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Magnetism in Clusters

Strong Ferromagnetic Interactions in
[ V5O, (H_staci),]: An Unprecedented Large Spin
Ground State for a Vanadyl Cluster**

Kaspar Hegetschweiler,* Bernd Morgenstern,
Jon Zubieta,* Pamela J. Hagrman, Nicola Lima,
Roberta Sessoli,* and Federico Totti

The control of the spin of the ground state in molecular
clusters behaving like single molecule magnets (SMM) has
been an important challenge in coordination chemistry. The
spin value is a critical parameter because the barrier for the
orientation of the magnetization depends on the square of
it.!''”) The most common strategies exploit antiferromagnetic
interactions both in hetero-spin clusters, such as the arche-
typal SMM, [Mn,,0,,(CH;COO0),,(H,0),],5™ and in partic-
ular spin topologies, such as the propeller structure of Fe,
clusters.[*”! Ferromagnetic interactions are relatively rare in
molecular clusters, and often encountered in very symmetric
structures, where the orthogonality of the magnetic orbitals is
more easily controlled.®*! In low-symmetry environments the
sign of the magnetic interaction is, in general, easily predict-
able for paramagnetic centers with one unpaired electron.!”!
Magneto-structural correlations are well established, for
instance, for oxo-bridged {VO?>*} fragments!"! and ferromag-
netic interactions have been observed when the d,, magnetic
orbitals are orthogonal to each other, where a local reference
system with the x and y axis pointing towards the oxo-
bridging ligands is considered. The J values usually do not
exceed —10 cm™,'”! the Hamiltonian being defined as # =
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;j J;S:S,. In spite of the very rich chemistry of V'V oxo
clusters,>! where the nuclearity can be as high as 20, to
date only singlet ground states, or S =1/2 for odd nuclearity
clusters, have been reported.

Herein we exploit the ability of the ligand 1,3,5-triamino-
1,3,5-trideoxy-cis-inositol  (taci) to multiple-bind metal
ions!"®!1 to obtain an octanuclear vanadyl cluster,
[V4O.,(H _,taci),] (1; Figure 1).2% This complex is the first
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Figure 1. Molecular structure of [V;0,,(H_,taci),]."*?" a) Ball-and stick-
representation. V yellow, O red, N blue. b) Polyhedral representation of
the {V3O,0N,} core rotated by 90°. The color scheme highlights the ide-
alized C,, symmetry of the cluster exploited in the analysis of the mag-
netic properties (the colors indicate symmetry related units). Averaged
interatomic distances [A] (215 K), values at 90 K are given in parenthe-
ses: V=0 1.621 (1.622), V-p,0 1.946 (1.939), V-1,0, 0 2.019 (2.010),

V2-012 1.987 (1.981), V4/5-012 2.433 (2.420) V-N 2.141 (2.130).

example where four metal cations are bonded simultaneously
to one single taci molecule. The peculiar chelating properties
of the ligand enforces a mutually orthogonal orientation of
the V=0 ¢mina VEctors in the subsequent V5 V3 V4 array. This
structural feature is unique in vanadium(v)-oxo clusters and
is a prerequisite for significant ferromagnetic interactions.

Of note is that the [V O,,(H ,taci),] aggregate was only
obtained hydrothermally by using an excess of vanadium(V)
as starting material."®! If an excess of taci was allowed to react
with [VOJ**,,, formation of a mononuclear bis(taci) complex
[V(taci),]** with exclusive binding of V'Y to six alkoxo groups
was observed.?"!

Figure 2 illustrates the temperature dependence of the
ratio of the magnetization and the applied field, labeled as y,
in the form yy T versus 7.?*! The room temperature value is
2.62 emuKmol !, slightly smaller than the values of
2.94 emuKmol ™ expected for eight uncorrelated spins S =
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Figure 2. Temperature dependence of the %, T product of 1.} — cal-
culated values with the best fit parameters (see text), o data points.
Inset: the field dependence of the magnetization at 2.0 K, ----- simula-
tion taking into account the spin-levels spectrum obtained from the
best fit (see text), —— as above with D(S=3)=1.3cm™, @ data

points. The labeling of the coupling constants is also shown.

