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ABSTRACT: Three trinuclear Mn,Mo molecules based
on the orbitally degenerate [Mo(CN),]*” anion were
prepared, one of which is the first single-molecule magnet
(SMM) based on heptacyanomolybdate. The blocking
temperature and the energy barrier (U = 40.5 cm™) are
records for a cyanide-based SMM. Wide hysteresis loops
and sharp quantum tunneling steps were observed from
single-crystal measurements.

he discovery of magnetic bistability in the mixed-

valence Mn,"VMng'"" dodecanuclear compound
Mn,,0,,(0,CCH,),4(H,0),, commonly referred to as Mn,,-
acetate, launched an entirely new field of study focusing on the
fascinating intermediate regime between the realms of para-
magnetism and bulk magnetism." Single-molecule magnets
(SMMs) are fundamentally different from traditional magnetic
materials in that slow magnetic relaxation and magnetic
hysteresis are entirely molecular in origin. Moreover, their
nonclassical behavior, including quantum tunneling of the
magnetization (QTM)* and quantum phase interference,’
opens up the potential for using SMMs in spintronic devices
and quantum computing.* Progress in the field notwithstand-
ing, the magnetization reversal barriers (U) and blocking
temperatures (T5) for SMMs remain relatively low. The energy
barrier for the majority of SMMs is related to the molecular
ground state spin S and zero-field splitting (ZFS) parameter D,
which is U = S?DI or (§* — 1/4)IDI for integer and half-integer
spin, respectively (with a ZFS Hamiltonian H = D[S,* — S(S +
1)/3]).! Although it is obvious that, hypothetically, one can
raise the barrier by increasing the values of S and D, in practice,
large S and D values are countervailing trends.>® Consequently,
in spite of the discovery of numerous SMMs, some with very
large nuclearities and S values,”® the record energy barriers
were held by the Mn,, family of molecules for a decade until
the report of a Mng compound in 2007.”

Recently, it has become increasingly obvious that high
magnetic anisotropy is the most critical requirement for an
SMM, and, in this vein, metal ions with unquenched orbital
angular momentum including 3d metal ions with certain
oxidation states and geometries,w’11 f-block elements,">™"* and
4d and Sd metal ions with strong spin—orbit coupling and
strong anisotropic magnetic exchange'®™'® have been targeted.
Indeed, research in the area of lanthanide metal-based SMMs
has led to exciting findings for which the U, (effective energy
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barrier) and Ty values are as high as 600 cm™ and 14 K,
respectively.'>'* In addition, SMMs with actinide elements are
also very attractive targets, with interesting magnetic properties
being reported."

Recent work in our laboratories has focused on the
[Mo™(CN),]*" anion, which is of particular interest given
the theoretical prediction that [Mo™(CN),]*" will lead to high
Ty SMMs due to strong anisotropic magnetic exchange,19 a
hypothesis that have been awaiting experimental verification for
a decade. In fact, compounds of [Mo™(CN),]*" anion remain
quite scarce in general, presumably because of its sensitivity,
high negative charge, and numerous binding modes. Early
pioneering work with heptacyanomolybdate by the Kahn group
in the 1990s, as well as subsequent studies by several other
researchers, produced interesting 2-D and 3-D magnets,
including a recent finding of two 3-D phases that undergo a
crystal-to-crystal transformation with dramatic changes in
magnetic ordering by the Dunbar group.”*~>* Of particular
relevance to the current topic is our recent report on the only
molecular compound of [Mo™(CN),]*", namely a molecule
based on the docasanuclear Mn";,Mo™; unit with an S = 31
ground state which engages in strong intermolecular dipole
interactions that suppress SMM behavior.>®

Herein we present the syntheses, structures, and magnetic
properties of three structurally related Mn",Mo™ compounds,
[Mn(LNSMe)(HZO)]Z[MO(CN)7]'6HZO (1); [MH(LN302)'
(H,0)],[Mo(CN);]-7H,0 (2), and [Mn(Lpapsc)-
(H,0)],[Mo(CN),]-6H,0-CH,CN (3) (see Figure la for
the ligands Lyae Ln,o, and Lpapsc)- Notably, despite the

rather small S = 9/2 ground spin state, the barrier U of the
trinuclear complex 1 rivals that of the seminal Mn,-acetate
compound with S = 10 and represents the highest for a cyanide-
based SMM reported thus far. Hysteresis loops and sharp
quantum tunneling steps were observed at up to 3.2 K. The two
other Mn,Mo isomers, compounds 2 and 3, exhibit only simple
paramagnetic behavior.

