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The use of microwave heating has improved the reaction rate, heating method, reactions involving liquid-phase inorganic
enhanced the yield of an inorganic cluster complex, and allowed syntheses have not yet received great attention. In the area
for the high-temperature/high-pressure synthesis of a Mn'" single- of polymetallic cluster compounds, this is hugely surprising
molecule magnet. because the major problems are often associated with yield

and reproducibility. This tends to be especially true as the
nuclearity of the product increases and is clearly a stumbling

Microwave heating is an increasingly common tool in block if detailed physical characterization is to follow.
chemical synthesis, and the advantages and convenience of Here we show, for the first time, that microwave-assisted
microwave dielectric heating are now well documeritéd. reactions can be used to (1) dramatically improve the reaction
As a preparative method, it may provide an efficient and rate and yield of an inorganic cluster complex and (2)
rapid approach to a wide range of syntheses. Reportsproduce an all-MH single-molecule magnet (SMM) despite
involving liquid reaction media are particularly interesting the use of high temperatures/pressures and a reducing solvent.
in view of the reported improvements in yields and reaction ~ Mn(ClO,)»*4H,0 (362 mg, 1.0 mmol), saoHsalicylal-
rates and nowhere less so than in homogeneous organi¢ioxime; 137 mg, 1 mmol), NaOMe (108 mg, 2.0 mmol),
reactions,* where superheating effects are primarily believed and MeOH (8 mL) were placed in a sealed glass tube, which
to be responsible® Microwaves are now used routinely in  was then inserted into the cavity of a microwave reactor.
analytical chemistry liquid-phase organic synthesgsolid- The reaction mixture was maintainedTat= 110°C, power
state reaction%organic dry-media reactioffsintercalation =200 W, and pressure 110 psi for a total of 5 min. After
reactions;’ and a wide range of other synthetic schemes. cooling (ca. 1 min), the solution was filtered and allowed
Despite the range of applications and advantages of thisto stand. Green-black crystals of [MgO2(sao}(O;CH).-

(CH30H)4]-2MeOH (1-2MeOH) started to form immediately,

*To whom correspondence should be addressed. E-mail: christou@ gnd after 24 h, the yield was80%.
chem.ufl.edu (G.C.), perlepes@patreas.upatras.gr (S.P.P.), ebrechin@

staffmail.ed.ac.uk (E.K.B.). Complex1 can also be made without microwave irradia-
T University of Edinburgh. tion under ambient conditions, but crystalline material does
* University of Florida. . . L . .
SCNRS. not appear immediately; indeed, the maximum yield of
! University of Patras. . ~30% is only achieved after a 60 min reactiordan5 day
@ \é\ﬁgtrtgﬁggi' S Mingos, D. M. RJ. Microwave Power Electomagn. - crystallization period. The complex crystallizes in the triclinic
(2) Mingos, D.Res. Chem. Intermed994 20, 85. space grouPl, with the molecule lying on an inversion
(8) Toma, S.Chem. Listy1993 87, 888, centert! The core of the complex (Figure 1) contains a
(4) Toma, SChem. Listyl993 87, 627. | o 124 .
(5) Baghurst, D. R.; Mingos, D. M. RL. Chem. Soc., Chem. Commun. Nonplanar [Mt'6(u5-O )2(/43'.OR)2] unit Of'tWO' off-set,
1992 674. , stacked [MH'3(usz-O%7)]"t triangular subunits linked by
(6) Bond, G.; Moyes, R. B.; Pollington, S. D.; Whan, D. 8hem. Ind.
1991, 686.
(7) Zlotorzynski, A.Crit. Rev. Anal. Chem1995 25, 43. (11) Anal. Calcd (found) for dried (solvent free): C, 41.28 (41.46); H,
(8) Rao, K. J.; Vaidhyanathan, B.; Ganguli, M.; Ramakrishnan, P. A. 3.88 (3.91); N, 5.78 (5.85). Crystal data f@f2CHsOH: Cs;Hea
Chem. Mater1999 11, 882. MneNeOze, fw = 1518.67 g,T = 150 K, triclinic P1, a = 9.3612(3)

(9) De La Hoz, A.; Diaz-Ortis, A.; Moreno, A.; Langa, Eur. J. Org. A, b=12.8616(4) Ac = 13.8655(5) Ao = 107.441(2), = 96.022-
Chem.200Q 3659. (2, y = 95.548(2), V = 1569.36(9) &, deac = 1.607 mg/m,
(10) Chatakondu, K.; Green, M.; Mingos, D.; Reynolds, S..MChem. independent reflections 885R(int) = 0.031], data 8856, parameters
Soc., Chem. Commuf989 1515. 406, conventionaR [F > 40(F)], R1 = 0.0363 (6576 data).
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Figure 2. Out-of-phase)u'’) ac susceptibility measurements for complex

1 in the temperature range of 8 K and frequencies 50v(), 250 ©),
1000 (@) Hz.

Mn ions are approximately coparallel, all perpendicular to
the [Mng] planes.

