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With the help of a bis(3-diketonate) ligand, a family of robust in one sole molecule both elements of the two-qubit gate,
molecules is formed, all consisting of two [Mn",] subunits that while keeping the molecules from interacting with the
interact slightly magnetically with each other, through two bridging environment to prevent decoherence through this mechanism.
pyrazine ligands. We here report a family of Mh aggregates that represent a

promising approach toward fulfiling these requirements.
- - Each of these compounds contains two tetranuclear spin
The discovery of single-molecule magnets (SMMs) more cjysters that are held separated but within the same molecule
than a decade agoaised expectations of using individual by bis(-diketonate) ligands, while the weak exchange
molecules as the smallest possible unit for magnetic informa- petween them is ensured by bridging pyrazine ligands.
tion storage. More recently, SMMs have been proposed as  ror some years, we have synthesized novel multidentate
candidates for either one- or two-qubit gates for the imple- |igands containing rows of O donors aimed at facilitating
mentation of quantum-information processfiigh recently  the assembly of transition-metal clustersintolineartopoldgfes.
reported model for the second category consists of a pair of the disposition of donors in these ligands is achieved by
[Mn4] SMMs, which are weakly coupled antiferromagneti- - compining varioug-diketone and phenol groups in the same
F:ally“ bgcause of the presence of mter'molecular-ell—N molecule. A recently prepared new such ligandLH1,3-
interactions between them. This coupling causes not only ap;s[3-ox0-3-(2-hydroxyphenyl)propionyl]-2-methoxyben-
bias of the magnetic field at which quantum tunneling of zene] is given in Figure 12 HaL has its twog-diketones in
the magnetization occurs but also the quantum mechanicye enolic form both in the solid stateg(Figure 1, top) and
mixing of the magnetic wave functions of both components i, 5 chioroform solution, as evidenced by X-ray crystal-
of the dimer; necessary for quantum computing. Another |5graphy andH NMR spectroscopy, respectively.
interesting system proposed as a potential model of the two- |y order to check the potential ofHto link clusters into
qubit quantum gate consists of pairs of heterometallic wheel- 5 yojecular species, its reactions with preformed polymetallic
like [Cr;Ni] clusters, linked via hydrogen bonds to alkylam-  gnecies were studied. We herein report the results obtained
monium groups of two-headed gpac%rﬂuls link, .ho.wever, ~ using the manganese basic carboxylatesfMRCO)s(py)s]-
has not yet proved to lead to sizable magnetic interaction. (c|o,) (R = Me, Ph, p-MePh)!2 Reactions in CHGI
Both of the above models rely on hydrogen bonds to produced a family of compounds with formula [W®p-
establish the link between the two spin clusters. In this (RCOY)e(pz)(HoL)]2 (R = Me, 1; Ph, 2; p-MePh, 3)3 that
context, a very attractive prospect would be that of combining ¢an, pe easily crystallized by slow diffusion of hexanes into

N A __the filtered reaction mixture, producing single crystals
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Figure 1. (top) Stick representation of the true solid-state molecular
structure of HL as determined by single-crystal X-ray diffraction,
emphasizing the fact that it is found in the ketoenolic form. (bottom) Scheme
of HaL in the 1,3-diketone tautomeric form.

Complex1 crystallizes in the monoclinic space groGg/c.
The structure (Figure 2) consists of two tetranuclear'Mn

clusters assembled into a centrosymmetric molecule by two

H,L2~ and two pyrazine ligands. The oxidation state of the
metals was established unambiguously to Befi®m bond-
valence-sum calculations and because they show-Jedller
axial elongated octahedral coordination. The diketonate
ligand should then possess & Zharge to ensure electro-
neutrality, as suggested from the crystal structure, which

Figure 2. PovRay representations showing two views of j@s(MeCQ,)s-
(p2)(HeL)]2 (1), indicating (top) the labeling of the unique Mn ions. The
structures of compoundsand3 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.

indicates hydrogen bonds between the phenol O atoms (O21clusterst**%in this case, the chelating ligand is a diketonate
and 015) and those from adjacent diketonate groups (020group from the HL?™ ligands, which thus subtend the

and 0O16). Each tetranuclear fragment features a,Qdn
structure, commonly called a “butterfly”, consisting of four
Mn" jons with distorted octahedral coordination bridged by
two us-oxides. Each pair of Mn atoms is also bridged by
either one (MntMn3 and Mn2-Mn4) or two (Mn1—-Mn2
and Mn2-Mn4) syn,syrnu-AcO~ groups. The terminal or
“wing” Mn ions (Mn1 and Mn4) complete their coordination
with a chelating group, as is usual in “butterfly’-type

