JIAICIS

ARTICLES

Published on Web 04/26/2007

Spin Switching via Targeted Structural Distortion
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Abstract: The deliberate “stepwise” structural distortion of the [Mn"'sO2(sa0)s(O2CR),L4] (S = 4, Uer = 28
K) family of SMMs (where sao?" is the dianion of salicylaldoxime or 2-hydroxybenzaldeyhyde oxime and
L = MeOH, EtOH) via the use of derivatized oxime ligands and bulky carboxylates leads to a family of
single-molecule magnets with larger spin ground states and enhanced blocking temperatures. Replacing
sao?” and HCO,  in the molecule [Mn"s0,(sa0)s(O.CH)>(MeOH),] (1), with Et-sao?> (Et-saoH, =
2-hydroxypropiophenone oxime) and Me3CCO,~ (pivalate), produces the complex [Mn"'sO(Et-sa0)s(O2-
CCMej3)2(EtOH)s] (2) that displays an S = 7 ground state with Uy = 30 K. Replacing Me;CCO,~ with
PhCO;™ produces the complex [Mn"sO,(Et-sa0)s(O.CPh),(EtOH)4(H20);] (3) that displays an S= 12 ground
state with Uer= 53 K. The ligand substitution invokes a subtle structural distortion to the core of the molecule
evidenced by an increased “twisting” of the oxime moiety (Mn—N—O—Mn) and a change in carboxylate
ligation, which, in turn, invokes a dramatic change in the observed magnetic properties by switching weak
antiferromagnetic exchange to weak ferromagnetic exchange.

Introduction possessing higher critical temperatures, toward the development
When inorganic chemistry finally emerged as a distinct of more complex magnetic materials with one or more functional

discipline in the 1950s, one of the driving forces was the properties of interest (bistable magnetic materials with switching

application of physical methods to discover molecular structures Properties or multifunctional materials coupling magnetism with

and to determine the details of their electronic structures, so@ Sécond property), to the synthesis and investigation of
providing the basis for correlations between structure and nanosized magnetic molecules and other nanostructures exhibit-

properties. Among the methods that came into prominence at!nd duantum effects, and finally to materials processing aimed
that time was the measurement of bulk magnetic susceptibility. 8t @pplication. An extensive class of nanosized magnetic
In the 1950s and 1960s it was Nyhotrand Figgis and Lewds molecules of great current interest are single-molecule magnets
who pioneered the field that became known as magnetochem-(SMMs)- - )
istry. However, there is now a distinct field of study developing ~ SMMS® are molecular transition-metal clusters that can retain
around the directed synthesis of new molecular compoundsMagnetization in the absence of a magnetic field below a

(often based on coordination complexes) that show varieties of Plocking temperature without the need for long-range coopera-
magnetic behavior, the so named molecular magnetisto- tive interaction. They represent the smallest possible magnetic

lecular magnetism designates a multidisciplinary field of Storage device, which can potentially retain information in a
research that focuses on the employment of molecular ap_smgle molecule rather than in a magnetic particle or array of

proaches to design, create, study, and use new classes ofaricles. SMMs thus represent a molecular (or bottom-up
magnetic materials in which properties can be tuned at the @Proach) to nanoscale magnets and, thus, are significantly

molecular level. In the past two decades this field has rapidly different from classical (or top-down) nanoscale magnets of
evolved from the design of new molecule-based magnets metals, metal alloys, and metal oxides. These differences include

