Structural analysis and magnetic properties of the dicubane-like
tetramer [Ni(dpk-OH)(N,)],:2H,O (dpk = di-2-pyridyl ketone) }
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A nickel(mtetramer with azide and di-2-pyridyl ketone (dpk) of general formula [Ni(dpk-OH)(N;)],-2H,0 (dpk-OH
being the deprotonated gem-diol resulting from hydrolysis of dpk) was synthesized and structurally characterised
through X-ray single crystal diffraction analysis and IR spectroscopy. The structure consists of dicubane-like
tetrameric entities where simultaneous (1,1)-N; and O bridges can be found, being an unprecedented arrangement
for metal(1) azide systems. Measurements of the magnetic susceptibility revealed the occurrence of ferromagnetic
interactions in the clusters. The extension of the magnetic exchange has been evaluated by means of a spin
Hamiltonian with four J constants (J, = 18.8, J,=6.9, J;=1.3 and J,=0.2cm™ ).

Introduction

Over the last years considerable research has been directed
at the preparation of molecule-based magnets. Activity has
been focused on obtaining nanoscale magnets in which each
microcrystal behaves as a single domain. Nanoscale magnetic
materials can be prepared by breaking down crystallites of bulk
ferro- or ferri-magnetic samples to a much smaller size. How-
ever, this fragmentation gives rise to an undesirable distribution
of particle sizes.! A different way to deal with the preparation
of nanomagnets, first suggested by Mataga,”> concerns single
molecules having ground electronic states with a large number
of unpaired electrons. On these bases, a great number of works
dealing with transition metal clusters have been devoted to
increasing the nuclearity of the systems.?

An alternative approach to the generation of single-molecule
type systems consists of enhancing the cluster anisotropy. Thus,
due to its large single-ion zero-field splitting, Ni" has been used
to this purpose in some works.* On the other hand, the nature
and extension of the magnetic coupling are some of the features
to be considered for the preparation of these systems. Thus,
many of the clusters for nanomagnets involve intermetallic
bridges through O atoms which, in most of the cases, provide
modest values of the exchange coupling. In this sense, the use
of ligands like azide can be expected to improve the coupling
between metallic centres.

The nickel(1)-azide clusters reported so far,® which are
remarkably interesting from both the structural and the mag-
netic point of view, exhibit higher values of the J exchange
constant than those found for O-bridged clusters. However, the
latter have been much more extensively explored than the
former. The reason for the scarce interest in nickel(11) azide sys-
tems for nanomagnets could be found in the poor nuclearity
obtained up to now.

+ Supplementary data available: rotatable 3-D crystal structure diagram
in CHIME format. See http://www.rsc.org/suppdata/dt/a9/a905430h/

The above mentioned aspects suggest the need to explore the
use of azide in this context. With this aim, this work has been
focused on the Ni"™-azide-dpk system (dpk = di-2-pyridyl
ketone). The dpk ligand has been observed easily to accom-
modate to steric requirements by co-ordinating in multiple
fashions. This ligand (Scheme 1) has three potential donor
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sites, being able to chelate in bidentate (N,N and N,O) and
tridentate (N,O,N) modes. Moreover, dpk has been observed
occasionally to undergo hydration of the ketocarbonyl group
forming a gem-diol which can co-ordinate either protonated
(dpk-H,0) or deprotonated (dpk-OH).®

Our first results concern the preparation of a ferromagnetic
cluster whose structure is unprecedented for metal(ir) azide sys-
tems. Thus, this work reports on the magnetostructural charac-
terisation of the tetrameric compound [Ni(dpk-OH)(Nj)],*
2H,0 by means of X-ray diffraction analysis, IR spectroscopy
and magnetic susceptibility measurements. Additionally, a
theoretical interpretation of the magnetic behaviour of this
compound is presented.
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Experimental
Synthesis

The compound [Ni(dpk-OH)(N,)],-2H,0O was prepared in a dif-
fusive cell with three compartments. The wing compartments
contained an aqueous solution of Ni(NO,),-6H,0 (0.146 g, 0.5
mmol) and NaNj (0.065 g, 1.0 mmol), and a methanolic solu-
tion of dpk (0.092 g, 0.5 mmol), respectively, while the central
one contained methanol-water (1:1). After several days, pris-
matic, green, X-ray quality single crystals (43% yield) were
obtained. Elemental analysis and atomic absorption results
were in good agreement with the C,,H,,N;,Ni,Os stoichio-
metry. Found (calc.%): 42.8 (42.58); H, 3.3 (3.25); N, 22.1
(22.58); Ni, 17.9 (48.69).

