
V3-012 =2.459(3) A).

Each V!V center of the dinuclear unit presents a distorted VOg
octahedral geometry where the equatorial plane is formed by four
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Fig. 1. Thermal variation of the y,,T product of compound 1. Solid and dashed lines
are the best fits to the models (see text). Inset shows the low temperature region.
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Fig. 2. Coordination environment and bridges between the V atoms in compound 1.
color code: V1, V2, V3 = yellow, P = blue, O =red, N = light blue. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

oxygen atoms from four different PO,>~ groups and the axial posi-
tions are occupied by a water molecule (O12) and a terminal oxy-
gen atom with a very short bond length (corresponding to a
vanadyl group). Besides this (u-0); V'V dimer, there is an additional
VIV atom (V1) which is connected to four different V2-V3 dimers
through 1, 5-PO4 bridges (Fig. 2). These connections are not identi-
cal in the four dimers. Thus, V1 is connected through a single —-O-
P-O- bridge with the two V atoms of two neighboring dimers and
through a double —-O-P-0- bridge and with only one V atom of two
more dimers.Since the -O-P-0O- bridges are known to give rise to
much weaker coupling than a direct oxido bridge, we have consid-
ered, in a first approach, that these L, ,-PO,4 bridges are negligible
and, accordingly, we have used a very simple S = 1/2 dimer model
plus an additional S = 1/2 paramagnetic contribution to account for
the magnetically almost isolated V1 atom. The Hamiltonian used
for the intra-dinuclear interaction is: H = 7](§1 -§2) and we have
used the expression derived for the susceptibility by Bleaney and
Bowers [20], plus an additional paramagnetic S=1/2 term and a
temperature independent paramagnetic term (No):

_2Np’g* 1 Np’g?
L=7KT 3 texp(J/kT) ' 4kT

This simple equation reproduces quite satisfactorily the
magnetic properties of compound 1 in the temperature range
5-300 K with the following parameters: Jgim = —99.2 cm™!, g4im =
Zmon=1.923 and Nu=382x 10 ®emumol! (dashed line in
Fig. 1). Note that at very low temperatures the agreement between
the experimental points and the calculated ones is not good since
the experimental data show an abrupt decrease below ca. 5 K that
is not reproduced by the used model (inset in Fig. 1) since the cal-
culated y,,T values remain constant, as expected for an isolated
S=1/2 center.

In order to reproduce the low temperature decrease observed in
compound 1, we have to include the coupling between the mono-
mer V1 and the dimers through the p,,-PO,>~ bridges. Albeit, the
inclusion of all these interactions, leads to an extended 2D mag-
netic pathway with a closed curvature that generates the tubular
structure observed in compound 1. Since there is no available mag-
netic model to fit such structure, we have used a very simple model
with an additional interaction by including in the previous model a
temperature correction of the (T — 0) type, as in the Curie-Weiss
law.

This simple model reproduces much better the magnetic
properties of compound 1, including the decrease at very low
temperatures, with g=1.956, Jgim=-102.1cm™ !, 0= -04cm™’

+ Na

)+

and Noc =278 x 107% emu mol~! (solid line in Fig. 1). As expected,
the intra-dimer coupling constant is similar to the one found in
the first model since the weak additional interaction (0) has almost
no influence on the high temperature region and only affects the
low temperature data.

The magnetic couplings found in the two models agree with the
nature of the corresponding bridges. Thus, in the triply
oxido-bridged V'V dimer, the V2-04-V3 and V2-07-V3 bond an-
gles connecting equatorial positions (96.13(11)° and 97.10(11)q,
respectively) are in the normal range where strong antiferroman-
getic interactions are calculated and observed [21]. Although there
is an oxido bridge with a V2-012-V3 angle of 77.23(9), which is
expected to produce a ferromagnetic coupling, this bridge connects
axial positions of both V atoms and, therefore it is expected to give
a very reduced magnetic coupling since the magnetic orbitals are
located in the equatorial plane. Furthermore, the coupling is weak
since the V2-012 and V3-012 bond lengths are very long
(2.463(3) and 2.459(3) A, respectively). On the other hand, the
magnetic coupling found in both phosphate bridges is weak and
antiferromagnetic, as observed in other similar VIV compounds
with this kind of bridge [22-25]. Independently of the used model,
the magnetic properties of compound 1 are clearly dominated by
the strong antiferromagnetic coupling through the three oxido
bridges inside the face-sharing V!V dimer, which is much stronger
than the other phosphate-bridged couplings.

4.2. Magnetic study of (VO)>H4P>09 (2)

The thermal variation of the molar magnetic susceptibility per
V" dimer, shows an increase when the temperature is decreased
and reaches a maximum at ca. 57 K (Fig. 3). Below this temperature
xm decreases and reaches a minimum at ca. 10K followed by a
divergence at lower temperatures. The presence of a maximum
in the y,, versus T plot suggests the presence of predominant anti-
ferromagnetic exchange interactions in compound 2. The diver-
gence observed at low temperatures in the form of a Curie-tail
indicates the presence of paramagnetic impurities as a conse-
quence of crystal defects, vacancies and/or monomeric inclusion
impurities.

