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With the help of a bis(â-diketonate) ligand, a family of robust
molecules is formed, all consisting of two [MnIII

4] subunits that
interact slightly magnetically with each other, through two bridging
pyrazine ligands.

The discovery of single-molecule magnets (SMMs) more
than a decade ago1 raised expectations of using individual
molecules as the smallest possible unit for magnetic informa-
tion storage. More recently, SMMs have been proposed as
candidates for either one- or two-qubit gates for the imple-
mentation of quantum-information processing.2,3 A recently
reported model for the second category consists of a pair of
[Mn4] SMMs, which are weakly coupled antiferromagneti-
cally4 because of the presence of intermolecular Cl‚‚‚H-N
interactions between them. This coupling causes not only a
bias of the magnetic field at which quantum tunneling of
the magnetization occurs but also the quantum mechanic
mixing of the magnetic wave functions of both components
of the dimer,5 necessary for quantum computing. Another
interesting system proposed as a potential model of the two-
qubit quantum gate consists of pairs of heterometallic wheel-
like [Cr7Ni] clusters, linked via hydrogen bonds to alkylam-
monium groups of two-headed spacers.6 This link, however,
has not yet proved to lead to sizable magnetic interaction.

Both of the above models rely on hydrogen bonds to
establish the link between the two spin clusters. In this
context, a very attractive prospect would be that of combining

in one sole molecule both elements of the two-qubit gate,
while keeping the molecules from interacting with the
environment to prevent decoherence through this mechanism.
We here report a family of MnIII aggregates that represent a
promising approach toward fulfilling these requirements.
Each of these compounds contains two tetranuclear spin
clusters that are held separated but within the same molecule
by bis(â-diketonate) ligands, while the weak exchange
between them is ensured by bridging pyrazine ligands.

For some years, we have synthesized novel multidentate
ligands containing rows of O donors aimed at facilitating
theassemblyoftransition-metalclustersintolineartopologies.7-9

The disposition of donors in these ligands is achieved by
combining variousâ-diketone and phenol groups in the same
molecule. A recently prepared new such ligand [H4L, 1,3-
bis[3-oxo-3-(2-hydroxyphenyl)propionyl]-2-methoxyben-
zene] is given in Figure 1.10 H4L has its twoâ-diketones in
the enolic form both in the solid state11 (Figure 1, top) and
in a chloroform solution, as evidenced by X-ray crystal-
lography and1H NMR spectroscopy, respectively.

In order to check the potential of H4L to link clusters into
a molecular species, its reactions with preformed polymetallic
species were studied. We herein report the results obtained
using the manganese basic carboxylates [Mn3O(RCO2)6(py)3]-
(ClO4) (R ) Me, Ph, p-MePh).12 Reactions in CHCl3

produced a family of compounds with formula [Mn4O2-
(RCO2)6(pz)(H2L)] 2 (R ) Me, 1; Ph, 2; p-MePh,3)13 that
can be easily crystallized by slow diffusion of hexanes into
the filtered reaction mixture, producing single crystals
suitable for X-ray diffraction. The molecular structures of
1,11 2, and 3 were determined and showed the three
compounds to be analogous, differing only in the nature of
the R group of the carboxylate. In this Communication, only
the properties of compound1 will be discussed in detail.
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Complex1 crystallizes in the monoclinic space groupC2/c.
The structure (Figure 2) consists of two tetranuclear MnIII

clusters assembled into a centrosymmetric molecule by two
H2L2- and two pyrazine ligands. The oxidation state of the
metals was established unambiguously to be 3+ from bond-
valence-sum calculations and because they show Jahn-Teller
axial elongated octahedral coordination. The diketonate
ligand should then possess a 2- charge to ensure electro-
neutrality, as suggested from the crystal structure, which
indicates hydrogen bonds between the phenol O atoms (O21
and O15) and those from adjacent diketonate groups (O20
and O16). Each tetranuclear fragment features a [Mn4O2]
structure, commonly called a “butterfly”, consisting of four
MnIII ions with distorted octahedral coordination bridged by
two µ3-oxides. Each pair of Mn atoms is also bridged by
either one (Mn1-Mn3 and Mn2-Mn4) or two (Mn1-Mn2
and Mn2-Mn4) syn,syn-µ-AcO- groups. The terminal or
“wing” Mn ions (Mn1 and Mn4) complete their coordination
with a chelating group, as is usual in “butterfly”-type