crystallinity, solubility, monodispersity, and the existence of

lThS University of Edilrlburgh- peripheral organic ligands that prevent communication between
. b?m?éfstﬁg%f"gfgﬁdge “CNRS. the magnetic cores of neighboring molecules and which can be
'University of Patras. varied using chemical methods. Such molecules straddle the
(1) Day P.J. Chem. Soc., Dalton Tran$997 701.
(2) Nyholm, R. S.; Tobe, M. LAdv. Inorg. Chem. Radiochem963 5, 1. (6) For reviews, see: (a) Aromi, G.; Brechin, E. Btruct. Bonding2006
(3) For example, see: Figgis, B. N.; Lewis, J. Modern Coordination 122 1. (b) Christou, G.; Gatteschi, D.; Hendrickson, D. N.; Sessoli, R.
Chemistry Lewis, J., Wilkins, R. G., Eds.; Interscience: New York, 1960; MRS Bull.200Q 25, 66. (c) Gatteschi, D.; Sessoli, Rngew. Chem., Int.
Chapter 6. Ed. 2003 42, 268. (d) Bircher, R.; Chaboussant, G.; Dobe, C:d&uH.
(4) Kahn, O.Molecular MagnetismWiley-VCH: New York, 1993. U.; Ochsenbein, S. T.; Sieber, A.; Waldman,A2lv. Funct. Mater.2006
(5) Coronado, E; Gatteschi, D. Mater. Chem2006 16, 2515 (Editorial). 16, 209.
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classical/quantum interface in also displaying quantum tunneling Scheme 1. Structural Formulae of the Main Ligands Discussed in
of magnetizatiohand quantum phase interfererficehe SMM the Text
behavior derives from the intrinsic intramolecular properties of =
a large spin ground state and a negative (easy-axis type) |
magnetoanisotrop§ As a result, SMMs possess a significant N
barrier to reversal (relaxation) of their magnetization vector, with N |
the upper limit to this barrier) given by &D| and & —
1/4)|D| for integer and half-integes values, respectivelyS(is
the ground-state spin, anD, the axial zero-field splitting
parameter). Experimentally, an SMM exhibits both a frequency-
dependent, out-of phase alternating current (ac) magnetic
susceptibility v'") signal and hysteresis loops in magnetization
versus applied, direct current (dc) field studieSMMs have
been proposed for several potential applicafiamsluding high-
density information storage in which each bit of information is
stored as the magnetization orientation of an individual molecule
and as qubits for quantum computation where the required
superposition of quantum states with opposite projections of
spin are produced by quantum tunneling of the magnetization attention to the [MH gO2(sa0}(O-.CR),L ] family of SMMs 16
(QTM), intermolecular exchange, or multifrequency EPR pulses. \here sad- is the dianion of salicylaldoxime or 2-hydroxy-
There are now several species displaying SMM behavior, the penzaldeyhyde oxime (Scheme 1) and L is a coordinated solvent,
majority of which are transition metal clusters Containing Mn norma"y alcohol. The core of these Comp|exes contains a
ions, since Mn clusters often display large spin ground states nonplanar [M#'g(13-O2)a(uz-OR)]*2" unit of two off-set,
and large and negative magnetoanisotropies associated with th@tacked [M#'s(us-O27)]7* triangular subunits linked by two
presence of JahriTeller distorted MH' ions?® There is already  central oximato O atoms, with the remaining fouraligands
one preparative route to new SMMs that starts from existing pridging in anyt:7%:7%u fashion along the edges of the [Wig
SMMs:11 the modification of a given SMM structural type ina (‘143_02—)]7+ triang|es_ The four “central” metal ions are Six-
manner that does not change the core structure. Among othefcoordinate and in distorted octahedral geometries, while the
things, this allows researchers to tune the SO'Ubi”ty, redox outermost Mn ions have square pyramida] geometries with an
behavior, and magnetic properties of the molecules. It is axjal contact of 3.5 A to a phenolato oxygen. This paper first

H

OH
c=n"

OH
saoH,

OH
RsaoH,
(R=Me, Et, Ph)

important in this area of chemistry to not only make new
examples of SMMs but also build up families of related
compounds so that structurproperty relations can be inves-
tigated!? For example, such studies on [M®1(O,CRu(H20)4]
complexes have included variation of the carboxylate ligaion,
variation of the oxidation level by cluster reductishand
replacement of the carboxylate ligands with non-carboxylate
groups!®

As part of our interest in the modification and reactivity
properties of known SMMs, we have recently been turning our

(7) (a) Friedman, J. R.; Sarachik, M. P.; Tejada, J.; ZioloPRys. Re. Lett.
1996 76, 3830. (b) Thomas, L.; Lionti, F.; Ballou, R.; Gatteschi, D.; Sessoli,
R.; Barbara, BNature 1996 383 145.