(11) Crystal data fof: CgoHgoMngN4O4223.4CHCE, data collected on a
red plate crystal (0.0& 0.06 x 0.01 mm), monoclinic, space group
C2/c (No. 15) witha = 30.935(6) Ab = 14.330(3) Ac = 25.247(5)

A, p=97.716(2, V= 11091(4) B, Z = 4, pcaca= 1.581 g cn3,

w = 1717 mnTL. A total of 25 241 reflections were measured, 5821
of which were independenRg; = 0.0812;R = 0.0659), on station
16.2 smx of the Daresbury synchrotron facilify € 150 K, 3.62<

0 < 23.27, and1 = 0.7848 A). Data were cuttd A asabovell/ol]

< 2. The structure was solved by direct metho8$lELXS9Y and
refined onF?2 (SHELXL-97. H atoms were included on calculated
positions, riding on their carrier atoms. Refinement of 692 parameters
converged at final wR2= 0.1714, R1= 0.0645, ands = 1.031 [for
5821 reflections with > 20(1)], —0.679< Ap < 1.237 e A3, Crystal
data for HL: CzsH2¢O7; data collected on a pale-yellow lath crystal
(0.45 x 0.11 x 0.03 mm), triclinic, space groupl (No. 15) witha
=7.2156(6) Ab = 15.7051(14) Ac = 18.6098(16) Aa. = 71.677-
(2)°, B = 85.469(2), y = 85.651(2}, V= 1992.8(3) B, Z = 4, pcaicd
=1.441 g cm3, u = 0.128 mn1L. A total of 32 765 reflections were
measured, 5821 of which were independeRf (= 0.0812;R =
0.0659), on station 11.3.1 of the Advanced Light Source synchrotron
facility (T = 193 K, 1.26< 6 < 33.63, and/1 = 0.774 A). The
structure was solved by direct metho@&HELXS9Y and refined on

F2 (SHELXL-97. H atoms were included on calculated positions,
riding on their carrier atoms, except the hydroxyl H atoms, which
were found in the difference map and allowed to refine freely.
Refinement of 692 parameters converged at final wR2.1649, R1

= 0.0575, andS = 1.033 [for 11 750 reflections with > 20(1)],
—0.265< Ap < 0.516 e A3,

Vincent, J. B.; Chang, H. R.; Folting, K.; Huffman, J. C.; Christou,
G.; Hendrickson, D. NJ. Am. Chem. Sod 987 109 5703-5711.
Complex [MRO(MeCQ)s(py)sl(ClO4) (0.250 g, 0.3 mmol) was
dissolved in CHG (9 mL). Solid HL (0.123 g, 0.3 mmol) and
pyrazine (0.050 g, 0.6 mmol) were added, and the mixture was refluxed
for 2 h. After cooling to room temperature, a light-brown precipitate
was filtered and discarded. The dark-brown solution obtained was then
layered with an equal volume of hexanes. Crystals of comblgrew

in 3—4 days and were isolated in 29% yield by filtration. Anal. Calcd
(found) for1-CHCls: C, 39.44 (39.74); H, 3.23 (2.95); N, 2.16 (2.14).
The solid was dried in vacuo.
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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
[Mn"']4 units and leading to the shortest intercluster-Mn
Mn distance of 7.443 A. The pyrazine groups are important
to ensure the magnetic interaction between the clusters (see
below). The HL?" ligand, in turn, links the [MgO,] clusters
into dimers for this interaction to occur within a robust
molecular structure. Indeed, two dimers of independent[Mn
“butterfly” clusters have been reported before, bridged by
long bipyridineethene (bpe) or ethene-linked Zpyridine
ligands that keep both metal aggregates too far apart for a
magnetic interaction to occdf!’ A remarkable feature of
complexesl—3 is that they are stable molecules, even in
solution. They are indeed soluble in g, while maintain-
ing the solid-state molecular structure as revealed by
paramagnetidH NMR (see Figure S1 in the Supporting
Information; full details shall be reported in due course).
The magnetic properties of compléxwere investigated
by means of bulk, variable-temperature magnetization mea-
surements, under a constant magnetic field of 3 kG. e
vs T plot per 1 mol of the [Mg] fragment (Figure 3) shows
a value of 7.27 cihK mol~* at 300 K (considerably smaller
than that, 11.88 cAK mol™?, predicted for four noncoupled
Mn'" ions withg = 1.99) and then decreases almost linearly
with cooling until near 25 K. Below this temperature, the
xmT product decreases sharply to a value of 1.88 &m
mol~! 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