1/2 with g=1.98, thus suggesting the presence of antiferro-
magnetic (AF) interactions. The % T product decreases slightly
on lowering the temperature with a broad minimum around
250 K and at lower temperature it steadily increases reaching
the value of 5.52 emuK mol ' at 2.1 K. This value is very close
to that expected for an S =3 ground state, 3,7 =5.88 emuK-
mol™" for g=1.98. This behavior is typical of a ferrimagnetic
spin arrangement. The magnetization has been measured as a
function of the field at three different temperatures: 2 K, 5 K,
and 10 K. The highest measured value is 27930 emumol '
this value is between the S=3 (33175 emumol ') and S =2
(22117 emumol ') saturation magnetization.

To rationalize the magnetic behavior an idealized C,,
symmetry, with five different coupling constants, is used in
the HDVYV spin Hamiltonian [Eq. (1)] where the labeling of
the spin is the same as the vanadium atoms in Figure 1a and
primes have been added for symmetry related atoms, and the
exchange coupling scheme is shown in the inset of Figure 2.

H=J7(SS;+8,S;)+J"(S;8, + 8385 + S5 Sy + S5 Sy)
+J"M(S;8,+S,S5+8,8, +8,S5) 1)
+JM (818, + 8185+ 8,8y +8,Sy) +JV (S, S5 + 85 Sy)

Even if five Jvalues represent the smallest set of
parameters able to take into account the different bridges in
1, this choice leads inevitably to over-parameterization
problems so that different fitting sets with very close agree-
ment factors, R, are expected. Given that V1 and V3(V3’) are
doubly ps-oxo bridged and arranged in a slightly bent syn-
orthogonal™! fashion, which gives rise to strong antiferro-
magnetic interactions, we can discard those sets for which the
J is found to be ferromagnetic. J' is associated to a p;-oxo and
a p-alkoxo bridge with an unprecedented quasi-orthogonality
of the V=0 bonds (80.26° (V3-V4) and 78.60° (V3-V5))
where the two bridging oxygen atoms occupy a basal position.
The geometry can be described as that of two truncated
octahedrons sharing one of the missing faces (see Figure 1b).
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The V-V separation (2.95 A (V3-V4), 2.97 A (V3-V3)) is
comparable to that observed for the strongly antiferromag-
netic pairs V1-V3(V3)(2.86 A) but the orthogonality
imposed by the taci ligand is expected to lead to a sizeable
ferromagnetic J' coupling. The quasi-orthogonality of the V=
O bonds is also observed in the pairs described by J™ and J™,
which are both mediated by a single ps;-oxo bridge. Ferro-
magnetic values for the two exchange constants are expected
on the basis of the quasi-orthogonality of V=0 directions. The
last exchange constant, J%, is eventually related to a vertex-
sharing bridge where the V=0 groups are almost parallel
(orthogonal-orthogonal interaction geometry with ¢ =
2.1°).M1 A moderate antiferromagnetic interaction is there-
fore expected. Negligible magnetic interactions have been
assumed to be present between V4 and V5 since the V4—012
and V5—012 separations are 2.42 A and 2.44 A, respectively.
With these assumptions the parameters range, for R=
1.5-1075, in the following intervals: 390 <J <440, —150 <
J' < —140, —60 <J" < —44, —60 <J™ < —40, 48 <JV < 50.

To overcome the problem of over-parameterization and
obtain reliable magnetochemical information on the uncon-
ventional bridging modes encountered in 1 we performed
quantum mechanical calculations based on the density func-
tional theory (DFT) in the B3LYP broken-symmetry®
framework. The X-ray structure has been used throughout
the calculations. Gaussian type Lanl2DZ basis set with
LanL2 effective potential was used for the vanadium atoms
while D95(d) basis sets were used for the N, O, and H atoms.
The NWChem 4.1 package®®! was employed. To date, few
attempts have been made to compute the exchange coupling
constants on magnetic clusters containing more than two
transition-metal atoms without any approximation of the X-
ray structure.™ To calculate the five exchange coupling
constants, we computed five broken-symmetry states
BS1-BS5 (see Table 1). BS6 and BS7 have been computed
to check the validity of the assumption of a C,, symmetry and
the consistency of the calculations. In a C,, SH, BS6, and BS7
should be degenerate with BS1: the 3 BS states have been
found to be degenerate on the order of few cm ™. The average
energy has then been used for BS1. The degeneracy with BS2
has to be considered fortuitous. In general, the number of
possible BS states that can be computed (and the energy
differences from which the J; values are obtained) exceed the

