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The cluster [NIe(HgL)Q(HL1 )g(Ns)g] . 2C2H5OH . ZHZO [1 2C2H50H .
2H,0], featuring four fused defective cubanes, has been obtained
via azido-bridge-driven dimerization of two phenolate-centered
trinuclear Nis fragments.

High-nuclearity transition-metal spin clusters are of prime
importance in the area of molecular magnetism.'* For
example, single-molecule magnets were discovered with a
dodecanuclear manganese aggregate,’ and since then, many
more examples have been prepared.* This category of
compounds is typically prepared via self-assembly processes
by combining metal ions with the appropriate bridging and/
or blocking ligands, where the final outcome is never
predicted beforehand.” A structural feature commonly en-
countered within this chemistry is that of “fused defective
cubanes”.®'? In these, the vertices are composed of either
the metals or ligand donor atoms (u#- and u3-N or -O). The
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azide group is a very suitable bridging ligand in the
construction of this motif, and its relevance in cluster
coordination chemistry has recently increased.'® Nickel
clusters involving azide ligands as bridges are, however, still
scarce. The existing azide-based nickel clusters comprising
fused cubanes feature the nuclearities [Nis],'*!> [Nig],'® and
[Nij]."” A remarkable absence in this list of compounds is
that of an [Nig] species. In this context, we have explored
the reactivity of polynucleating Schiff base ligand H;L
(Scheme 1, left) with the Ni'/N;~ system. The use of this
ligand in polynuclear transition-metal chemistry is relatively
new, although some remarkable results have been reported,
consisting of a [Cu“lg]18 cluster and a heterometallic
[MngCuyo] species.'® The aggregating ability of HsL, together
with the bridging properties of azide, has now been exploited
here with the preparation of the novel hexanuclear complex
[Nig(H,L)(HL1)2(N3)g] (1), revealing partial hydrolysis of
the original Schiff base ligand.
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Figure 1. PovRay representation of 1. Core atoms of the asymmetric unit
are labeled. Gray balls are carbon atoms. Only hydrogen atoms from
aldehyde or alcohol functions are shown (smallest balls). The whole
molecule is generated through the symmetry operation [1 — x, 1 —y, —z].

Complex 1+2C,HsOH<2H,0 was obtained as a precipitate
in 86% yield from EtOH, as proposed in eq 1.

Ni(ClO,),*6H,0 + 4H,L + 8NaN, + 4NEt, —
[Ni (H,L),(HL1),(Ny),] + 4(HNEL,)(CIO,) + 8NaClO, +
NH,(CH,),0H + 32H,0 (1)

The Schiff base had been prepared (Scheme S1 in the
Supporting Information) as previously published.?’ The
formula of 1 contains two HL.1~ ligands (Scheme 1, right),
which originate from the hydrolysis of one of the arms of
H;L, as assisted presumably by the metals. Interestingly, such
a hydrolysis product has not been observed as part of
previous clusters obtained with HL.'%!?

The crystallographic asymmetric unit is built up by a
trinuclear Ni" fragment and two solvent-disordered molecules
of water and ethanol. Complex 1?' (Figures 1 and S1 and
S2 in the Supporting Information) is a Ni"™ centrosymmetric
cluster in the form of four fused defective cubes with a
[NigO4Ng] core (Figures S3 and S4 in the Supporting
Information), where the bridging is ensured by six end-on
(EO) azide ligands (four u- and three u3-N3;~) and four
phenolate moieties (two u, from H,L~, and two us3, from
HL17). The remaining coordination sites of the octahedral
Ni" ions are completed by peripheral imine groups (from
H,L~ and HL17), aldehyde functions, or alcohol residues
(the latter two from HL17). Interestingly, both alcohol arms
of the ligand H,L.™ remain uncoordinated and engaged in
hydrogen-bonding interactions. Inspection of Figure 1 sug-
gests indeed that the formation of 1 occurs through dimer-
ization of two such trinuclear fragments (Scheme S2 in the
Supporting Information). While the N3~ bridging modes
present in this complex are quite common, the us-phenoxide
feature observed in 1 (Figures S5—S7 in the Supporting
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Figure 2. Plot of ym7 vs T per mole of 1. The solid line is the best fit to
the experimental data (see the text). The inset is a scheme of the core of 1,
indicating the labels used for the spin Hamiltonian considered for the fit.

Information) is rather exceptional, although not un-
known.??~2* The unprecedented ladder-type Nig arrangement
(Figure S8 in the Supporting Information) of complex 1
results from the peculiar preferences of H,L~ and HL1™ in
front of the Ni/N;~ system, as opposed to other well-
established structures observed for Ni' clusters with similar
sets of ligands, such as cubanes,? tetranuclear defective
dicubanes,'” or star-shaped complexes®® (Scheme S3 in the
Supporting Information).

