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Many present and future specialized applications of magnets
require monodisperse, nanoscale magnetic particles, and the
discovery that individual molecules can function as nanoscale
magnets was thus a significant developmieftSuch a molecule,
named a single-molecule magnet (SMM), functions as a single-
domain magnetic particle that, below its blocking temperature,
exhibits the classical property of a magnet, namely, magnetization
hysteresis. In addition, it straddles the classical/quantum interface
in also displaying quantum tunneling of magnetization (Q7T&)d
guantum phase interferenz@ SMM derives its unusual properties
from a combination of large spinS( and large, easy-axis-type
anisotropy (negative axial zero-field splitting paramégr These
result in a significant barrier to thermally activated magnetization
relaxation, with upper limits given b§?|D| or (£ — 1/4)D| for
integer and half-integer spin, respectively. The first SMM was
[Mn 12012(02CM6)16(H20)4]173 with S= 10 andD = —0.50 cn1?
= —0.72 K. Since then, other oxidation levels of the [jiy]fiamily®
and other Mpand M, (M = Fe, V, Ni) SMMs have been prepared
with variousSvalues, both integer and half-integeRecently, the
first exchange-coupled dimer of SMMs has demonstrated the
feasibility of fine-tuning the quantum properties of these nanoscale
magnetic material%.

We herein report a new [Mg?" SMM with a particularly large
spin of S = 13. In addition, it undergoes QTM and is both the
largest spin and the highest nuclearity SMM to exhibit this quantum
behavior. It thus represents a particularly valuable addition to the
SMM family.

A solution of [MnsO(O.CMe)(py)s](ClO,4) and [MrnsO(O,CMe)s-
(py)a]-py (2:1) in MeCN was treated with hepH (2-(hydroxyethyl)-
pyridine; ~4.5 equiv). After 18 h, the filtered solution was carefully ~ Figure 1. Labeled PovRay plots at 50% probability for the cationlof
layered with E0, and it slowly produced black crystals of and its MngOz4core: Mr#* purple; Mr#* green; O red; N blue; C black.
[Mn1014(O.CMe)g(hepl(hepHE(Hz0)](ClO4)2 (1) as1-6MeCN sums and JahsTeller elongation axes establish a 2MHBMA!
in 10% yield. Vacuum-dried solid analyzed as solvent-frade trapped-valence oxidation state description, with Mn9 and 'Mn9
structurdreveals a centrosymmetric cation (Figure 1) whosefMn  peing the M# ions.

(14-O)a(u5-O)12u-O)g]** core comprises a central, near-linear  The ground-state spin ol was determined by solid-state
Mn4Og unit (Mn1, MnI, Mn6, Mn6), to either side of which is  magnetization measurements in the 2400 K and 26-50 kG
attached a My unit. Six of the bridging O atoms in the MéD,4 ranges (Figure 2). The data were fit by diagonalization of the spin
core are from hephepH groups and four are from MeGQyroups; Hamiltonian matrix using a full powder-average method that
the rest are & ions. Close examination of metric parameters assumes only the ground state is populated and incorporates axial
reveals 027 and O270 be protonated (i.e., hepH). Bond valence zgg 08 and Zeeman interactions. The fit (solid line) gave:

» Address correspndence to this author. E-mail: christou@chem.ufl.edu. 13,D = —0.13 cnt! = —0.19 K, andg = 1.86. Although a few

;jndiana University. higher spin values are know8= 13 is nevertheless an unusually

iUniversity of California. large spin for a molecular species. Its calculated barrier to relaxation
University of Tokyo. ; 1 ; ;

Il University of Delaware. (SP]D|) is 32 cnt (46 K),.suggestlngl might be a new SMM.

UPresent address: University of Florida. This was therefore investigated.
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Figure 2. Plot of reduced magnetizatiorVi(Nug) vs H/T for 1 at 50 (v),
40 (a), 30 (@), and 20 W) kG. The solid lines are the fit; see the text for
the fitting parameters.
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Figure 3. Magnetization 1) vs field hysteresis loops fdrat the indicated
temperaturesM is normalized to its saturation valuls.

AC susceptibility data were collected in the 0-04.0 K range
at nine frequencies from 1.1 to 996 Hz. Frequency-dependent out-
of-phase AC susceptibilityf,"") signals were observed in the 0:99
1.44 K region, indicating the superparamagnet-like slow relaxation
of a SMM. To confirm this, magnetization vs applied DC field
data were collected down to 0.04 K using a micro-SQUID
instrument. Hysteresis loops were observed welb K whose
coercivities increase with decreasing temperature (Figure 3), as
expected for a SMM. The loops do not show the steplike features
indicative of QTM, but it is possible that steps are present but
smeared out by broadening effects from dipolar and transverse
fields, intermolecular interactions, and/or a distribution of molecular
environments.

To probe whethed is undergoing QTM and to determine the
effective barrier to magnetization relaxatiddef), DC magnetiza-
tion decay data were collected (i) on a microcrystalline sample using
a SHE-RLM bridge where a SQUID serves as a null detector; a
field of 3.7 G was applied and after temperature equilibration, the
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Figure 4. Arrhenius plot forl using ACyu'' data @) and DC decay data

on single-crystal 4) and microcrystalline ®) samples. The solid line is
the fit of the data in the thermally activated region, and the dashed line is
the fit of the temperature-independent data.

between the lowest enerdyls = £13 levels of theS = 13 state.

Such temperature-independent relaxation rates have been reported

previously for only a few SMMga.d.12.13

In summary, the new [Mr]%>" clusterl is among the largest
spin (S = 13) and size SMMs to be discovered. In addition, it is
both the largest spin and highest nuclearity SMM to exhibit quantum
tunneling of magnetization.
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