CAUTION: azide salts are potentially explosive and should
be handled in small quantities.

Physical measurements

Microanalyses were performed with a Perkin-Elmer 2400
analyser. Analytical measurements were carried out in an ARL
3410 + ICP with Minitorch equipment. IR spectroscopy was
performed on a Nicolet 520 FTIR spectrophotometer in the
400-4000 cm™' region. Magnetic susceptibilities of powdered
samples were measured in the temperature range 1.8-300 K
using a Quantum Design Squid magnetometer, equipped with a
helium continuous-flow cryostat. The experimental suscepti-
bilities were corrected for the diamagnetism of the constituent
atoms (Pascal tables).

Crystal structure determination

X-Ray measurements were made at room temperature on an
Enraf-Nonius CAD-4 diffractometer with graphite-mono-
chromated Mo-Ko radiation operating in w—260 scanning mode
using suitable crystals for data collection. Accurate lattice
parameters were determined from least-squares refinement of
25 well centred reflections. Intensity data were collected in the
0 range 1-30°. During data collection, two standard reflections
periodically observed showed no significant variation. Correc-
tions for Lorentz-polarisation factors were applied to the
intensity values. Owing to the large number of faces shown by
the crystals no ideal method could have been used for absorp-
tion corrections and the program DIFABS’ was applied.

The structure was solved by heavy-atom Patterson methods
using the program SHELXS 97% and refined by a full-matrix
least-squares procedure on F? using SHELXL 97.° Non-
hydrogen atomic scattering factors were taken from ref. 10.
Crystallographic data and processing parameters are shown in
Table 1. It is worth mentioning that the structure shows
remarkable disorder affecting the azide ligands. Thus, the pos-
ition of N9 and N10 atoms (corresponding to the terminal
azides) has been split into two, A and B (with multiplicities of
0.5), for a better structural resolution.

CCDC reference number 186/1709.

See http://www.rsc.org/suppdata/dt/a9/a905430h/ for crys-
tallographic files in .cif format.

Results and discussion
Structural analysis

The structure of [Ni(dpk-OH)(N,)],-2H,O (Fig. 1) consists of
centrosymmetric tetramers in which the nickel(11) ions are con-
nected through p-(1,1)-N; and p-O bridges. Additionally, there
are two crystallisation molecules of water per tetrameric unit.
Each cluster exhibits two end-on azides (co-ordinated by N5
and NS5i atoms, respectively), two terminal azides (linked
through N8 and N8i atoms, respectively) and four dpk-OH
ligands (chelated by N1,03,N2; N1i,03i,N2i; N3,01,N4
and N3i,011,N4i, respectively). Obviously, dpk-OH ligands are
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Table 1 Crystal data and structure refinement

Formula Cy,Hy N oNi,Os  U/IA® 1357(1)

M 621.90 zZ 2

Crystal system  Triclinic TI°C 25

Space group P1 (no.2) MA 0.71070

alA 10.230(3) Pobslg cm > 1.54(9)

blIA 10.358(4) Peaclg cm ™3 1.522

clA 10.396(8) u/mm™! 1.439

al® 91.57(4) Unique data 7830

pl° 105.53(5) Observed data 7830

y° 96.26(3) R(R")*® 0.0749(0.1951)

Table 2 Selected bond distances (A) and angles (°)

Nil-N1 2.095(5) Ni2-01 2.105(4)
Nil-N3 2.074(5) Ni2-03 2.030(4)
Nil-N5 2.074(5) Ni2-03i 2.107(4)
Nil-O1 2.058(4) N5-N6 1.192(7)
Nil-03 2.133(4) N6-N7 1.120(8)
Nil N8 2.051(6) N8-N9A 1.11(4)
Ni2-N2 2.030(5) N8-N9B 1.09(3)
Ni2 N4 2.111(5) N9A NI10A 1.22(4)
Ni2-N5i 2.058(5)

Nil-O1-Ni2  94.8(2) Ni2i-03-Nil 99.6(2)
Ni2-03-Nil 94.8(2) N7-N6-N5 179.3(9)
Ni2-O3-Ni2i  99.0(2) N8-N9OA-NI10A  170(4)
Ni2i N5-Nil  103.3(2)

Symmetry codes: (i) —x, —y, —z.