(8) Wernsdorfer, W.; Sessoli, Fciencel999 284, 133.

(9) Leuenberger, M. N.; Loss, DNature 2001, 410, 789. (b) Wernsdorfer,
W.; Aliaga-Acalde, N.; Hendrickson, D. N.; Christou, Bature2002 416,
406. (c) Hill, S.; Edwards, R. S.; Aliaga-Acalde, N.; Christou,Sgience
2003 302 1015. (d) Tejada, J.; Chudnovsky, E. M.; del Barco, E.;
Hernandez, J. M.; Spiller, T. MNanotechnology001, 12, 181.

(10) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Midvanced
Inorganic Chemistry6th ed.; John Wiley and Sons: New York, 1999.

(11) (a) Christou, GPolyhedron2005 24, 2065. (b) Chakov, N. E.; Zakharov,
L. N.; Rheingold, A. L.; Abboud, K. A.; Christou, Gnorg. Chem 2005
44, 4555,

(12) (a) Rajaraman, G.; Murugesu, M.; sdo, E. C.; Soler, M.; Wernsdorfer,
W.; Helliwell, M.; Muryn, C.; Raftery, J.; Teat, S. J.; Brechin, E. &.
Am. Chem. So2004 126, 15445. (b) Brechin, E. KChem. Commun.
2005 5141.

(13) For example, see: Soler, M.; Artus, P.; Folting, K.; Huffman, J. C.;
Hendrickson, D. N.; Christou, Gnorg. Chem.2001, 40, 4902.

(14) (a) Aubin, S. M. J.; Sun, Z.; Pardi, L.; Krzystek, J.; Folting, K.; Brunel,
L.-C.; Rheingold, A. L.; Christou, G.; Hendrickson, D. horg. Chem.
1999 38, 5329. (b) Soler, M.; Chandra, S. K.; Ruiz, D.; Huffman, J. C.;
Hendrickson, D. N.; Christou, GRolyhedron2001, 20, 1279. (c) Chakov,
N. E.; Soler, M.; Wernsdorfer, W.; Abboud, K. A.; Christou, {Borg.
Chem.2005 44, 5304.

(15) (a) Artus, P.; Boscovic, C.; Yoo, J.; Streib, W. E.; Brunel, L.-C.;
Hendrickson, D. N.; Christou, Gnorg. Chem2001, 40, 4199. (b) Chakov,
N. E.; Wernsdorfer, W.; Abboud, K. A.; Hendrickson, D. N.; Christou, G.
Dalton Trans.2003 2243.
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describes the preparation of a member of this family, namely
the complex [MROx(sao}(O,CH)(MeOH)] (1), using a mi-
crowave-assisted reaction. The complex displayS &¥ spin
ground state as a result of ferromagnetic exchange between the
two antiferromagnetically coupled Mn triangles. Taking
complexl as a starting point, our goal was to prepare analogous
complexes with s&o-based ligands derivatized at the oximate
carbon atonandbulkier carboxylates. The initial stimulus came
from the study of the origin of the ferromagnetic exchange in
a recently reportéd oxo-centered triangular Mn(lll) SMM
based on the derivatized oximate ligand methyl 2-pyridyl ketone
oxime (mpkoH, Scheme 1); this ferromagnetic behavior is
intriguing since the exchange in all other complexes containing
the [Mn"3(us-O%7)]"" core, including the well-known “basic
carboxylates” of general formula [MkO(O.CR)L3]™ (R =