The structure of compound 2 shows layers containing octahe-
dral VIV atoms arranged in face-sharing dimers connected through
a triple oxido bridge (Fig. 4, left). Each dimer is further connected
to its six closest neighboring dimers through double -O-P-O-
bridges to form a rhombic 2D lattice (Fig. 4, right).

Accordingly, in order to fit the magnetic properties of com-
pound 2 we have used a simple Bleaney-Bowers S=1/2 dimer
model [20] with a paramagnetic S=1/2 impurity to reproduce
the increase in y, at low temperatures:

2Npg? 1 . Ui
KT 3+ exp(J/kT) P 4kT

This simple model reproduces very satisfactorily the magnetic
properties of compound 2 in the whole temperature range with
the following parameters: g=1.99, J=—-624cm ! and p=1.2%
(solid line in Fig. 3). Note that although the interdimer exchange
interactions through the double -O-P-O- bridges have been ne-
glected, the good agreement between the experimental and calcu-
lated plots confirms that these phosphate bridges can be neglected
as compared to the triple oxido bridge inside the V!V dimers. This
assumption is also confirmed by the fact that in compound 1 the
coupling through the -O-P-0O- bridges was very weak and its ef-
fect is expected to be noticed only at low temperatures, where
the paramagnetic impurity is predominant.

In compound 2, as also observed in compound 1, the intra-
dimer antiferromagnetic exchange interaction is quite strong and

1=(1-p)
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Fig. 3. Thermal variation of the magnetic susceptibility of compound 2 per V!V dimer. Inset shows the low temperature region.

Fig. 4. (Left) Layered structure of compound 2. (Right) View of one layer showing a central dimer surrounded by six dimers. Color code: V = yellow, P = blue, O = red. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

can be easily correlated with the presence of the triple oxido bridge
with one V-0,,~V bridging angle of 82.98° and two V-O(POs)-V
angles of 97.30°. This last value is very similar to the values ob-
served in compound 1 and is also in the normal range where strong
antiferromangetic interactions are calculated and observed [21].
Although there is an additional small V-0,,-V bond angle (corre-
sponding to the water molecule), this bridge is expected to origi-
nate a very weak magnetic coupling since the V-O bond lengths
in this bridge are very long (V1-01=2.336 A).

4.3. Theoretical calculations

If we compare the structures of 1 and 2, it is possible to observe
a distortion in both structures with respect to the vanadium poly-
hedra of the dinuclear units as can be seen in Fig. 5.

In order to describe in a more detailed way the magnetic phe-
nomena, DFT calculations were performed for systems 1 and 2,
on a model that considers two isolated paramagnetic centers. Since
the Kahn-Briat model establishes a direct correlation between the
overlap of the magnetic orbitals and the strength of the superex-
change phenomena, the overlap of the magnetic orbitals was calcu-
lated and shows that for 1 the overlap is S, = 0.002 and for 2 it is
Sa2 = 0.014. Both dinuclear units can be described as two octahe-
dra sharing one face, but the overlap of the magnetic orbitals is
shown to be different and therefore generating different intensity
of the exchange phenomena for 1 and 2.

Fig. 5. Polyhedral representation of the dinuclear unit of 1 (left) and 2 (right).

Even though the theoretical calculations of the magnetic ex-
change constants for 1 and 2 reproduce the antiferromagnetic nat-
ure of the magnetic phenomena observed for the two systems, the
obtained values are lower. This is due to the use of a simple struc-
tural dinuclear model. These calculations gave the following values
for the super exchange interactions Jeuc=—72.4cm~! for 1 and
Jeale=—5.2cm™! for 2, corroborating the tendency observed
experimentally.

The Mulliken spin density values were determined for the two
model structures of 1 and 2, in order to validate the calculated
electronic structures. The values for the V!V atoms obtained in
the calculation for the two models are shown in Table 1S. All the
calculated values are in the range of 1.19e— to 1.23e—, as obtained
for other studied V!V systems [26]. The spin density is located on
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the metal centers, and part of this density appears over the oxygen
atoms of the vanadyl group, which occurs due to a polarization
mechanism. Figs. S1 and S2 present the spin density surfaces for
the ferromagnetic solution Sy=1 and the broken-symmetry solu-
tion Sy =0 for 1 and 2, respectively.

5. Conclusions

We have shown that it is possible to explain and fit the magnetic
properties of two different vanadium phosphates containing V'V
dimers connected through triple oxido bridges, which are further
connected through pi;,-PO4>~ bridges. The magnetic coupling in
these two compounds has been reproduced with a simple S=1/2
dimer model plus a S=1/2 monomer contribution in compound
1, and a paramagnetic S = 1/2 impurity in compound 2. To repro-
duce the decrease observed in the y,,T product at very low temper-
atures in compound 1 we have included a weak temperature
correction term. The couplings found in both compounds show that
the triple oxido bridges give rise to strong antiferromagnetic inter-
actions (J=-102.1 and —62.4cm~! in 1 and 2, respectively),
whereas the coupling through the phosphate bridges is very weak
in compound 1 and negligible in compound 2 (compared with the
contribution of the paramagnetic impurity). Finally the sign and
relative relevance of the exchange pathways were confirmed by
DFT calculations.
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