@ N

Fig. 1 View of the tetrameric unit.

@ O O C

the result of the hydration and ulterior deprotonation of the
original dpk groups (Scheme 1).

The tetramers exhibit a dicubane-like core with two miss-
ing vertexes (Fig. 2) in which two types of octahedrally co-
ordinated Ni atoms, Nil and Ni2, can be distinguished. Thus,
the crystallographically related Ni2 and Ni2i occupy two ver-
texes of the common face of the dicubane unit, both metallic
atoms being doubly O-bridged through O3 and O3i atoms
(sited on the other two vertexes). These O atoms act as triple
bridges since they are also bonded to N1 and NIli atoms,
respectively, along the edges of both cubic subunits. Atom Nil
is also doubly bridged to Ni2 (through O1) and to Ni2i
(through N5, 4 on azige)- Obviously, Nili is symmetrically bonded
to Ni2 and Ni2i.

The co-ordination spheres around both types of Ni are com-
pleted as follows. Considering that Ol and O3 atoms are
located on the equatorial plane for Nil, the remaining two posi-
tions are occupied by N3,.on and N8 mina azige- On the other



Table 3 Connectivity parameters for dicubane-like tetramers 2 (distances in A and angles in ©). All the tetramers involve metal(ir) ions, except for
Fe, which exhibits iron(ii) cations. All the connections take place through O atoms except from those marked # which take place through N atoms

O=oxygen atom

@ = oxygen or nitrogen atom

Tetramer d(1-2) d(1-2i) d(2-2i) d(1-1i) 0 g p o* 0 Ref.

Ni, 3.063 3.238% 3.145 5.463 94.8 103.35% 94.84 99.68 98.98 This work
Ni,* 3.124 3.109 3.196 5.352 97.6 99.0 92.7 93.4 95.5 4(a)
Ni,Mn, 3.203 3.195 3112 5.590 102.7 102.0 94.2 92.0 98.1 12(b)
Mn,? 3211 3.112 2.744 5.846 99.8 99.7 97.8 99.3 93.1 12(b)
Cu,Mn, 3.367 2.744 2.954 6.048 97.3 97.6 99.9 100.1 96.9 12(b)
Cu,* 3.121 2.954 3.230 5.458 108.8 — 90.6 111.4 93.8 12(a)
Fe,? 3212 3.230 3214 3214 108.4 108.0 96.8 96.7 100.6 12(c)

“ [Niy(H,0),(PW40,,),]"". * [IMn(MeOH)L(OH)M(bpy)l, (M =Ni, Mn or Cu; H,L = 1,2-bis(2-hydroxybenzamido)benzene); Mn™ and M" are
located on sites 1 and 2, respectively. ¢ [Cuy(tde),(hfacac),] (H,tde = 2,2'-thiodiethanol; Hhfacac = 1,1,1,5,5,5-hexafluoroacetylacetonate).  [Fe,(Me-

O)¢(acac),(N3),] (acac = acetylacetonate).

Fig. 2 An ORTEP view (50% probability) of the dicubane-like core
structure showing the co-ordination polyhedra in the tetrameric units.

hand, besides the N5-bonded end on azide, located at one
of the axial positions, N1y,.on can be found completing the
octahedral sphere of Nil. Describing now the co-ordination
sphere around Ni2 also having Ol and O3 atoms on the
equatorial plane, N5i.g on aziae €0 be found occupying one of
these positions, the fourth of them corresponding to N2,,.on-
In the axial positions, besides the O3i atom, N4y,.on can be
found. In this way, the intermetallic interaction through the
azide and O bridges is reinforced by the N atoms of the N,O,N’-
tridentate organic ligands.