Variable-temperature magnetic susceptibility data were
collected onl in the temperature range of 5:800 K in an
applied field of 1.0 kG. The room temperatysgT value of
approximately 16.7 cfK mol~* decreases with decreasing
temperature to 7.3 ¢k mol~! at 20 K before increasing
to a value of approximately 11.1 énK mol~! at 5.0 K.
Because the spin-onlyg (= 2) value for six noninteracting
Mn"" ions is 18 cmi K mol™?, this behavior is indicative of
dominant antiferromagnetic exchange interactions between
the metal centers, with the low-temperature maximumin
indicative of anS = 4 ground state. To determine the spin
ground state for complet, magnetization data were col-
lected in the ranges-170 kG and 1.8-6.0 K. The data were
Figure 1. Molecular structure ofl (top) and the core highlighting the fit by a matrix diagonalization metth to a mOde_l that
Jahn-Teller axes of the four six-coordinate Mnions (bottom). Color assumes that only the ground state is populated, includes
code: Mn= red; O= green; N= blue; C= yellow. axial zero-field splitting PS?) and the Zeeman interaction,
and carries out a full powder averatjélhe corresponding
Hamiltonian is given by eq 1, whe2is the axial anisotropy,

034

Table 1. BVS Calculations for Compleg

atom Mr! Mni! Mnv assignment

Mn1 3.38 3.12 3.06 MH H=DS2+ SH 1
Mn2 3.42 3.16 3.10 MH St Qe (1)
Mn3 3.39 3.13 3.07 MH

us 1s the Bohr magnetonyo is the vacuum permeabilitys,
two central oximato O atoms. The remaining %atig- is the easy-axis spin operator, akdis the applied field.
ands bridge in at:ptptu fashion along the edges of the The best fit gaves= 4, g = 1.99(3), andD = —1.39 cnT%.
[Mn"5(us-027)]7" triangles, with the coordination geometry The ground state can be rationalized by assuming an
of the metal ions completed by a combination of terminal antiferromagnetic interaction within each [N} subunit and
methanol and:-formate groups, the latter derived from the a ferromagnetic interaction between [N subunits. The
(high-temperature/pressure-assisted) oxidation of the solvent|D| value is the largest yet seen for any polynuclear Mn
All six Mn ions are in the 3- oxidation state, as confirmed SMM and is likely the consequence of the parallel alignment
by a combination of bond length and charge balance of the single-ion anisotropy axes of the six Mions within
considerations and bond valence sum (BVS) calculationsthe moleculé?
(Table 1)¥? Four Mn atoms (Mn1, Mn2, and symmetry- Ac magnetization measurements were performed in the
equivalent partners) are six-coordinate and in distorted 1.8—16 K range in a 3.5 G ac field oscillating at-50000
octahedral geometries displaying the expected Jdtfier Hz. The in-phasey’) signal shows a frequency-dependent
elongations (Figure 1), while the remaining two (Mn3 and decrease & ~ 4 K indicative of the onset of slow magnetic
Mn3') are five-coordinate and square-pyramidal. The four relaxation. The magnitude of the in-phgggT vs T signal
Jahn-Teller axes and the apical bonds of the five-coordinate at low temperature supports a ground-state spifs of 4.

(12) (a) Brown, I. D.; Altermatt, DActa Crystallogr 1985 B41, 244. (b) (13) Davidson, E. RMAGNET, Indiana University: Bloomington, IN.
Thorp, H. H.Inorg. Chem 1992 31, 1585. (c) Liu, W.; Thorp, H. H. (14) (a) Aromj G.; Brechin, E. K.Struct. Bonding2006 122 1. (b)
Inorg. Chem 1993 32, 4102. Christou, G.Polyhedron2005 24, 2065.
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Figure 3. M vsH hysteresis loops for a single crystalbfThe loops are
shown at different temperatures (top) and field sweep rates (middl&y.
normalized to its saturation value. (bottom) Arrhenius plot using ac and dc
data. The dashed line is the fit of the thermally activated region to eq 2.

The out-of-phaseyts’’) signal (Figure 2) shows a peak at

out-of-phase signal is suggestive of single-molecule mag-
netism behavior and is caused by the inabilityldb relax
quickly enough, at these temperatures, to keep up with the
oscillating field.

To probe the possible SMM behavior further, single-crystal
hysteresis loop and relaxation measurements were performed
using a micro-SQUID setups. Figure 3 presents typical
magnetization M) vs applied dc field I) measurements.
Hysteresis loops were observed whose coercivity was
strongly temperature- and sweep-rate-dependent, increasing
with decreasing temperature and increasing field sweep rate,
as is expected for the superparamagnetic-like behavior of a
SMM. Relaxation data determined from a combination of
single-crystal dc relaxation decay measurements and ac
measurements on a powdered sample allow the construction
of ar vs 1IT plot based on the Arrhenius relationship of eq
2, whereUet is the effective relaxation barrier; is the

7= 7eXpUegylkT) )

relaxation time, and is the Boltzmann constant. The slope

of the thermally activated region yielded an effective energy
barrier for the reorientation of the magnetizationlf; ~

28 K andrp = 2 x 1078 s. Below 0.8 K, the relaxation rate
becomes almost temperature-independent, suggesting relax-
ation only via ground-state quantum tunneling.

In conclusion, we have demonstrated that the use of
microwaves has (a) improved the reaction rate and enhanced
the yield of an inorganic cluster complex and (b) allowed
for the high-temperature/high-pressure synthesis of 8 Mn
SMM despite reducing (methanolic) reaction conditions.
Furthermore, the observeD| value is the largest yet seen
for any polynuclear Mn SMM. The use of microwave heating
is a new, appealing approach for the synthesis of large
polymetallic transition-metal cluster compounds and thus
clearly has enormous potential.
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ca. 2.7 K at a 1000 Hz ac frequency. The presence of an(15) Wernsdorfer, WAdv. Chem. Phys2001, 118 99.
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