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Abstract

The hybrid organo-inorganic compounds [Cu4(bipy)4V4O11(PO4)2]nH2O (n � 5) (1), [Cu2(phen)2(PO4)(H2PO4)2(VO2) Æ 2H2O] (2) and
[Cu2(phen)2(O3PCH2PO3)(V2O5) (H2O)]H2O (3) which present different bridging forms of the phosphate/phosphonate group, show dif-
ferent bulk magnetic properties. We herein analyze the magnetic behaviour of these compounds in terms of their structural parameters.
We also report a theoretical study for compound (1) assuming four different magnetic exchange pathways between the copper centres
present in the tetranuclear unit. For compound (1) the following J values were obtained J1 = +3.29; J2 = �0.63; J3 = �2.23;
J4 = �46.14 cm�1. Compound (2) presents a Curie–Weiss behaviour in the whole range of temperature (3–300 K), and compound (3)
shows a maximum for the magnetic susceptibility at 64 K, typical for antiferromagnetic interactions. These data where fitted using a
model previously reported in the literature, assuming two different magnetic exchange pathways between the four copper(II) centres, with
J1 = �30.0 and J2 = �8.5 cm�1.
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1. Introduction

The oxovanadium phosphate compounds present a
great diversity of structures, which is in part related to
the oxidation state of vanadium, and to the way in which
the different polyhedra of vanadium and phosphorus are
condensed, sharing corners, edges and/or faces [1]. The
source of phosphorus can be simple tetrahedral phosphate
anions or organic derivatized moieties of the tetrahedral
phosphate subunits, in the form of diphosphonates, among
others [2–7]. The presence of paramagnetic coordination
complexes as part of these VPO structures offers an inter-
esting way to obtain polynuclear magnetic interacting cen-
tres isolated from each other [8–10].
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The VPO structures offer different types of bridges
which can produce the magnetic superexchange phenom-
ena between paramagnetic centres. For example, phos-
phate and oxo-vanadium can bind two or more metal
centres in a 1,1 or 1,3 bridging mode [11]. The existence
of more than one of these bridges between interacting para-
magnetic centres can produce a different type of magnetic
phenomena, as observed when a single bridge is present.
On the other hand, small structural variations can affect
the magnitude of the magnetic interaction.

Theoretical studies, from a quantum mechanical point
of view, are necessary since for most compounds with poly-
nuclear magnetic interacting centres and with various dif-
ferent exchange pathways, the existing analytical models
are too limited to explain the variety of the reported mag-
netic behaviour. The aim of the theoretical study reported
in this paper was to obtain the different exchange pathways
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present in [Cu4(bipy)4V4O11(PO4)2]nH2O (n � 5) (1), for
which the used analytical models did not give a good fit
of the experimental magnetic data. The theoretical meth-
ods used in the present work are based on density func-
tional theory [12–14].

In the present work, we will discuss the magnetic behav-
iour of three hybrid organo-inorganic compounds which
present different bridging forms of the phosphate/phospho-
nate/oxovanadium groups, showing different bulk mag-
netic properties. Compounds (2) and (3) correspond to
[Cu2(phen)2(PO4)(H2PO4)2(VO2) Æ 2H2O] and [Cu2(phen)2-
(O3PCH2PO3)(V2O5)(H2O)]H2O, respectively.

2. Experimental

The syntheses of compounds (1), (2) and (3) were
previously reported [9,15,10].