Me, Et, Ph; L= py, MeCN, HO, etc.)!8is antiferromagnetic.
We speculate that a structural distortion in the molecule caused
primarily by the ‘twisting’ of the oximato groups with regard

to the Mg plane is responsible. In order to evaluate the relative
importance of this twisting’, we decided to use a family of
ligands based on saglh which the oximate carbon atom has
been derivatized to possess the “bulky” Me (MesgoHEt
(EtsaoH), and Ph (Phsaafigroups (Scheme 1) in combination
with “bulky” carboxylates and synthesized analogues of the

(16) Milios, C. J.; Raptopoulou, C. P.; Terzis, A.; Lloret, F.; Vicente, R;
Perlepes, S. P.; Escuer, Angew. Chem., Int. ER004 43, 210.

(17) Stamatatos, Th. C.; Foguet-Albiol, D.; Stoumpos, C. C.; Raptopoulou, C.
P.; Terzis, A.; Wernsdorfer, W.; Perlepes, S. P.; Christou]. &m. Chem.
Soc.2005 127, 15380.

(18) (a) Vincent, J. B.; Chang, H.-R.; Folting, K.; Huffman, J. C.; Christou, G.;
Hendrickson, D. NJ. Am. Chem. S0d987, 109 5703. (b) Cannon, R.

D.; White, R. P.Prog. Inorg. Chem1988 36, 195.
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Table 1. Crystallographic Data for Complexes 1-4MeOH, 2, and 3-2EtOH
1-4MeOH 2 3-2EtOH

formula® CsoHeaMNgNsO26 C74H102MneN6O23 CgoH104MNeN6sO26

fw 1518.67 1773.22 1895.30

cryst syst triclinic triclinic triclinic

space group P1 P1 P1

T,K 150 150 150

2 A Mo Ka (0.710 73 A) Mo Ka (0.710 73 A) Mo Ka (0.710 73 A)

a A 9.3612(3) 13.486(3) 12.4947(9)

b, A 12.8616(4) 14.882(3) 13.2846(9)

c, A 13.8655(5) 20.822(4) 14.5047(11)

o, deg 107.441(2) 82.87(3) 71.488(4)

p, deg 96.022(2) 85.73(3) 82.305(4)

y, deg 95.548(2) 76.51(3) 68.687(4)

V, A3 1569.4(1) 4027.6(15) 2126.4(3)

z 1 2 1

Peales g CNT3 1.607 1.462 1.480(4)

u (Mo, Ka), mm-t 1.257 0.988 0.944

measd/indepR;) reflns

25 771/8856 (0.031)

47 310/19 012 (0.056)

49 242/11 741 (0.034)

obsd reflns [ > 4o(1)] 6576 10875 8011
R1° 0.0363 0.0512 0.0339
WR2 0.1063 0.0282 0.1033
GOF onF? 0.965 1.107 0.969

Apmaxmin € A3 0.72,—-1.12 0.90-0.74 0.55-0.45

ARy = Y(IFol — IFc)/Z(IFol). "WRe = {3 [W(Fo? — Fe?)4/ Y [W(Fc?)?]} 12

SMM 1. The central idea was to investigate whether the spectra were recorded as KBr pellets in the 46880 cnt? range on
additional steric bulk would enforce similar minor structural @ Jasco FT/IR-410 spectrometer. Variable-temperature, solid-state direct
distortions to that seen in the ferromagnetic #0% /mpko current (dc) magngtic susceptibility data down to 1.8 K were coIIectgd
trianglé” and the recently obtained ferromagnetic [Mp on a Quantum De§|gn MPM_S-XL SQL_JID magnetom_eter equipped with
(Mesao)(MesaoH)] “cube”,® and thus switch the magnetic &/ | dcmagnet. Diamagnetic corrections were applied to the observed
behavior from antiferromagnetic to ferromagnetic and improve paramagnetic susceptl_bllltles using Pascal's constgnts. Ma_gnetlc studies
the SMM properties. The present paper reports the realization‘I,:z:;)‘,;Ar/{;fs Ko\évs::tize;rrﬁ(;jw?]uttgngn%z:r%/stiisn:s:gn?ar;:;rt%ﬁggrlD
of this idea; we show that it is indeed possiblestgnificantly