The magnetic properties of 1 were investigated through
variable-temperature susceptibility measurements. The result-
ing ymT vs T plot is given in Figure 2. In this plot, the value
of ymT at 300 K is 8.4 cm® K mol™! (slightly above that
expected for six uncoupled octahedral Ni" centers with g =
2.2;7.3 cm?® K mol™!) and increases with cooling to reach a
maximum of 11.82 cm?® K mol™! at 17 K. With further
cooling, the product of ymT decreases down to 7.7 cm’® K
mol~! at 2 K. This curve indicates that the exchange within
1 is dominated by ferromagnetic interactions; however, it
remains ambiguous about the ground state. The maximum
could be due to the existence of some intramolecular
antiferromagnetic interactions (which would cause the ground
state to be lower than St = 6), to the presence of zero-field
splitting (ZFS), to antiferromagnetic exchange between
clusters, or to a combination of any of these three factors.
Because the three are expected to be strongly correlated, it
is necessary to have some previous information before
attempting to fit the experimental data. Density functional
theory (DFT) calculations were thus performed in order to
get an estimate of the coupling constants within the cluster
(Figure S9 in the Supporting Information). These were
conducted with the Gaussian 03 program,*’ using the B3LYP
functional,?® and an Ahlrichs TZV basis set>® for the Ni ions
and an Ahlrichs DZV basis set®” for the rest were obtained
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as previously proposed' using the broken atoms. The J
values (defined in the isotropic Heisenberg spin Hamiltonian
written in eq 2 and the inset of Figure 2) are given in the
symmetry procedure to calculate the energy of the low spin
states (Tables S3 and S4 in the Supporting Information).

Hy = —2J,(5,8, + S,:Sy) — 205(8,S; + 8,:85) — 275(S,S; +
SyS3) — 204(S,Sy + S385 4 558,) — 2J4(S5Sy) (2)

The extracted coupling constants were all ferromagnetic
(Table S5 in the Supporting Information,), ranging from +0.6
to +80 cm ™. It is to be noted that all of these values except
Jy are expected to be an overestimation of the true ones, as
has been reported to be the case in such types of calculations
involving EO azide-bridged Ni" ions.*® In any case, this
outcome suggests that St = 6 may be the spin ground state
and, therefore, that the maximum of the yu7 vs T plot could
be caused by ZFS and/or intermolecular interactions.

The above information was used to fit the experimental
curve in Figure 2 with the help of the program MAGPACK,*
together with a least-squares fitting program,>* using the spin
Hamiltonian in eq 2, by imposing a positive (ferromagnetic)
value to the coupling constants. Because the effects of ZFS
and intercluster interactions are correlated, only either one
or the other was considered in the fit. The fit including the
second effect (as a zJ' parameter), incorporated in the cal-
culation using the molecular-field approximation,® produced
the following parameters (Figure 2, solid line); J; = +0.05
em™ L, =4010cm™, J; =+18.8cm™, J, = 4+0.09 cm™!,
Js = +5.65 cm™!, z/ = —0.21 cm™!, and g = 2.26. The
procedure including instead single-ion ZFS (as a D param-
eter) yielded very similar results but a D value larger than
that expected for Ni'! (our limit was established at 10 cm™!),
showing the influence of intermolecular interactions. Thus,
the curve may be reproduced considering an S = 6 ground
state if the effect of ZFS or intercluster interactions are
considered. However, given their mutual influence, these
cannot be discerned through this procedure and the results
for zJ’ or D have no real physical meaning.

Additional information was retrieved by analysis of
isofield-reduced magnetization (M) measurements performed
in the 1.8—7.8 K temperature range. The resulting M vs H/T
plots (Figure 3) were fit by full diagonalization using the
Hamiltonian in eq 3.

H = gBStB+D[S.” — S(S+ 1)/3] + E(Sy,” — Sp,7) (3)

In this equation, D and E are the ground-state ZFS
parameters for the whole cluster, and it is assumed that only
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Figure 3. Isofield-reduced magnetization M vs H/T plots for complex 1
(fields: 0.5, 1, 2, 3, 4, and 5 T). Solid lines are fits for an isolated St = 6,
and dashed lines are for St = 4 (see the text for details).

the ground state is populated. The other parameters have the
usual meaning and also refer to the whole cluster. The best
fit was found for St = 6, with D = 2.76 cm™ !, E = 0.27
cm™!, and g = 2.10 (solid lines in Figure 3). The inaccuracies
in this fit might be related to the fact that the ground state is
not truly isolated or to the influence of intermolecular
interactions. The fits for other ground states (see the dashed
lines in Figure 3 for the fit with St = 4) were significantly
worse than this fit, which favors the hypothesis that the
ground state is St = 6. Nevertheless, the possibility of having
an St < 6 ground state with very closely lying excited states
such as St = 6 should not be disregarded. Measurements
under an oscillating magnetic field reveal no signal for the
out-of-phase component of the susceptibility, ym”.

Ferromagnetic interactions for all of the pairings defined
in complex 1 are not unexpected. These occur between Ni
ions bridged by all EO N3~ (J4 and J5)36 or one EO N5~ and
one bridging phenoxide with acute Ni—O—Ni angles (see
Figure S4 in the Supporting Information).*” Coupling J; is
expected to be close to zero because the bridges feature an
acute Ni—O—Ni angle and a wider one.

In summary, the [Nig] nuclearity in the form of four fused
defective cubanes has been achieved as cluster 1 by the
combined action of N3~ bridges, together with the parent
Schiff base ligand HsL and its hydrolyzed form H,L1. This
introduces a set of u- and us-mode azide and phenoxide
bridging moieties that cause, within cluster 1, dominant
intramolecular ferromagnetic interactions. Bulk magnetiza-
tion data, together with DFT calculations, suggest the
presence of an St = 6 spin ground state.
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