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ABSTRACT: The reaction between 3-phenyl-1,5-bis-
(pyridin-2-yl)pentane-1,5-dione dioxime (pdpdH,) and
triangular [Mn"™,0(0,CMe)(py);](ClO,) (1) affords
[Mn,0,(0,CMe) 1,(pdpd))](ClO,), (3). Complex 3
has a rectangular shape and consists of four [Mn",0]"*
triangular units linked covalently by the dioximate ligands
into a supramolecular [Mn;], tetramer. Solid-state dc and
ac magnetic susceptibility measurements revealed that
[Mn;], contains four Mn; single-molecule magnets
(SMMs), each with an S = 6 ground state. Magnetization
versus dc-field sweeps on a single crystal gave hysteresis loops
below 1 K that exhibited exchange-biased quantum tunneling
of magnetization steps, confirming 3 to be a supramolecular
aggregate of four weakly exchange-coupled SMM units.

S ingle-molecule magnets (SMMs) are individual molecules
that function as single-domain nanoscale magnetic particles
below their blocking temperature, Ty.! This behavior arises
from the combination of a large-spin (S) ground state and
Ising-type magnetoanisotropy (negative zero-field splitting
parameter D), which leads to frequency-dependent out-of-
phase alternating current (ac) magnetic susceptibility signals
and hysteresis in a plot of magnetization versus applied direct
current (dc) magnetic field." SMMs have also been shown to
display interesting quantum phenomena such as quantum
tunneling of magnetization (QTM)” and quantum phase inter-
ference (QPI).> Consequently, they have been proposed as
qubits for quantum computation” and as components in
molecular spintronics devices,” which would exploit their
quantum-tunneling properties. For such applications, coupling
of two or more SMMs to each other or to other components of
a device are essential, but the coupling must be very weak in
order to maintain the intrinsic single-molecule properties of
each SMM. The report of supramolecular C—H---Cl hydrogen-
bonded pairs of S = ?/, [Mn,0,Cl,(O,CEt);(py);] SMMs
demonstrated such coupling for the first time, manifested as
exchange-biased QTM steps, quantum-superposition states,
and quantum entanglement of the two SMMs.%” Several
supramolecular dimers, chains, and 3D networks of weakly
coupled SMMs connected by H-bonds have since been
reported.® The disadvantages of linkage by H-bonds, however,
are (i) deaggregation into monomeric units upon dissolution
and (ii) major loss of synthetic control, with all the above
examples of supramolecular aggregation by H-bonds in fact
having been obtained serendipitously. A superior approach is
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connection of SMMs via covalent bonds. Such covalent linkage
of SMMs has already been explored extensively and usually has
been found to lead to 1D, 2D, or 3D polymers.9 The coupling
between these SMM:s is often (but not always'®) strong enough
to lead to loss of SMM identity, giving 1D single-chain magnets
(SCMs) or 2D- or 3D-ordered materials. However, significant
progress has been made in covalent linkage of two non-SMM
units for quantum-computing applications, such as linking of
two Cr,Ni wheels'' or of two lanthanide ions,'” resulting in
weak antiferromagnetic (AF) interactions between them.

Our group has therefore initiated a new effort to link two or
more Mn SMMs covalently to give nonpolymeric, supra-
molecular “clusters of SMMs” showing very weak inter-SMM
interactions. We herein report a supramolecular aggregate of
four Mn; SMMs connected by a newly designed dioxime group,
3-phenyl-1,5-bis(pyridin-2-yl)pentane-1,5-dione dioxime
(pdpdH,) (Figure 1). The strategy is based on the observation

Figure 1. Structures of (left) mpkoH and (right) pdpdH,.

that methyl pyridine-2-yl ketone oxime (mpkoH) reacts with
the non-SMM triangular complex [Mn;0(0,CMe)(py);]-
(Cloy) (1) to convert it to the S = 6 SMM [Mn,O-
(0,CMe),(mpko);](ClO,) (2)."* The new group pdpdH,
consists of two mpkoH, groups linked by a benzyl unit and
is designed to connect two [Mn;O]"" units. It was synthesized
in two steps from 2-acetylpyridine; the intermediate 3-phenyl-
1,5-bis(pyridin-2-yl)pentane-1,5-dione was obtained according
to a literature method'* and treated with hydroxylamine to
form the crude product. Recrystallization from acetone gave
pure pdpdH, in 55% overall yield."