The average distance between Ni and p-O is 2.08(3) A, while
the Ni—Oy, average distance is 2.08(6) A (Table 2). The Ni-O—
Ni angles range from 94.84 to 99.68°. On the other hand, the
Ni-N, .. average distance is 2.06(2) A while the Ni-N,,,,—Ni
angle is 103.3(2). These latter values lie in the common range,
101-104°, for end-on azide bridged nickel(i1) compounds. The
average Ni - - - Ni distance through oxo-bridges is 3.10(4) A, the
distances through azide bridges being slightly longer (3.238(2)
A).

It is worth mentioning that similar dicubane-like cores have
been found for other transition metal systems.*!? Table 3 sum-
marises some selected parameters for comparison between
dicubane-like tetramers. Except from the present compound
(which also exhibits Ni-Ngpq.on azige— N1 bridges), the rest of the
compounds just show M—O-M interactions. All the tetramers
in Table 3 are centrosymmetric and exhibit similar values of
both the M - - - M distances and the M—O-M angles.

IR Spectroscopy

A summary of the most important IR bands corresponding to
the present compound together with their tentative assignment®
is described as follows. The compound shows an intense single
band at 2071 cm™' which is associated with the asymmetric
stretching mode of the azide ligand. The splitting of this band
is in accordance with the fact that two co-ordination fashions
are present in this case. The absorption at about 1328 cm ™ is
indicative of the end-on co-ordination of azide as this sym-
metric vibration mode is not usually active in end-to-end azides.

In relation to the absorptions caused by the organic ligand, it
is worth mentioning that the band at 1680 cm™! attributed to
the C=0 bond in conjugation with the pyridyl rings in dpk is
shifted to lower frequencies (1610 cm™') as corresponds to a
single C-O bond present after hydrolysis."* Additionally, the IR
spectrum revealed the bands corresponding to the skeleton
vibrations of the co-ordinated dpk-OH which appear at slightly
shifted frequencies in relation to free dpk. Thus, bands for
co-ordinated dpk-OH (free dpk) are: 1540(1578/1545) cm™!
attributed to the pyridyl ring stretching; 1020(998) cm™! for the
pyridyl ring breathing; 757(753/742) cm™! attributed to the
pyridyl ring C-H out-of-plane bending and 660(662) cm™* for
the pyridyl ring in-plane vibration.

Magnetic properties

The magnetic characterisation was carried out through meas-
urements of the thermal variation of the magnetic suscep-
tibility, y,,. The experimental y,, values continuously increase
upon cooling, becoming exponential for temperatures near
0K.

The experimental data plotted as the thermal variation of the
reciprocal susceptibility, y,, ', and the product y,,T are shown
in Fig. 3. The variation of y,,”" is well described by the Curie—
Weiss law down to 100 K. At lower temperatures y,, ' shows a
characteristic curvature. The values C,, = 1.14 cm® K mol! and
g =2.139 found are typical for octahedrally co-ordinated Ni™.'3
The Weiss temperature has been calculated to be 0 = +30.8 K.
The y,T magnitude continuously increases with decreasing
temperature from 1.3 cm® K mol™ (per Ni atom) at RT to a
maximum value of 2.62 cm® K mol™* at 12 K. After further
cooling, the curve rapidly decreases tending to y,,7 =0. These
results are indicative of the occurrence of ferromagnetic
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Table 4 Magnetic exchange constant values, J (cm '), for dicubane-like tetramers. All the tetramers involve metal(1r) ions, except for Fe, which

exhibits iron(1) cations

Tetramer Ni, Ni, Ni,Mn, Mn, Cu,Mn, Cu, Fe,
Ref. This work 4(a) 12(b) 12(b) 12(b) 12(a) 12(¢)
A +18.8¢ Ji=J,=+6.5 Ji=J,=—15 Ji=J,=-35 Ji=J,=—45 b b

A +6.9 Ji=J,=+6.5 Ji=J,—1.5 Jy=J,=-35 Ji=J,=—45 b b

Jy +1.3 2.5 -2.6 —14.1 -89 b b

A +0.2 — — — — b b

“ Corresponds to Ni—(N,0)-Ni pathways. The rest of them are M—(0,0)-M. * No fitting has been done but antiferromagnetic coupling has been

observed.
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Fig. 3 Thermal evolution of y,-' and y,,T and their corresponding
theoretical curves.

coupling between metallic centres whose extension was theor-
etically estimated as described below.