: = ' ; consisting of a micro-Hall bar.
increase the ground state spinlohducing a core perturbation Preparation of the Complexes. [MrOx(sao)(0>CH)2(MeOH) ]+

(without core structural change) by controlled increase of the 4meOH (1-4MeOH). Mn(Cl0O,),-6H,0 (362 mg, 1.0 mmol), sagH
steric bulk within the oximate and carboxylate ligation. Specif- (137 mg, 1.0 mmol), NaOMe (108 mg, 2.0 mmol), and MeOH (8 mL)
ically, we show that ligand-induced structural distortionlof = were placed in a sealed glass tube, which was then inserted into the
with S = 4 causes the ground state to increas&te 7 in cavity of a microwave reactor. The reaction mixture was maintained
[MneO2(Etsaoy(02CCMes)o(EtOH)] (2) and finally toS= 12 atT = 110°C, power= 200 W, and pressure 110 psi for a total of

in the bulkiest derivative [MgOx(Etsao}(O,CPhy(EtOH),- 5 min. After cooling (ca. 1 min), the solution was filtered and allowed
(H,0);] (3). This increase in the ground state spin leads to to stand. Gregn-bla_ck crystalsb#MeOH started to form immediately,
enhanced SMM properties, with comple displaying an and the reactlgn mixture was sFored at room t_emperatL_Jre for 24 h. The
effective energy barrier for r’nagnetization reversahdi3 K crystals were isolated by filtration, washed with a copious amount of
double that observed for complé&and approaching the vall,Jes EtO, and driedn vacua yield, ~80%. A sample for X-ray crystal-

e lography was kept in the mother liquor to prevent solvent loss. The
observed for the prototype MpSMMs. A preliminary com-  gried sample was analyzed as lattice solvent-fribe Anal. Calcd
munication of a part of this work has been published.

(found) for GgH4sMngNsO22: C, 41.45 (41.46); H, 3.49 (3.64); N, 6.04
(5.95). Main IR data (cmt, KBr pellet): 1597 (s), 1541 (s), 1471 (m),
1440 (s), 1282 (s), 1042 (s), 1028 (s), 919 (s), 753 (m), 680 (s), 652
Materials and Physical Measurements All manipulations were (m), 475 (m).

performed under aerobic conditions using materials as received (reagent [Mn ¢O,(Etsaok(0,CCMes),(EtOH)s] (2). MnCly+4H,0 (394 mg,
grade).Caution! Although we encountered no problems, care should 2.0 mmol), NaGCCMe; (620 mg, 5.0 mmol), EtsagH330 mg, 2.0

be taken when using the potentially explosive perchlorate anien. 2 mmol), and NEj (0.5 mL) were stirred in EtOH (20 mL) for a period
Hydroxylpropiophenone oxime (Etsagtscheme 1) was synthesized  of 60 min. The solids soon dissolved, and the solution was then filtered
via the reaction of 2hydroxyropiophenone with hydroxylamine and  and allowed to stand undisturbed at 20 for 3 days. Dark brown
sodium acetate in EtOH, as described in the literattiidn(O,CPh): crystals of the product appeared, which were collected by filtration,
2H,0 was prepared as previously decriBédlemental analyses (C,  washed with BO (2 x 3 mL), and dried in air; yield~35%. Anal.