clusters;14,15 in this case, the chelating ligand is a diketonate
group from the H2L2- ligands, which thus subtend the
clusters opposite to each other. Two pyrazine ligands bind
the two central Mn atoms or the “body” Mn ions (Mn2 and
Mn3) of each “butterfly”, thereby further linking the two
[MnIII ]4 units and leading to the shortest intercluster Mn‚‚‚
Mn distance of 7.443 Å. The pyrazine groups are important
to ensure the magnetic interaction between the clusters (see
below). The H2L2- ligand, in turn, links the [Mn4O2] clusters
into dimers for this interaction to occur within a robust
molecular structure. Indeed, two dimers of independent [Mn4]
“butterfly” clusters have been reported before, bridged by
long bipyridineethene (bpe) or ethene-linked 2,2′-bipyridine
ligands that keep both metal aggregates too far apart for a
magnetic interaction to occur.16,17 A remarkable feature of
complexes1-3 is that they are stable molecules, even in
solution. They are indeed soluble in CH2Cl2 while maintain-
ing the solid-state molecular structure as revealed by
paramagnetic1H NMR (see Figure S1 in the Supporting
Information; full details shall be reported in due course).

The magnetic properties of complex1 were investigated
by means of bulk, variable-temperature magnetization mea-
surements, under a constant magnetic field of 3 kG. TheøMT
vs T plot per 1 mol of the [Mn4] fragment (Figure 3) shows
a value of 7.27 cm3 K mol-1 at 300 K (considerably smaller
than that, 11.88 cm3 K mol-1, predicted for four noncoupled
MnIII ions withg ) 1.99) and then decreases almost linearly
with cooling until near 25 K. Below this temperature, the
øMT product decreases sharply to a value of 1.88 cm3 K
mol-1 at 2 K. These results indicate that antiferromagnetic
interactions clearly dominate the coupling within this cluster.
Fitting these data is a complex task because of the presence
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Figure 1. (top) Stick representation of the true solid-state molecular
structure of H4L as determined by single-crystal X-ray diffraction,
emphasizing the fact that it is found in the ketoenolic form. (bottom) Scheme
of H4L in the 1,3-diketone tautomeric form.

Figure 2. PovRay representations showing two views of [Mn4O2(MeCO2)6-
(pz)(H2L)] 2 (1), indicating (top) the labeling of the unique Mn ions. The
structures of compounds2 and3 are equivalent to this, except for the nature
of the carboxylate. The dashed lines indicate hydrogen bonds. Code: large,
Mn; medium dark, O; medium light, N; all of the rest, C.
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of many exchange interactions. AøM ) f(T) equation was
obtained as described elsewhere,18 from the van Vleck
equaion for two “butterfly” complexes, each described with
the Heisenberg-spin HamiltonianH ) -Jwb(S1S2 + S1S3 +
S2S4 + S3S4) - JbbS2S3 - JwwS1S4 (using the atomic
numbering shown in Figures 2 and 3). In this fit, both
“wing-body” interactions were considered equivalent, the
g value was fixed at 1.99, and the effect of zero-field splitting
was not included. The latter is, however, expected to be
negligible because the Jahn-Teller axes of the “body” Mn
ions are approximately perpendicular to these of the terminal
metals(FigureS2intheSupportingInformation).Inordertotakeintoaccountthe
possible interaction between the [Mn4] units through the pyra-
zine ligands, a Curie-Weiss parameter,θ, was introduced
to theøM ) f(T) expression. Pyrazine bridges are known to
mediate weak magnetic exchange between Mn ions,19,20and
the presence of such an interaction is a crucial point for this
family of clusters to be considered possible models of two-
qubit gates. By using the above model, the experimental data
could be simulated satisfactorily with the following param-
eters: Jbb ) -50.6 (0.14) cm-1, Jwb ) -22.0 (0.06) cm-1,
Jww ) +7.6 (0.13) cm-1, θ ) -1.2 (0.03) K (Table 1), and
an agreement factorF [F ) ∑(øi(exp) - øi(calc))2/∑(øi(calc))2]
of 5 × 10-5. This fit predicts anS ) 2 ground state for the
individual [Mn4] clusters and that both tetranuclear units
within the molecule exhibit weak antiferromagnetic interac-
tion. For comparison, a fit was also performed by settingθ