Reaction of 1 with 1.5 equiv of pdpdH, in CH,Cl, gave a
dark-brown solution. The solution was filtered, and the filtrate
was left undisturbed at ambient temperature. X-ray-quality
crystals of [Mn;,0,(0,CMe);,)(pdpd)s](ClO,),«CH,CL,
(3-xCH,Cl,) slowly formed over 2 days and were collected
by filtration; the yield was 35%. Complex 3-xCH,Cl,
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crystallizes in the monoclinic space group P2,/c.'® The
asymmetric unit consists of two essentially superimposable
Mn,, cations (one is shown in Figure 2), eight ClO,” anions,

Figure 2. (top) Complete molecular structure of the cation of 3, with
H atoms omitted for clarity. (bottom) Structure of the core,
emphasizing the connectivity between the Mn; units and showing
the Mn; planes (green-shaded triangles) and Jahn—Teller axes (green
bonds). Color code: Mn, green; N, blue; O, red; C, gray.

and large amounts of disordered CH,Cl, solvent.'® The Mn,,
cation consists of four [Mn;(u;-O)]™ units linked by six pdpd*
groups to give a supramolecular [Mn;], rectangle. One of the two
10" :u-MeCO, ™ ligands bridging each edge of 1 is replaced by a
bridging oximate from a pdpd*~ group. Two of the latter bridge to
the same neighboring Mn; unit, and the third bridges to a different
one (Figure 2, bottom). In addition, the pdpd*~ pyridyl groups
replace the terminal pyridine ligands of 1. Each of the y3-O”" ions
lies slightly above its Mnj plane (r &~ 0.3 A), as in 2. Thus, the local
structure of each Mn; unit of 3 is very similar to that of 2,
comprising a triangular [Mn;(13-O)]”" unit whose edges are each
bridged by one acetate and one pyridyloximate group, the pyridyl
group of which binds terminally to the Mn. Also as in 2, the three
bridging oximate groups are on the same side of the Mn; plane, and
this is one factor favoring the formation of a molecular tetramer
rather than a polymer. In fact, we had anticipated that the product
might be an [Mn,], tetrahedron with a bridging pdpd*~ on each
edge, but the obtained rectangle is also a logical arrangement. The
cation has crystallographic C; and virtual D, symmetry. The Mn™
oxidation states were confirmed by bond valence sum calculations,'”
and their Jahn—Teller elongation axes (green bonds in Figure 2,
bottom) are aligned in a propeller fashion, again as in 2. The

Mn---Mn separations and Mn—(¢3-O)—Mn angles in each triangle
are slightly different; thus, the triangles are scalene but virtually
isosceles within the usual 3¢ criterion.'” Overall, 3 can accurately be
described as a tetrameric version of SMM complex 2, suggesting

that each Mn; unit of 3 might also be an SMM.
Variable-temperature dc magnetic susceptibility (y,;) meas-
urements were performed on a polycrystalline sample of
3-2CH,CL,'° in an applied field of 1000 G (0.10 T) over the
5.0—-300 K temperature range. The sample was restrained in
eicosane to prevent torquing. yyT increased from 48.25 cm® K
mol ™" at 300 K to a plateau value of 76.55 cm® K mol™" at 20 K
and then decreased slightly to 70.62 cm® K mol™" at 5.0 K
(Figure 3). The 300 K value is much larger than the spin-only
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Figure 3. Plot of y\ T vs T for 3-2CH,Cl,. The solid line is the fit to
the data; see the text for the fit parameters.