The theoretical approach to the magnetic behaviour of the
compound has been carried out by considering the following
Heisenberg Hamiltonian A = —2%};_, J;SS;. According to the
ideal C,, symmetry, the exchange Hamiltonian, corresponding

to four nickel(ir) centres with S'=1 and a total degeneracy of
(28 + 1)*=81, can be expressed as in eqn. (1) where the last

H=H,+H,+H,+H,+ H,=
= =2Jy(81°8; + 8584 — 2J5(S1°Ss + 5,°83) —
2U4(Sy+8y) — 20(Sy: Sy + gPHEL St (1)

term corresponds to the Zeeman interaction, J; to the Ni—
(Nendoon aziae-O)-Ni bridge, J, and J; to Ni—(0O,0)-Ni inter-
actions and J, to the exchange through the longest pathway.

At this point, some considerations about the method
employed for calculation of the thermally accessible spin levels
should be made. Thus, these theoretical calculations are usually
performed by means of Kambé’s vector coupling method ' as
long as the exchange Hamiltonian is fully isotropic (Heisenberg
model). In this way the Hamiltonian can be expressed through
an appropriate set of intermediate spin operators that directly
gives a diagonal eigenmatrix. Unfortunately, this method is
restricted to high-symmetric systems which is not the current
case. The procedure followed for calculation of the eigenvalues
of the Hamiltonian for our compound is described below.

According to previous evidence in similar systems (Table 4),
it can be concluded that the exchange interaction in eqn. (1) is
the most important part of the magnetic Hamiltonian. Thus,
approximate J values were calculated following well known
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numerical procedures,'” the order of magnitude of the exchange
coupling parameters being J; > J, > J; > J, > gfHM.

With the aim of diagonalising the first term (H,) in eqn. (1), a
basis for the coupled tetramer was selected. This provides 81
levels, degenerated in the projection of total moment as
[ = 11,558,125, 54,854, 8,M). Thus, the individual spins are
coupled in such a way that A, is diagonal in this basis, while A,
H, and H, are non-diagonal. It should also be mentioned that
the terms in those Hamiltonians do not mix subspaces with
different values of the total S which can adopt the following
values: S=0, 1, 2, 3, 4 (with 3, 6, 6, 3 and 1 multiplicities,
respectively). Additionally, the Zeeman interaction is diagonal
in every basis since it was considered to be isotropic.

In order to solve the whole Hamiltonian, the selected basis
was projected into bases that diagonalise each of the terms in
eqn. (1). This was carried out by calculating the Clebsch—
Gordan coefficients that change the basis and, afterwards, the
whole matrix in the basis of eqn. (1). The Clebsch—-Gordan
coefficients were obtained by using 9 — j Wigner coefficients.'
The fact that the dimension for the S =1 and S = 2 subspaces is
six was the determining factor for the eigenmatrix to be numer-
ically diagonalised. This was carried out by means of a comput-
ing program that calculates the eigenenergies and eigenvectors
of the Hamiltonian in eqn. (1) for given values of J; parameters.
A subroutine calculates the magnetic susceptibility (y) from the
obtained eigenenergies and the Van Vleck expression (2) where

SIED kT lexp(—EOKT)
- exp(—EV/IKT)

x(T) (@)

E® terms are the eigenenergies of the exchange Hamiltonian,
E® terms represent the Zeeman splittings and k is the Boltz-
mann constant. Second order magnetic energies E® have been
omitted as they are all zero in this theoretical treatment.

Fitting of the y,, T experimental data was carried out by the
usual least-squares procedure. Owing to the fact that the used
least-squares function is not linear in the parameters, the
minimisation was done by using the method of simulating
annealing," followed and intercalated with single and Powell
algorithms? to obtain the absolute minimum value of the least-
squares function. The error bars were obtained through vari-
ations of the individual parameters. Limits of the parameters
were included in the Monte Carlo annealing taking into
account the calculations made using Goodenough’s empirical
rules, but they were wide enough to allow all permitted values
for J positive and negative. Thus, this first approach did not
lead to satisfactory fitting.

