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ABSTRACT: The [Mn;,0,,(O,CR);4,(L,)] family (R =
various; L = terminal ligand) of clusters holds a special
place in molecular magnetism; they are the most well-
studied single-molecule magnets (SMMs). Targeted link-
age of these SMMs has now been achieved for the first
time. The resulting chain structures have been confirmed
crystallographically, and the magnetic properties, up to

1.14 GPa, and high-field electron paramagnetic resonance

spectra have been collected and analyzed.
Single-molecule magnets (SMMs) are nanoscopic super-

paramagnetic particles that owe their properties to the
combination of a well-isolated high-spin ground state and
significant axial anisotropy.’ A number of transition-metal
clusters have been recognized as SMMs, and Mn-based species
have been central in the development of this field because of their
Jahn—Teller (JT)-distorted Mn™ ions.” The first family of
SMM, ie., the lineage of clusters described by the general
formula [Mn;;,0,,(O,CR)(L,)] (R = various; L = terminal
ligand), still remains the most well-studied.> A range of
experimental physics studies have shown SMMs to be true
mesoscale species, exhibiting the classical properties of magnets,
i.e, magnetization versus field hysteresis loops, as well as
quantum properties, i.e., quantum tunneling of magnetization,
quantum phase interference, and other phenomena, where the
Mn,, family has been the model system.*

As such, it has been a long-sought-after goal of chemists
involved in molecular magnetism to synthesize oligomers or
polymers of Mn,, SMMs, especially after exchange bias effects
were identified in a handful of smaller SMM oligomeric species”
and linkage of small SMMs into extended structures was
accomplished.® However, targeted linking of Mn;, SMMs has
not been achieved to date. Herein we report the deliberate
introduction of dimensionality into Mn;, SMMs, with the
installation of bifunctional diol ligands at sites occupied by
neutral terminal ligands, namely, water or other solvents.”
Retaining the Mn , core was essential, so mild room-temperature
reaction conditions were employed. The first diol utilized was
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2-butyne-1,4-diol, and the resulting structure is presented in
Figure 1A.

The synthetic route involves the reaction of 2-butyne-1,4-diol,
[Mn,,0,,(0,CMe),s(H,0),]-MeCOOH-4H,0 (Mn,,Ac),’
and Bu‘CH,COOH in MeCN. From this reaction mixture, X-
ray-quality single crystals of [Mn,0,,(0,CCH,Bu");4(L,)],
(1; L, = 2-butyne-1,4-diol) emerged. The structure (Figure 1A)
shows that, as targeted, the diol has linked the Mn, clusters,
leading to the formation of one-dimensional (1D) chains of Mn,,
building blocks. This is the first 1D covalently linked chain of
Mn;, units. There are four diols on each Mn;,, of which two act
as linkers and two are terminal. The [Mn,,0,,]'®" core, which
includes a [Mn'",] cubane unit surrounded by a ring of eight
Mn'" ions, is nearly unaltered. The structure resembles a zigzag
chain. The terminal diols are hydrogen-bonded to terminal diols
of neighboring chains and form a two-dimensional (2D) network
of covalently linked chains connected via interchain hydrogen
bonds (Figure S1).

The effect of the ligand bulk on chain formation was then
investigated, including the length, structural rigidity, and
conjugation of the ligand backbone. The use of cis-2-butene-
1,4-diol produced a 1D covalently bound chain of Mn, building
blocks, namely, [Mn;,0,,(0,CCH,Bu")4(L;)] (2; L, = cis-2-
butene-1,4-diol). Similar to 1, complex 2 also features two
hydrogen bonds per Mnj,, which overall leads again to a
supramolecular 2D network. It is noted here that, in both 1 and 2,
the Mn, core’s anisotropy axis (easy axis) is oriented parallel to
the chain direction (Figures 1 and S2). Evidently, the subtle
differences between the two diols in 1 and 2 are not sufficient to
cause significant structural changes because similar chains
resulted.

Therefore, some structural strain was introduced by using 2,5-
hexanediol, in which case two branching methyl groups are
symmetrically adjacent to the two alcohol moieties, while the
backbone is saturated. As is evident from Figure 1C, the crystal
structure of the resulting [Mn;,0,,(O,CCH,Bu")4(L;)-
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Figure 1. (A) Crystal structure of 1, with tert-butyl groups omitted for
clarity. (B) Core structure of 2, with the peripheral carboxylates omitted
for clarity. (C) Core structure of 3, with the peripheral carboxylates
omitted.

(H,0),], (3; Ly = 2,5-hexanediol), the ligand’s bulk had a
profound effect on the chain, with the Mn;, SMM’s easy axis now
perpendicular to the chain direction. Another difference between
3 and 1/2 is the absence of terminal diols; instead, complex 3 has
two five-coordinate Mn™ ions. This results in the absence of
hydrogen bonds with neighboring chains, so 3 is the first true 1D
chain, free of noncovalent interchain linkages. Ergo, the identity
of the linker affects the overall structure. The distance between
building blocks is reported as the distance between the Mn** ions
bridged by the linker. The smallest distance is that of 3 (8.1 A), in
which the Mn, building blocks are “flipped”. The intermolecular
intrachain distances in 1 and 2 are 10.0 and 9.7 A, respectively.