(g = 2) value for 12 Mn™ atoms (3T = 36 cm® K mol™"), and
the peak value at low T is as expected for four noninteracting
S = 6 units with g slightly less than 2.0 (spin-only y T = 84 cm®
K mol™). The decrease in y,T below 20 K is assigned to zero-
field splitting (ZFS), Zeeman effects from the applied field, and
weak intermolecular interactions. The overall y,T versus T
profile is extremely similar to that for complex 2 (S = 6),
indicating that each of the four Mnj; units of 3 is also
ferromagnetically coupled with an S = 6 ground state. The data
were fit to the theoretical yyT versus T expression for four
independent and equivalent Mn'; isosceles triangles per 3;'>"
the spin Hamiltonian is given in eq 1:

H=-2J(5:8, +8:8y) - 2J'§,:Sy (1)

Only data for T > 20 K were used because the low-T decrease
is due to factors not included in eq 1. The fit gave J = +16.8(6)
em™!, J' = +1.5(7) cm™, and g = 1.91(1), with temperature-
independent paramagnetism (TIP) kept constant at 600 X 10~
cm® mol™". Since the four Mn; units are crystallographically
inequivalent, the J and ]’ are average values, but they are similar
to those for 2 and analogues with other carboxylates (J = +12.1
to +18.6 cm ! and J' = +1.5 to +6.7 cm™').

Magnetization (M) data were collected over the 0.1—7 T and
1.8—10 K ranges and are plotted as M/Nug versus H/T in
Figure 4, where N is Avogadro’s number and pjy is the Bohr
magneton. The data were fit using the program MAGNET by
diagonalization of the spin Hamiltonian matrix assuming that
only the ground state is populated, incorporating axial
anisotropy (DS,?) and Zeeman terms, and employing a full
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Figure 4. Plot of M/Nug vs H/T per Mn; unit of 3-2CH,Cl,. The
solid lines are the fits to the data; see the text for the fit parameters.

powder average. The spin Hamiltonian is given by eq 2,
N ) A
H = DS, + gpgh,S-H (2)

where D is the axial ZFS parameter, p, is the vacuum
permeability, and H is the applied magnetic field. The fit (solid
lines in Figure 4) gave S = 6, D = —0.30(2) cm™’, and g =
1.92(1), again very similar to 2 [S = 6, D = —0.34(2) cm™, and
g = 1.92(1)]."° The combined dc data thus complement the
structural data in supporting the conclusion that complex 3 is a
tetramer of four S = 6 Mnj; units like that in 2 and that these
units interact with each other only very weakly (too weakly to
affect the above fits, which assume noninteracting Mn; units).

To probe the SMM properties of 3-2CH,Cl,, out-of-phase ac
susceptibility (yx;) versus T data were collected over the 1.8—15 K
range using a 3.5 G ac field oscillating at frequencies of up to 1000
Hz (Figure S). yu; signals that are tails of peaks lying below 1.8 K
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Figure S. Plots of the out-of-phase ac susceptibility (yy;) vs T for
3-2CH,Cl, at the indicated frequencies.

were observed at <3 K, and these suggest that 3 might be a tetramer
of SMMs. Therefore, dc magnetization versus field scans on single
crystals of 3-xCH,Cl, were carried out on a micro-SQUID.'®
Hysteresis loops were seen below ~1.0 K (Figure 6), and their
coercivities increased with decreasing temperature and increasing
field sweep rate, as expected for SMMs. We thus conclude that each
of the four Mn; units in 3-xCH,Cl, is an SMV, as is Mn; complex
2 that they closely resemble in structure and magnetic properties.

We now address whether the four Mn; SMM units in
3-:xCH,Cl, interact weakly with each other. The answer is

-1 -0.5 0 0.5 1
uoH (T)

Figure 6. Hysteresis loops in plots of magnetization vs dc field for a
single crystal of 3-xCH,Cl, (top) at the indicated temperatures at 0.28
T/s and (bottom) at the indicated field scan rates at 0.04 K. M is
normalized to its saturation value, M.

