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The reaction of Cr(Bztacn)(CN)3 (Bztacn is 1,4,7-trisbenzyl-1,4,7-
triazacyclononane) with Ni(iPrtacn)Cl2 (iPrtacn is 1,4,7-trisisopropyl-
1,4,7-triazacyclononane) affords a CrNi3 tetranuclear complex.
Variable temperature and magnetization versus field measurements
show a S ) 9/2 ground state and an appreciable magnetic
anisotropy with a negative D9/2 value equal to −0.54 cm-1.
Magnetization studies on one single crystal using a micro-SQUID
show a fast tunneling process at zero field at very low temperature.

Since the report of the first polynuclear high-spin com-
plexes using cyanides as the bridging ligand to transmit the
electronic information between the paramagnetic ions,1 much
effort has been invested to prepare new complexes mainly
using a stepwise approach.2 New bimetallic complexes
including some showing single-molecule magnet behavior
have been discovered during the past few years.3 Recently,
using a two-step synthetic approach, Dunbar and co-workers
obtained a trimetallic complex thanks to the presence of the
chemically inert Co(III) ions.2s,t

In this Communication, we report the preparation, the
crystal structure, and the magnetic behavior of a tetranuclear
CrIIINiII3 complex using triazacyclononane derivatives as
blocking ligands. Triazacyclononane-based complexes had
first been successfully used by Long and co-workers, and a
variety of complexes with different architectures were
stabilized.2r

The tetranuclear complex of formula [BztacnCr(CNNi-
(iPrtacn)Cl)3]Cl3‚10H2O (1; see scheme for Bztacn and
iPrtacn) was obtained from the stoichiometric reaction of

BztacnCr(CN)3 and Ni(iPrtacn)Cl2 in methanol (Bztacn is
1,4,7-trisbenzyl-1,4,7-triazacyclononane and iPrtacn is 1,4,7-
trisisopropyl-1,4,7-triazacyclononane).4,5 Because the Bztac-
nCr(CN)3 complex is almost insoluble in common solvents,4

it was added as a solid to the Ni-containing solution. A color
change (yellow to green) followed by a complete dissolution
of the chromium complex occurred. Green needlelike single
crystals suitable for structure determination grew within a
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few days by a slow diffusion oftert-butyl methyl ether into
the mother solution.6

Compound1 crystallizes in the monoclinicP1h space
group.7 The molecular structure of the tetranuclear complex
(Figure 1, left) shows the central chromium atom linked to
the Bztacn ligand and three cyanide groups in facial position

bridging three Ni ions each capped by the iPrtacn ligand.
The coordination sphere of the Ni atoms is pentacoordinated
because only one chloride completes the coordination sphere
(Figure 1, right). The geometries around the three crystal-
lographically independent Ni atoms of the complex are
similar and close to a distorted trigonal bipyramid.

The pseudotrigonal axis is along two nitrogen atoms: one
from the bridging cyanide (N50) and the other (N11)
belonging to the iPrtacn ligand; the N50-Ni1-N11 angle
is almost linear and is equal to 176.8°. For the other two Ni
units, this angle is mainly the same (176.6 and 176.7°). The
base of the bipyramid is formed by the remaining nitrogen
atoms of the organic ligand (N13 and N12) and the chloride
atom. Because of the bite angle of the tacn-based ligand,
the N12-Ni1-N13 angle is equal to 87.5° and the two
N12-Ni1-Cl1 and N13-Ni1-Cl1 angles are equal to 144.0
and 128.5°, respectively. It is important to note that the
pentacoordinated environment around the Ni atoms is prob-
ably due to the presence of the threeiPr groups on the
capping ligand, which induces steric hindrance and prevents
the coordination of the sixth ligand.

The N-C-Ni angles (where N-C is a cyanide ligand)
are very close to linearity and range from 169 to 174°. Within
the crystal, the molecules are quite far apart, with the shortest
Ni-Ni distance belonging to two different molecules larger
than 7.6 Å. However, the presence of water molecules creates
a 2D H-bond network linking the clusters together within
the crystal (Figure S1 in the Supporting Information).

The magnetic studies within the temperature range 300-2
K and for an applied field of 2000 Oe above 100 K and 100
Oe below (to avoid saturation effects) show that theøMT )
f(T) curve increases upon cooling (Figure 2).

This is due to the presence of a ferromagnetic exchange
coupling interaction between the central Cr(III) [S ) 3/2;
(dxy)1(dxz)1(dyz)1 electronic configuration] and the three Ni(II)
[S ) 1; (dz2)1(dx2-y2)1 configuration] ions as expected from
the orthogonality of the magnetic orbitals.8 The øMT value
at room temperature (5.8 cm3 mol-1 K) is slightly higher
than the expected one for uncoupled three Ni(II) (S ) 1)
and one Cr(III) (S ) 3/2) metal ions (4.875 cm3 mol-1 K
assuming the sameg value equal to 2). The maximum value
of øMT (11.3 cm3 mol-1 K) at T ) 12 K is slightly lower
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Figure 1. (left) View of the molecular structure of [BztacnCr(CNNi(iPrt-
acn)Cl)3]3+. (right) View of the structure of a Ni unit belonging to the
tetranuclear complex. Hydrogen atoms were omitted for clarity.