The fit can be improved by consideration of a non-isotropic
Zeeman term in the Hamiltonian or a mean field correction,
both implying the same bulk effect. Taking into consideration
that the compound has nickel(m) cations, the anisotropy in the
Zeeman term is thought to be caused by the zero-field-splitting
(D). Thus, from the mathematical point of view, treatment of
the influence of the D term on the spin levels for the tetramer is
quite complicated. On the contrary, applying a mean field
correction presents the advantage of being much easier to be
quantified.
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Obviously, the mean field correction for the compound
accounts for the coupling between neighbouring tetramers. In
this way, the interpretation of the magnetic properties can be
carried out by considering both the intramolecular (J;) and
intermolecular interactions (zJ'=enhancement parameter)
on the basis of eqn. (3). According to eqn. (3), the best fit

(-2 a
X = m Ngp = 3)
parameters were calculated to be J, = +18.8(5), J,= +6.9(3),
J;=+133), J,=+02(1) cm™!, zJ'=-0.6(2) cm™' and
g=2.136(3). The corresponding theoretical curve (shown in
Fig. 3) does reproduce both the region above and below the
maximum at 12 K. This set of parameters indicates the occur-
rence of ferromagnetic intramolecular coupling along with
antiferromagnetic intermolecular coupling. The exchange con-
stants J and the g value lie between the expected ones for this
type of compounds and will be compared below to some others
found in the literature. These data should be interpreted on the
basis of the intermolecular exchange especially affecting the
magnetic behaviour at low temperatures. Thus, the fact that
such a small zJ' value clearly dominates the bulk susceptibility
in this temperature region has previously been noticed in
copper(in) systems.*!

Fig. 4 shows the 19 energy levels which are thermally avail-
able for the compound (taking the Zeeman energy equal to zero
and scaled for the energy of the ground state to be zero). As can
be seen, the ground state corresponds to S=4 which is in
accordance with the ferromagnetic behaviour of the system
(excluding the enhancement). The stabilisation of the highest
spin state can be related to the existence of octahedra sharing
edges, as suggested by Coronado and co-workers* after
studying the magnetic behaviour of Ni, and Ni; clusters. Thus,
these researchers have also observed ferromagnetic-antiferro-
magnetic competition in Ni, clusters that exhibit NiOg
octahedra sharing edges and corners.

Table 4 shows the magnetic exchange constant values for
dicubane-like tetramers. As mentioned above, the difference
between our compound and the rest of them consists of the
presence of Ni—(Neng.on azize-O)—Ni bridges in the former. Since
all the interactions in the rest take place through Ni—(0O,0)-Ni
bridges, their magnetic properties have been interpreted on the
basis of a two-J treatment (then J, = J, and J, = 0). Thus, data
in Table 4 clearly show that M—(0O,0)-M bridges just provide
ferromagnetic coupling for M = Ni. The latter can be explained
if considering that, as reported by Ginsberg and co-workers,?
deviations of £14° from 90° in Ni-O-Ni angles can be tolerated
before the superexchange pathways lose their predominant
ferromagnetic interaction. Thus, both nickel tetramers in Table
4, as well as some other nickel compounds reported else-
where,*?® lie within this category. On the other hand, com-

parison between J values shows that the highest one (J; = 18.8
cm™! for our compound) corresponds, as expected, to the
coupling through end-on azide.

Finally, it should be also noted that the J value obtained in
this work for the coupling through Ni—(Nggon azde-O)—Ni
bridges (18.8 cm™') is comparable to the value of 21.3 cm™!
reported by Ribas et al.* for a nickel(1) tetramer also exhibiting
Ni~(O,Neng-on aziae)Ni bridges.

Concluding remarks

The simultaneous use of dpk and azide has led to the prepar-
ation of a tetrameric nickel(u) cluster, which exhibits an
unprecedented structural arrangement for metal()-azide sys-
tems. The structure consists of dicubane-like entities sharing a
face with two missing vertexes where Ni—(O,N,,4.0n aziae)—1N1 and
Ni—~(0,0)-Ni bridges can be found. The magnetic characteris-
ation is consistent with the occurrence of intramolecular ferro-
magnetic and intermolecular antiferromagnetic coupling. The
calculated J values are the highest ones reported so far for
similar dicubane compounds.
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