clearly yes, because the hysteresis loops show an exchange bias
of the QTM steps. The first step in the hysteresis loop of an SMM
on scanning from negative to positive fields is normally at zero
field. This is where the Mg levels on either side of the anisotropy
barrier are in resonance and QTM can occur, reversing the
orientation of the magnetization vector. The presence of an AF
exchange-coupled neighbor provides a bias field that shifts the
resonance tunneling (QTM step) to a new position before zero
field. This was first seen for the hydrogen-bonded [Mn,], dimer of
S =/, SMMs, and a related explanation can be provided for 3,
except that each Mn; SMM is now exchange-coupled to two
neighboring Mn; SMMs. The loops of Figure 6 clearly establish
weak AF interactions between the Mn; subunits of 3-2CH,Cl,. As
the field is scanned from —1 T, where the four Mn; spin vectors
are polarized into the Mg = —6 orientation, the first step
corresponds to tunneling of a Mn; vector from Mg = —6 to Mg =
+6; this occurs at —0.18 T, which thus equals the total bias field
from two Mg = —6 neighbors. In the format (Mg, Mg, Mg, Mg,),
where i = 1—4 refer to the four Mn; SMMs of 3, the —0.18 T step
is the (=6, —6, —6, —6) to (=6, +6, —6, —6) tunneling transition
(For clarity, degenerate states such as (=6, —6, +6, —6), (+6, —6,
—6, —6), etc,, are not listed). Since 3 is a rectangular [Mns],
aggregate, there should be two different inter-Mn; interactions, ],
and J,, which are likely comparable but not identical in magnitude;
the diagonal interaction should be much weaker and is ignored in
this discussion. The second step at zero field is assignable to
tunneling of molecules with (—6, +6) neighbors, yielding zero bias
if J; = J, or a small bias related to IJ; — J,| if J; # J,. The step at
zero field is the (=6, +6, —6, —6) to (—6, +6, +6, —6) transition,
followed by the possibility of a flip-flop relaxation to the (—6, +6,
—6, +6) ground state. A plot of spin-state energy versus applied
field showing the avoided level crossings, simulated with ], = ], =
—0.02 K and D = —0.31 cm™, is provided in the SI;'7 a detailed
analysis will be provided in the full paper on this work.
Furthermore, if enough vectors have tunneled to +6 in the first
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two steps, then a step is expected for Mn; vectors tunneling in the
presence of a (+6, +6) bias. This should occur at +0.18 T and is
indeed seen in Figure 6 (bottom) at 0.001 T/s; at this low scan rate,
enough spins have had time to reverse in the first two steps to allow
the (+6, +6) situation. At faster scan rates, this step disappears, and
even the zero-field step [(—6, +6) bias] becomes smaller because
the tunneling probability decreases with increasing scan rate (ie,
fewer molecules are in resonance long enough to tunnel). At high
scan rates, at least two new steps appear in the +0.3 to +0.6 T range,
also involving Mg = +5 levels.'” The step pattern thus leads to the
conclusion that 3 is a supramolecular aggregate of four weakly
interacting Mn; SMMs, with each Mn; coupled to two neighbors.

In summary, a newly designed dioxime has yielded a supra-
molecular [Mn,], aggregate of four covalently linked SMMs. Each of
the Mn; subunits of 3 is structurally similar to discrete 2, and the
magnetic properties are therefore also nearly identical. Hysteresis
studies showed that each of the four Mn; SMMs is weakly coupled
to two neighbors, leading to an exchange bias of the QTM steps
whose magnitude depends on the spin alignments of these
neighbors. We assume at this preliminary stage that the inter-Mn;
interaction is via superexchange through the bridging ligands, since 2
shows no exchange bias of its QTM steps from intermolecular
dipolar interactions. Unfortunately, the QTM steps are relatively
broad, possibly as a result of the following: (i) the two Mn, cations
in the asymmetric unit have different orientations, and the four Mn,
planes within each cation are not coplanar (Figure 2, bottom). The
applied field will thus be at a range of angles to the easy (z) axes of
the eight Mns, leading to step broadening; (i) J; # J,, and nonzero
diagonal interactions within [Mn;], or interactions between separate
units will give a range of bias fields for a given (+6, +6) situation.
We are thus introducing bulkier carboxylates to isolate Mn,, cations
more effectively and seeking crystals with all cations parallel. Notably,
the covalent linkage within the [Mn;], assembly results in retention
of the structure upon dissolution, allowing studies of an exchange-
biased system in fluid and frozen solutions for the first time.

In conclusion, 3 confirms the feasibility of covalently connecting
multiple Mn; SMMs to give a discrete supramolecular “cluster of
SMMs” with only weak coupling between them. This should lead
to their also being quantum-mechanically coupled, as found for
[Mn,], dimers, and represents a step toward the development of a
multiqubit system based on SMMs. Such studies are currently in
progress, as are additional synthetic efforts to produce other
supramolecular aggregates of weakly coupled SMMs.
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This paper was published on the Web on December 2, 2011,
with an error in eq 1. The corrected version was reposted on
December 6, 2011.
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