Syntheses of 1—3 were achieved by using three similar
pentadentate capping ligands for the Mn'' centers with careful
adjustment of the reaction conditions (Supporting Informa-
tion). Structures of 1—3 were determined by single-crystal X-
ray diffraction studies and found to be Mn",Mo™ trinuclear

complexes with two Mn" capping groups and one Mo ion
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Figure 1. (a) Structures of the three pentadentate ligands: Ly e
Lyn,oy Lpapsc- (b—d) Structures of the trinuclear Mn",Mo™
compounds of 1 (b), 2 (c), and 3 (d).

connected via two CN~ groups (Figure 1b—d). Apart from
small changes in bond distances and angles involving the metal
centers (Table S2), the primary difference is the relative
positions of the two Mn" units on the pentagonal bipyramid of
[Mo(CN),]*". In 1, the two Mn" units are bound to the Mo™
ion through the two axial CN™ groups, whereas in 2 and 3 they
are connected to the equatorial CN™ groups, specifically in
ortho-1,2 and meta-1,3 positions for 2 and 3, respectively. The
[Mo(CN),]* anion in all three complexes is only slightly
distorted from the ideal Dg;, geometry, which is magnetically
important since the deviation from the Dy, geometry is
predicted to reduce the magnetic anisotropy of the Mo™
center.'” The Mn" ions in 1—3 are in a pentagonal bipyramidal
environment with seven coordinate atoms, five of which are
from the macrocyclic ligand, with the remaining two being a
nitrogen atom from a bridging CN™ and an oxygen atom from a
coordinated water. The Mo—C—N bond angles in the Mo—C—
N—Mn linkage are all close to linear, whereas the C—N—Mn
bond angles are significantly bent, being 145.7(3) and
149.5(3)° for 1, 152.3(3) and 161.7(3)° for 2, and 154.0(3)
and 156.7(3)° for 3, respectively. For 1, every Mn,Mo unit is
connected to four nearest neighbors by hydrogen bonds
between the coordinated water molecules (O1 and O2) and
nitrogen atoms from the [Mo(CN),]*" unit (O1-NS = 2.88
and 02-~-N3 = 2.99 A) (Figure S1). In addition, numerous
hydrogen bonds involving the uncoordinated water molecules
for all three compounds are evident in the structures (Figures
S2—54).

Direct current (dc) magnetic susceptibilities were measured
on polycrystalline samples of 1—3 over the temperature range
1.8—300 K at a dc field of 1 kOe. For 2 and 3, the yT versus T
plots show a continuous decrease upon cooling, owing to
dominant antiferromagnetic interactions between the Mo™" and
Mn" centers (Figures S5 and $6). Importantly, the alternating
current (ac) susceptibilities of 2 and 3 measured under a zero
dc field show no appearance of out-of-phase signals (Figures S7
and S8), ruling out SMM behavior. In the case of the data for 1,
the yyT value decreases from 9.42 cm® mol™ K at 300 K to a
minimum of 9.00 cm® mol™' K at 85 K and then increases
slowly to a maximum of 11.4 cm® mol™" K at 3.5 K and finally
decreases again down to 2 K (Figure 2). Whereas there are no
abnormalities in the y\T versus T curves for 2 and 3, a small
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Figure 2. Temperature-dependent magnetic susceptibility of 1

measured at 1 kOe. Inset: ZFC and FC data measured under S Qe
with a temperature sweep rate of 2 K/min.

peak at ~3 K for 1 indicates magnetic blocking, which was
confirmed by the sharp divergence at 3.1 K in the field-cooled
(FC) and zero-field-cooled (ZFC) magnetic susceptibility data
measured under a 5 Oe dc field with a temperature sweep rate
of 2 K/min (Figure 2 inset).

To probe the SMM property of 1, the temperature- and
frequency-dependent ac susceptibility data were collected under
a zero dc field (Figures 3 and S9). A pronounced frequency
dependence was observed with a shift parameter ¢ = (AT,/
T,)/A(log f) = 0.15 (where T, represents the peak temper-
atures in in-phase y,;" plots and f is the frequency of the ac
field), which is in the normal range for a SMM and
considerably greater than that for a spin glass.26 The Cole—
Cole plots (Figure S10) of 1 at temperatures from 4.0 to 7.0 K
exhibit a symmetric shape and can be fitted to the generalized
Debye model, with o parameters below 0.20 (Table S3),
indicating a narrow distribution of relaxation times.”” The dc
magnetization decay was monitored in the range 1.8—2.8 K at
temperatures where the magnetic relaxation is too slow to be
measured by the ac method (Figure S11). At temperatures
above 2.3 K, the magnetization decay can be fitted well with a
single-exponential decay, but below 2.2 K, the relaxation profile
is best described by a stretched exponential decay (M =
M, exp(—(t/7)®); In(M) = In(M,) — (t/7)®) (Figure S12 and
Table S4), suggesting that the magnetic decay is initially fast
and then becomes slower with time.”® The magnetic relaxation
time (7) as a function of 1/T derived from both the ac and dc
measurements, as plotted in Figure 3c, shows a thermally
activated process and can be fitted to an Arrhenius law 7 =
7o exp(Ug/ksT), with Uz = 40.5 + 0.3 cm™ (58.5 + 0.4 K)
and an attempting time 7, = (2.0 + 0.3) X 10~® s (R* = 0.998).
The relaxation time at 1.8 K is estimated to be 2.73 X 10° s,
which is approximately 1 month. Although the energy barrier is
lower than those of many 4f-based SMMs,'? it constitutes a
new record among cyanide-bridged SMMs, with the previously
reported largest barrier being 33 cm™' for a Mn,Re
compound.'®