Variable-temperature direct-current (dc) and alternating-
current (ac) magnetic susceptibility studies were performed on
complexes 1—3, and in all cases, they suggest an S = 10 ground-
state spin, which is the expected spin of the Mn, building block.
The out-of-phase ac magnetic susceptibility plots (Figure 2)
reveal common features, namely, one set of frequency-dependent
ac peaks at high temperatures (at ~8 K for 1, at ~7.9 K for 2, and
at ~5 K for 3 at 1500 Hz) and one set of frequency-dependent ac
peaks at lower temperatures (at ~3.2 K for 1 and 2 and at ~2 K
for 3 at 1500 Hz). Both sets of ac peaks are frequency-dependent,
which is not surprising because the Mn,, building unit is a SMM
and intermolecular interactions are expected to be weak.
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Figure 2. Out-of-phase ac susceptibility plots for 1-3.

The intra- and interchain interactions between Mn, building
blocks are expected to be weak because of the nature of the
linkage. Thus, we undertook a practical approach to investigate
this interaction, if any, by attempting to observe changes in the
intermolecular Mn,, communication by applying pressure. For
this study, representative complex 1 was investigated in a home-
built pressure cell, and a piece of Pb was used as a manometer.’
The isothermal hysteresis measurement involved sweeping the
magnetic field between +7 T at 2 K. At ambient pressure, a
coercive field (H,) of 1.35 T was observed (Figure 3). A step is
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Figure 3. Isothermal magnetic hysteresis loops (T = 2 K) for 1, in
chronological order, at ambient and elevated pressures. The low-field (<
+100 mT) data are omitted when Pb is present (see the text). Solid lines
are guides for the eyes.
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also observed near H = 0, which corresponds to a critical field at
which resonant magnetization tunneling is allowed. The steps in
the hysteresis loops, denoting quantum tunneling, are a
characteristic feature of SMMs, whereas the signature of
exchange bias effects is a deviation of this zero-field step to H
# 0. The hysteresis loops are affected by the pressure, as is
evident through the significant reduction of the coercive field as
well as the lowering of the remnant magnetization at H = 0. The
coercivity at ambient pressure of H, = 1.35 T was reduced to H. =
1.22 T at an applied pressure of 0.2 GPa and further to 1.08 T at
0.74 GPa. The coercive field at the highest measured pressure
(1.14 GPa) was H, = 0.91 T (for a total difference of 0.44 T from
ambient conditions). Therefore, the coercivity is clearly pressure-
dependent, and this result can be interpreted as an effective
reduction of the overall axial anisotropy.
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In contrast, Awaga and co-workers observed a decrease by as
much as 50% of the quantum tunneling rate in Mn ,Ac, which
resulted in an increase of the observed anisotropy barrier.'’ In
addition, Gudel and co-workers used inelastic neutron scattering
spectroscopy to study Mnj,Ac and observed that the slow-
relaxing species, which corresponds to the high-T peak in Figure
2, transforms with pressure to the fast-relaxing species (low-T
peak) because of JT isomerization, where one of the JT axes is
reoriented."’ Our observations from the Mn,, chain species in
the present work suggest that the model described by Gudel and
Murrie seems to be more appropriate for our system,' ' and X-ray
crystallography of 1 subjected to pressure is planned to test this
conjecture.

The hysteresis data indicate saturation of the magnetization at
all pressures. Steps are evident at zero- and nonzero-field values.
Because of the superconducting effect of Pb, which dominates
the low-field data (H < +100 mT), we cannot conclusively
discuss quantum bias effects or entanglement. Further magnetic
and/or spectroscopic studies under pressure will shed light on
the origin of the observed behavior and will be reported in due
course.

Furthermore, in order to investigate the structure—property
relationship in this family of Mn;, SMM chains, high-field/
frequency electron paramagnetic resonance spectroscopy
(HFEPR) was utilized. It is evident from the results in Table 1

Table 1. HFEPR Results for Complexes 1—3

8/, g D (em™) Mn""—Mn™ (A)
1 1.984 1.950 —0.495 10.0(1)
2 1.976 1997 —0482 9.7(1)
3 1952 1.964 —0461 8.1(1)

that there is some correlation between the Mn™"—Mn'" distance
at the site of covalent linkage and the D value. It is not clear if this
correlation has a physical meaning or if it is coincidental. It is
worth noting that for complex 3, in which the orientation of the
clusters is different from that of the other chains, D has the lowest
relative magnitude. Nevertheless, it is clear that the structure
plays a major role in the material’s properties.

In conclusion, we have covalently linked the Mn;, SMMs into
1D chains. This is the first family of linked chains of Mn;, SMMs
produced utilizing a highly targeted method. This method is of
particular value for further studies of linked Mn,, SMM:s targeted
at an extended family of multidimensional polymeric species.
The physical properties of these systems could potentially be
very exciting, especially if we are able to observe and/or control
superposition/entanglement effects by modifying the linkers,
and such studies have commenced. Furthermore, linking of
SMMs into three-dimensional networks could result in SMM-
based metal—organic frameworks,'” a class of materials under
growing interest for their potential to open new frontiers for
SMM research.
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