Figure 2. øMT ) f(T) for 1: (O) experimental data, (s) best fit including
D, and (- - -) best fit includingzJ (see text). Inset:M ) f(H/T), (O) T ) 6
K, (0) T ) 4 K, (∆) T ) 2 K, and (s) best fit.
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than that corresponding toS) 9/2 (12.375 cm3 mol-1 K with
an averageg value of 2) arising from the ferromagnetic
interaction. Below 12 K,øMT decreases. The lower value of
øMT and the decrease at low temperature may be ascribed
to zero-field splitting of the spin ground state and/or
antiferromagnetic intermolecular interactions. The magnetic
data can be modeled using the following Heisenberg spin
Hamiltonian: H ) -JCr-Ni[SCr‚SNi1 + SCr‚SNi2 + SCr‚SNi3].
The data were fitted for two cases: (i) considering only the
zero-field splitting parameterD of the ground stateS ) 9/2
and (ii) considering only intermolecular interaction (zJ)
within the near-field approximation. The two approaches give
satisfactory results (JCr-Ni ) 20 cm-1, g ) 2.07, |D| ) 2.5
cm-1 andJCr-Ni ) 20 cm-1, g ) 2.03,zJ ) -0.07 cm-1).
The quality of the fit is not improved by considering more
than one J parameter because theJ value is almost
independent from the N-C-Ni angle for angles larger than
170°.9 TheD value found does not reflect the real magnitude
of the zero-field splitting of the ground state; it is overes-
timated because it reflects the decrease oføMT at low
temperature, which may be due to antiferromagnetic inter-
molecular interactions as well. The best way to get a better
idea of theD value is to fit the magnetization data at low
temperature and a field higher that 0.5 T, where the
intermolecular interactions are overcome. The magnetization
data for1 were measured atT ) 2, 4, and 6 K in thefield
range 0.6-5.5 T (Figure 2, inset). The three curves are not
superimposable, which is the signature of the presence of
appreciable magnetic anisotropy within the compound. The
magnetization value (8.5µB) at H ) 5.5 T for the lowest
temperature curve (T ) 2 K) is slightly lower than that for
9 µB (expected value for aS) 9/2 ground state withg ) 2).
This is coherent with aS ) 9/2 ground state experiencing
some magnetic anisotropy. The energy difference between
the groundS ) 9/2 state and the first excitedS ) 7/2 spin
state is around 30 cm-1 (3JCr-Ni/2). It is thus reasonable to
assume that, even atT ) 6 K, only the ground state is
populated. TheM ) f(H/T) data were then fitted by
calculating the magnetization versus field at the three
temperatures for different orientations of the magnetic field.
The best fit leads toD ) -0.54 cm-1, E/D ) 0.29, andg )
2.00 with an agreement factorR ) 5 × 10-4. Magnetization
studies give the magnitude of the anisotropy parameters; only
detailed EPR studies may give accurate values. However,
because a negativeD value was obtained for complex1, we
investigated its behavior at low temperature, where a
blocking of the magnetization may be observed.

The magnetization studies were performed using an array
of micro-SQUIDs on one single crystal oriented with its
anisotropy axis parallel to the applied magnetic field. The
magnetization versus field values were measured atT ) 40
mK for different sweep rates of the magnetic field (only two
sweep rates are shown below). The field was cycled between
-1 and+1 T (Figure 3, left). A hysteresis is observed as a
result of the slow relaxation of the magnetization. However,

the system shows a strong transition atH ) 0 due to fast
relaxation. To check whether theH ) 0 transition is due to
the tunneling of the magnetization, the sample was cooled
from high temperature to 40 mK in zero field, getting a
magnetization state with half of the spins up and the others
down. We, then, ramped the field up to 1 T atdifferent field
sweep rates, observing a larger hysteresis effect than when
the field was set at a negative field and cycled. This is a
signature of the tunneling process at zero field because when
starting at a negative field, all of the molecules are in the
MS ) S state and when the field approaches zero, most of
them tunnel, leading to a strong transition at zero field
(Figure 3, left). While when the field is set at zero (Figure
3, right), only half of the molecules are in theMS ) Sstate,
upon an increase in the field, half of them are blocked in
the up state and they are not able to tunnel (H > 0), which
leads to a larger hysteresis loop.10

For a half-integer spin state, the degeneracy of the Kramers
doublets cannot be lifted by crystal field effects. So, no
tunneling at zero field should be observed; however, very
weak dipolar or exchange fields due to intermolecular
interactions may do so. This is probably the case in the
present compound because a 2D H-bond network linking
the molecules together is indeed present.

In summary, metal complexes containing tacn derivatives
allow one to build simple polynuclear complexes with well-
defined ground states. Detailed EPR studies on1 and on the
mononuclear Ni(iPrtacn)Cl2 complex are underway in order
to determine accurately the anisotropy parameters and the
relationship between local anisotropy terms (DNi and ENi)
and those related to theS ) 9/2 ground state.
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Figure 3. Micro-SQUID magnetization vs field studies atT ) 0.04 K
and between-1 and+1 T (left) and 0 and 1 T (right): (s) sweep rate
0.56 T s-1; (- - -) sweep rate 0.008 T s-1. Only the data between-0.3 and
+0.3 T are shown for clarity (see the Supporting Information).
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