The SMM behavior of 1 was further confirmed by the
observation of hysteresis loops. As depicted in Figures 4, S13,
and S14, highly distinct hysteresis loops were observed for both
powders and a single crystal (of mass = 0.46 mg) from 1.8 to
3.2 K and field sweep rates of 0.01—0.05 T/s. For the single
crystal, the loops were measured without orientation as well as
with orientation along the crystal easy-axis by applying a 5 T
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Figure 3. Temperature-dependent in-phase (a) and out-of-phase (b)
ac susceptibilities for 1 under H,. = 2 Oe and Hy. = 0 Oe. (c)
Relaxation time fit to the Arrhenius law for 1. Open circles represent

data derived from ac measurements, and filled circles represent data
from dc magnetization decay measurements.

magnetic field on the crystal embedded in eicosane. The loop
remains open until ~3.2 K (Figure 4a), at which temperature
the relaxation time is estimated to be 2 s. For the loops
collected on both the unoriented single crystal and powders,
the remnant magnetization at zero field and the largest
magnetization at 7 T are significantly lower than the values
for the oriented single crystal, indicating strong magnetic
anisotropy in 1. For the oriented single crystal, the magnet-
ization nearly saturates at fields larger than 1 T and reaches 9.0
Hg at 7 T, suggesting a 9/2 ground state of 1 assuming g =~ 2.
The coercivities of the loops are as large as 2.0 T at 1.8 Kand a
field sweep rate of 0.05 T/s and become larger with decreasing
temperature and increasing field sweep rate, as expected for
SMMs. Moreover, the loops exhibit obvious step-like features,
corresponding to resonant quantum tunneling between
opposite spin states.” The critical fields H, for the QTM
corresponding to these steps were estimated from the dM/dH
curves as depicted in Figure 4c. Apart from the large coercivities
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Figure 4. (a,b) Temperature- and field sweep rate-dependent magnetic
hysteresis loops for a single crystal of 1 measured at the indicated
conditions. (c) Derivative of the magnetization (dM/dH) versus
magnetic field for the curves measured at 1.8 K at a sweep rate of 0.03
T/s.

exhibited by 1, the main observation that warrants emphasis is
that the critical fields H, for the QTM of 1 are irregularly
spaced, which is strikingly different from the existing SMMs in
the literature. For a typical SMM with a parabolic energy barrier
of U = IDIS? the QTM normally occurs at a constant interval of
field (AH = D/(gug)), provided the ground state is isolated and
only the axial ZFS term need be considered."”

The only origin of the magnetic anisotropy and SMM
behavior of 1 is the [Mo(CN),]*" unit, given that the 3d* Mn"
center possesses an isotropic °A; ground state with a very small
ZFS energy, as confirmed by the small D value (approximately
—0.07 cm™") of the starting material Mn(Ly ) Cl,-1/2H,0-3/

4CH;OH, estimated from the fitting of the reduced magnet-
ization data (Figure S15). The strong single-ion magnetic
anisotropy of [Mo(CN),]*" can manifest itself only in a highly
anisotropic g-tensor but not in terms of ZFS, given that the
anion contains a low-spin (S = 1/2) Mo™ center. The fact that
compounds 2 and 3 behave as simple paramagnets above 1.8 K
implies that the SMM behavior of 1 originates from the
magnetic exchange coupling between the Mo™ and Mn"
centers, which can be very anisotropic and is closely related
to the positions of the CN™ groups in the pentagonal bipyramid
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geometry, as predicted in the previously described theoretical
model.” According to this model, the exchange interaction for
the linear apical Mo™—CN~—Mn" pairs can be described by an
Ising-like spin Hamiltonian JS%;,S%,, which represents a very
important source of the required magnetic anisotropy for a
SMM. Furthermore, the energy diagram of the low-lying states
for the resulting SMM will be significantly different from the
well-known double-well potential diagram, for which the
ground state S is split by the easy-axis ZFS (ID,IS,*). This
situation leads to irregular intervals in the critical fields for the
QTM observed for 1.

In summary, the first [Mo(CN),]* -based single-molecule
magnet has been synthesized and fully characterized. The SMM
characteristics of 1 are comparable to those of the seminal
Mn,,-acetate compound despite the fact that the molecule
exists in an S = 9/2 ground state as compared to S = 10 for
Mn,,. These results constitute an important finding in terms of
the promise for obtaining higher blocking temperature cyanide
SMMs than what has been previously thought to be possible,
given the rather modest results thus far obtained with 3d
hexacyanometallates. Exploration of additional experimental
details and theoretical analyses are in progress to fully
understand the origin of the unusual magnetic properties for
the axial molecule and the lack of SMM behavior for the
equatorial isomers.
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X-ray crystallographic files in CIF format, experimental details,
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