(14) Arom, G.; Bhaduri, S.; Arts, P.; Folting, K.; Christou, Glnorg.
Chem.2002 41, 805-817.
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20, 1785-1793.
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Christou, G.Angew. Chem., Int. EA.996 35, 1818-1820.



Figure 3. Plot of ymT vs T of 1 per 1 mol of the [Mn] fragment. The

solid line represents the best fit of the experimental data. The inset contains
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to zero. The results were significantly differedg{—= —58.8
(0.80) cm't, Jp = —16.2 (0.15) cm?, andJ,w = +7.6 (0.06)
cm1], and the fit was of much lower qualitf-(= 5 x 1073
see Figure S6 in the Supporting Information).
Corroboration of the above was sought by means of den-
sity functional theory (DFT) calculatiorf; 23 as performed
with the B3LYP function&* and the all-electron triplé-
basis seéf using the NWChem program (see the Supporting
Information for details). Two different values for the “wingr
body” interactions, as well as the interaction through the
pyrazine ligands, were now included in the model. The results

the description of the five exchange coupling constants employed in the (Table 1) are in good agreement with the above fit of the

calculations and in the fit for the [Mip complex.

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

bridging ligands expt A B3LYPd expt B
Jo  tWOuz-O -50.6(0.2) —62.4(0.2) —47.0
Jubt 430, u-O,CMe —220(0.2y —12.2(0.2) —24.1
Juvz 13O, twou-O,CMe —22.0(0.2y -84(0.2) -16.3
Jow WO (u30)~Mn—(uz-O) +7.6(0.2) +5.3(0.2) +7.9
prz /4-N2C4H4 —-0.04 (02) —-1.4
6e two u-N2CsHa —1.2(0.1)

aln cm™L P Fit using the van Vleck equatiofn this model,Ju1 =
Jub2. @ DFT parameters. Standard deviations are in parenthebgsraction
between [Mn] clusters modeled with a CuriéNeiss constant.Fit by full
diagonalization.

of many exchange interactions. & = f(T) equation was
obtained as described elsewh&reffom the van Vleck
equaion for two “butterfly” complexes, each described with
the Heisenbergspin HamiltoniartH = —J,u(SS + SIS +
SS + S — InSS — JwSS (using the atomic
numbering shown in Figures 2 and 3). In this fit, both

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® with the following Hamiltonian;
H==-Jwi(SS+SS+ SS + SS) — wdSS + SS

+ 5SS+ SS) — In(SS + ) — IM(SS + SS) —
JydSS + $S). 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 [Mhsubunits and a totebr

= 0 for the [Mrg] cluster. If the “butterfly” clusters were
independent, these would exhibit a well isolated ground state
in any case (about 10 crhbelow 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

“wing—body” interactions were considered equivalent, the g theijr possible use as models for molecular-based magnetic

g value was fixed at 1.99, and the effect of zero-field splitting

qubits. We are currently investigating this new entry into

negligible because the Jahifieller axes of the “body” Mn

and intensity of the interaction by playing with the chemical

metals(Figure S2inthe SupportingInformation). Inordertotakeintoaccountthe

possible interaction between the [Mionits through the pyra-
zine ligands, a CurieWeiss parametel}, was introduced
to theym = f(T) expression. Pyrazine bridges are known to
mediate weak magnetic exchange between Mn 1#&#&and
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could be simulated satisfactorily with the following param-
eters: Jop, = —50.6 (0.14) cm?, J,, = —22.0 (0.06) cm?,
Jww = +7.6 (0.13) cm?, # = —1.2 (0.03) K (Table 1), and
an agreement factd [F = 3 (Yiexp) — Xiccaic)?Y (Yiccalc)?]

of 5 x 1075. This fit predicts arS= 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 setting
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