Table 1: Determinants, computed expectation values of (3?) (theoretical values in parenthesis and self-
consistent-field energies (a.u.) for the high-spin (HS) and seven broken symmetry (BS) states. Only

determinants with positive M, values are reported.

number of SH parameters to be computed leading to a system
of equations that contains more equations than parameters.
One common solution of this problem is to choose only one
subset of equations for computing the J; values.™” Never-
theless, as shown by Bencini and Totti,*®! such an approach
can give misleading values of the exchange coupling param-
eters J;;, whenever a close agreement between the expected
and the computed (8?) value is not found. It is important to
stress that in our case, the computed (S?) values are in a good
agreement with those expected. This result suggests that the
choice of one subset of equations, in our case five of the
possible 435 energy differences (Table S1 of the Supporting
Information), can be fairly accurate, a feature which is also
confirmed by the computed degeneracy between BS1, BS6,
and BS7. It should be noted that BS4 with M, (eigenvalue of
Z) equal to 3, is the determinant with the lowest energy. The
solution of the system of five equations and five parameters
leads to the following values: J=723.6cm™!, J'=
—1134cm™, J'=-748cm™, JM=-749cm™, JV=
36.9cm™'. As expected, a very strong antiferromagnetic J
and ferromagnetic J', J"', and J™ couplings have been found.
JV is also antiferromagnetic in character. To verify that the
computed magnetic structure corresponds to the experimen-
tal data, we tried to fit the yy7 curve imposing as starting
values the computed J values. The fitting procedure has given
the following values: J=430cm™', J'=—153cm™, J'=
—72em™, JM=—75cm™!, JV=56cm™!, and R=1.7x107%,
and the calculated curve is shown in Figure 2. The fitted
J values are in a fairly good agreement with the computed
ones, with the exception of J, which appears to be significantly
overestimated as already observed for strong antiferromag-
netic couplings.”® Nevertheless, the picture of the magnetic
structure given by the DFT calculations seems to be reliable
and of significant assistance in the fitting procedure of the
experimental data and, therefore, to be reasonably close to a
meaningful magnetochemical solution.

If we look at the low-energy spectrum (not shown) of the
spin states of the cluster, computed with the best fit J values,
we see that the S=3 ground state is separated only by
2.89 cm™! from the first § =2 excited state. The first S =1 and
S=0 are found at, respectively, 8.76 cm™' and 9.22 cm™". Of
course the ferromagnetic S =4 state is very high in energy,
because it can only be attained by violating the strong
antiferromagnetic interactionJ. The exis-
tence of a group of levels close to the
ground state is a direct consequence of the
antiferromagnetic nature of J%, which is in
competition with the parallel orientation of

BS state M, { §2>[a1

HS: e o' e e o) M,=+4 20.11 (20.00)
BSV: [ o' o'l e ) M,==+0 4.06 (4.00)
BS2: [ ol o e e ) M,==£1 4.70 (5.00)
BS3: [ oot e e ) M,=+2 8.05 (8.00)
BS4: | % e oo e e ) M,=+3 13.06 (13.00)
BSS: |2 a2 o o e e o) M,==£1 5.1 (5.00)
BS6: | %% ' % A %> M,=+0 4.05 (4.00)
BS7: [ %% % ok ke ) M,=+1 4.98 (5.00)

the spin of the two halves of the cluster.
We have taken into account these low-
—2878.378318  |ying spin states to reproduce the magnet-
—2878.380549  ization curve of the inset of Figure 2. The
—2878.379965  calculated curve is, however, very different
—2878.380581  from the experimental one. The data can
_2878.381274  only give a reasonably fit assuming that the
_2878376602 &round spin state is subject to zero-field
splitting (ZFS). The ZFS has only been

SCF Energy
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with D=13cm™ and g=1.98. The positive value of D
implies an easy-plane type anisotropy and therefore is
consistent with the absence of out-of-phase ac susceptibility
in zero field.”!

Even if an SMM based on ferromagnetically coupled S =
1/2 spins is still lacking, a significant high-spin ground state
has been achieved thanks to the use of a multidentate ligand
that forces the VIV coordination polyhedra into an unprece-
dented orthogonal closed packed motif. This situation is the
result of a remarkable improvement in the control of the
magnetic properties by the use of tailored ligands. A method
that combines ab initio calculations with simulations based on
the spin Hamiltonian approach has been shown to be crucial
for the proper description of complex magnetic structures.
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