3. Computational details

All the calculations for compound (1) were performed
using the crystal structure of the molecule [10]. Single point
calculations were performed with the GAUSSIAN03 code [16]
using the quadratic convergence approach (convergence
criteria 0.02 cm�1) with the hybrid B3LYP functional [17]
and a guess function generated with the JAGUAR 5.5 code
[18]. We have employed a triple-f all electron Gaussian
basis set for all atoms [19]. Since the crystal structure cor-
responds to an extended system which contains tetra-
nuclear copper cores connected by phosphovanadates
moieties, a tetranuclear unit was used for the calculations,
see Fig. 1. This tetranuclear unit was obtained using four
pentacoordinated copper(II) centres, each metal centre
bonded to a bipyridine and to three oxygen atoms from
phosphate and oxovanadium groups. In the case of an
oxo-vanadium group bridging in a 1,1 form, hydrogen
Fig. 1. Tetranuclear copper(II) model of compound (1) used for the
calculations. The four central deep blue spheres correspond to copper
atoms. The six peripherical yellow spheres correspond to added hydrogen
atoms. Phosphorous, purple; vanadium, green; oxygen, red; nitrogen, light
blue; carbon, grey. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
atoms were added to the two oxygen atoms which were
originally bonded to a phosphate group. In the case of a
phosphovanadate group bridging in a 1,3 form, one hydro-
gen atom was added to a oxygen atom originally bonded to
a phosphate group. The hydrogen atoms added to the
structure were optimized with MM+ molecular mechanics
force field using the TITAN package [20]. The fragment
has four different Cu–Cu distances (3.19; 4.10; 5.38 and
5.01 Å), and therefore four different exchange coupling
constants (J1, J2, J3 and J4) are expected. Therefore, the
studied system can be described with the phenomenological
Hamiltonian

Ĥ ¼�J 1½Ŝ1Ŝ2þ Ŝ3Ŝ4� � J 2½Ŝ1Ŝ3þ Ŝ2Ŝ4� � J 3½Ŝ2Ŝ3� � J 4½Ŝ1Ŝ4�

In order to obtain the four different J values, five calcu-
lations are needed: a high spin solution (S = 2), three solu-
tions with S = 0, and one solution with S = 1. The
calculated temperature dependence of the magnetic suscep-
tibility was obtained with the MAGPACK code [21] using
g = 2.00.
4. Results and discussion

4.1. Structural description

The three reported hybrid organo-inorganic copper(II)
compounds, based on the vanadium(V)/phosphorus/oxy-
gen substructure (VPO) have different extended structures.
In compound (1), the existing tetranuclear copper(II) spe-
cies are connected by the V4P2O19 chain-like fragments to
form infinite chains running parallel [100] [9]. In com-
pound (2), the vanadium octahedral and phosphorous tet-
rahedra share common corners to form infinite chains
based on the VP2O12. An extra phosphorous tetrahedron
acts as a single bridge between two copper(II) centres, giv-
ing rise to the existence of Cu2(phen)2(PO4)+ species. These
cationic species are interconnected by l2-oxo bridges of
phosphorous and vanadium forming infinite chains, which
propagate along the a direction [15]. In compound (3), the
vanadium tetrahedra and diphosphonate groups share
common corners to give infinite zig-zag chains,
[V2O5O3PCH2PO3] running along the [100] direction.
The infinite chains are connected by the tetrameric units
to form layers [10].

In all the reported copper(II) compounds, the metal cen-
tres present a square pyramidal geometry. However, differ-
ent type of bridges between the copper(II) centres are
observed in each case. The copper(II) tetranuclear unit
present in compound (1) is the most complex, in relation
to the bridges that exist between the metal centres. The
two nearest copper(II) centres (dCu–Cu 3.19 Å) are linked
by three bridges: a 1,1-oxo-vanadium group, a 1,1-phos-
phate group, and a 1,3-phosphate group. These dinuclear
species are interconnected by two 1,3-phosphate group,
thus giving rise to a rhombohedral tetranuclear unit (dCu–Cu

4.10 Å). The internal diagonals of this rhombohedral struc-



Fig. 3. Binuclear copper(II) core of compound (2) showing the 1,3-
phosphato bridge. Dark gray, nitrogen; light gray, oxygen; dashed,
phosphorus.

Fig. 4. Tetranuclear copper(II) core of compound (3) showing all the
phosphate bridges involved in the magnetic exchange phenomenon. Dark
gray, nitrogen; light gray, oxygen; dashed, phosphorus. J1, J2: magnetic
exchange constants.
ture correspond to two 1,3-phosphate bridges each, with
distances of 5.03 and 5.38 Å (Fig. 2).

In compound (2), the dinuclear copper(II) unit is formed
with the presence of one 1,3-phosphate bridge (dCu–Cu

3.46 Å) (Fig. 3). In compound (3), the tetranuclear species
is formed by the central bis 1,1-oxo bridged dimer (dCu–Cu

3.25 Å) and the two external copper(II) atoms with 1,3-bis
phosphate bridges (dCu–Cu 5.13 Å) (Fig. 4).