to zero. The results were significantly different [Jbb ) -58.8
(0.80) cm-1, Jwb ) -16.2 (0.15) cm-1, andJww ) +7.6 (0.06)
cm-1], and the fit was of much lower quality (F ) 5 × 10-2;
see Figure S6 in the Supporting Information).

Corroboration of the above was sought by means of den-
sity functional theory (DFT) calculations,21-23 as performed
with the B3LYP functional24 and the all-electron triple-ú
basis set25 using the NWChem program (see the Supporting
Information for details). Two differentJ values for the “wing-
body” interactions, as well as the interaction through the
pyrazine ligands, were now included in the model. The results
(Table 1) are in good agreement with the above fit of the
experimental data. This new collection of parameters were
used as the starting point of a second fit of the experimental
data, now through a full-matrix diagonalization method using
the program CLUMAG,26 with the following Hamiltonian;
H ) -Jwb1(S1S2 + S3S4 + S1′S2′ + S3′S4′) - Jwb2(S1S3 + S2S4

+ S1′S3′ + S2′S4′) - Jbb(S2S3 + S2′S3′) - Jww(S1S4 + S1′S4′) -
Jpyz(S2S3′ + S3S2′). The results (Table 1) are in very good
agreement with the previous fit and provide an excellent
simulation of the experimental curve (Figure 3) leading again
to S ) 2 ground states of the [Mn4] subunits and a totalST

) 0 for the [Mn8] cluster. If the “butterfly” clusters were
independent, these would exhibit a well isolated ground state
in any case (about 10 cm-1 below the first excited-state using
theJ’s from the second fit, Figure S3). The coupling between
both tetramers causes a splitting of the magnetic states and
the consequent congestion in the energy domain.

In conclusion, the application of established principles of
cluster chemistry combined with the use of designed poly-
nucleating ligands has provided access to a family of
molecular species that show promising features in relation
to their possible use as models for molecular-based magnetic
qubits. We are currently investigating this new entry into
molecular “cluster-pairs” and pursuing to control the type
and intensity of the interaction by playing with the chemical
nature of the spacer that acts as magnetic gate between them.
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Figure 3. Plot of øMT vs T of 1 per 1 mol of the [Mn4] fragment. The
solid line represents the best fit of the experimental data. The inset contains
the description of the five exchange coupling constants employed in the
calculations and in the fit for the [Mn4]2 complex.

Table 1. Calculated and Fitted Exchange Coupling Constants (See the
Inset in Figure 4)a for the Five Exchange Pathways in Complex1,
Together with the Number and Type of Bridges

bridging ligands expt Ab B3LYPd expt Bf

Jbb two µ3-O -50.6 (0.2) -62.4 (0.2) -47.0
Jwb1 µ3-O, µ-O2CMe -22.0 (0.2)c -12.2 (0.2) -24.1
Jwb2 µ3-O, twoµ-O2CMe -22.0 (0.2)c -8.4 (0.2) -16.3
Jww two (µ3-O)-Mn-(µ3-O) +7.6 (0.2) +5.3 (0.2) +7.9
Jpyz µ-N2C4H4 -0.04 (0.2) -1.4
θ e two µ-N2C4H4 -1.2 (0.1)

a In cm-1. b Fit using the van Vleck equation.c In this model,Jwb1 )
Jwb2. d DFT parameters. Standard deviations are in parentheses.e Interaction
between [Mn4] clusters modeled with a Curie-Weiss constant.f Fit by full
diagonalization.
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