5. Magnetic behaviour

Only compound (2) presents Curie–Weiss behaviour in
the whole temperature range (3–300 K), while all three
compound show this behaviour for the high temperature
region (>100 K). The magnetic behaviour of compound
(3) has been analyzed elsewhere; the obtained J values
being Jintra = �30 cm�1 and Jinter = �8.5 cm�1 [10].

For compound (1) the magnetic behaviour below 60 K
is complex, and the analytical expression used did not
give a good fit of the experimental magnetic data. A the-
oretical model with four exchange pathways was used in
order to describe the magnetic behaviour of the rhombo-
hedral tetranuclear species. The experimental magnetic
data for compound (1) (Fig. 5a) is well described with
the following calculated J parameters: J1 = +3.29,
J2 = �0.63, J3 = �2.23 and J4 = �46.14 cm�1 (Fig. 5b).
The overall antiferromagnetic behaviour at low tempera-
tures is due mainly to a inter-dimer exchange interaction,
while the intra-dimer exchange interaction due to the
existence of the three bridges results slightly ferromag-
netic. Therefore, the 1,1-oxo-vanadium bridge present in
the dinuclear unit may be acting counter complementary
in relation to the two phosphate bridges. The Cu2–Cu3

diagonal (dCu–Cu 5.01 Å) presents the phosphate ligands
with the most symmetrical copper–oxygen distances
(Cu2O: 1.92; Cu3O: 1.95; Cu2O 0: 1.95 and Cu3O 0:
1.92 Å). This fact may influence the magnitude of the J

value (J4 = �46.14 cm�1), in comparison to the much
smaller obtained J values (J2 = �0.63, J3 = �2.23 cm�1).
For this latter exchange pathways greater differences in
the Cu–O distances are observed, ranging from 1.89 Å
Fig. 2. Tetranuclear copper(II) core of compound (1) with all the oxygen
atoms involved in the magnetic exchange phenomenon. Dark gray,
nitrogen; light gray, oxygen; dashed, phosphorus. Schematic diagram of
the four different magnetic exchange pathways.
(shortest) to 2.29 Å (longest). It is known that geometri-
cal factors greatly influence the magnitude of the mag-
netic exchange coupling between paramagnetic metal
centres.

When a simpler model was used to describe the tetranu-
clear unit of compound (1) in which the two diagonals are
taken as equal, assuming a perfect rectangular geometry
for the species, the following j values were obtained:
J1 = +4.93, J2 = �0.63, J3 = �24.2 cm�1 [11]. Even
though the same trend is obtained in the sign of the j val-
ues, these do not reproduce the low temperature behaviour
of compound (1) as can be seen in Fig. 5c. It is interesting
to point out that the J3 value of the rectangular model cor-
responds to the mean value of the J3 and J4 values of the
rhombohedral model.

The fact that compound (2) does not show antiferro-
magnetism in the whole temperature range, may be due
to the fact that the bridged copper(II) centres of the



Fig. 5a. Experimental magnetic data of compound (1). 1/v vs. T.

Fig. 5b. Calculated magnetic data of compound (1) using the rhombohedral model. 1/v vs. T.

Fig. 5c. Calculated magnetic data of compound (1) using the rectangular model. 1/v vs. T.



Cu2(phen)2(PO4)+ fragment are located on different planes,
and present only one chelate phosphate bridge. Thus the
only possible pathway for the magnetic exchange interac-
tion is not adequately located to be effective.

Compound (3) presents a typical antiferromagnetic
behaviour with a maximum at 64 K. The two 1,1-phos-
phate bridges link the two copper(II) centres at a short dis-
tance of 3.25 Å, and represent adequate magnetic exchange
pathways (J1 = �30.0 cm�1). The 1,3 mode of bridging of
the two phosphate groups of the phosphonate ligands
assure an inter-dimer antiferromagnetic exchange interac-
tion with J2 = �8.5 cm�1.

6. Conclusions

The different modes of bridging of the phosphate and
oxo-vanadium ligands give rise to completely different
magnetic behaviour of the three hybrid organo-inorganic
copper(II) compounds.

Phosphates bridges permit the existence of antiferro-
magnetic exchange coupling between the copper(II) cen-
tres. The exchange interaction being stronger when the
copper(II) oxygen distances involved are similar in length
giving a more symmetrical structure.
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