H, N) were performed by the EaStCHEM microanalysis service. IR Calcd (found) for GsH1oMneNeO23 C, 50.11 (50.19); H, 5.81 (5.67);

N, 4.74 (4.78). Main IR data (cm, KBr pellet): 1595 (s), 1567 (s),
(19) Milios, C. J.; Prescimone, A.; Mishra, A.; Parsons, S.; Wernsdorfer, W.; 1504 (s), 1480 (m), 1434 (s), 1313 (s), 1250 (m), 1231 (m), 1132 (m),

Christou, G.; Perlepes, S. P.; Brechin, E.@Ghem. Commur2007, 153
(20) (a) Milios, C. J.; Vinslava, A.; Whittaker, A. G.; Parsons, S.; Wernsdorfer, 1071 (m), 1046 (s), 1004 (s), 941 (s), 852 (m), 753 (s), 683 (s), 572

Experimental Section

W.; Christou, G.; Perlepes, S. P.; Brechin, E.IKorg. Chem.2006 45, (m), 481 (m).

5272. (b) Milios, C. J.; Vinslava, A.; Wood, P. A.; Parsons, S.; Wernsdorfer,

W.; Christou, G.; Perlepes, S. P.; Brechin, E.JXAm. Chem. So2007, [Mn ¢O2(Etsao)(0,CPh),(EtOH) 4(H20)2]-2EtOH (3-2EtOH). A
129 8. stirred solution of Mn(@CPh}:2H,0O (660 mg, 2.0 mmol) in EtOH

(21) Dunsten, W. R.; Henry, T. Al. Chem. Soc1899 75, 66.
(22) Wemple, W. W,; Tsai, H.-L.; Wang, S.; Claude, J. P.; Streib, W.; Huffman,
J. C.; Hendrickson, D. N.; Christou, Gorg. Chem.1996 35, 6437.

(23) Wernsdorfer, WAdv. Chem. Phys2001, 118, 99.
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Table 2. Selected Interatomic Distances (A) and Angles (deg) for

1-4MeOHa
Mn(1)...Mn(2) 3.238(1) Mn(2rO(11) 1.918(2)
Mn(2)...Mn(3) 3.258(1) Mn(2}O(15) 2.245(2)
Mn(1)...Mn(3) 3.143(1) Mn(2yO(16) 2.262(2)
Mn(1)...Mn(2) 3.337(1) Mn(2-0(102) 1.871(2)
Mn(1)—0(1) 1.872(2) Mn(2¥N(22) 2.006(2)
Mn(1)—0(13) 1.948(2) Mn(3YO(1) 1.857(2)
Mn(1)-0(13) 2.443(2) Mn(3)-0(12) 1.898(2)
Mn(1)—0(34) 2.138(2) Mn(3)0(24) 2.112(2)
Mn(1)—0(101) 1.868(2) Mn(3YO(103) 1.862(2)
Mn(1)—N(21) 2.002(2) Mn(3)N(23) 1.997(2)
Mn(2)—0(1) 1.879(2)

O(1)-Mn(1)-0(101)  176.1(1) O(BMn(3)-0(24)  95.1(1)
O(13-Mn(1)-N(21) 165.3(1) O(12YMn(3)-0(24)  99.0(1)
0O(13)-Mn(1)-0(34) 176.2(1) O(24¥Mn(3)—0O(103)  99.0(1)
O(1)-Mn(2)-0(102)  173.9(1) O(24)Mn(3)-N(23)  95.3(1)
O(11)-Mn(2)-N(22) 175.0(1) Mn(1}O(1)-Mn(2)  119.4(1)
O(15-Mn(2)-0(16)  172.6(1) Mn(2yO(1)-Mn(3)  121.4(1)
O(1)-Mn(3)-0(103)  165.9(1) Mn(O(1)-Mn(3)  114.9(1)
O(12)-Mn(3)-N(23)  165.6(1) Mn(1}O(13-Mn(l) 98.3(1)

aPrimed atoms are generated by the symmetry operatign—y, —z

+ 1.

Table 3. Selected Interatomic Distances (A) and Angles (deg)
for 2

Mn(1)...Mn(2) 3.255(3) Mn(3y0(1) 1.876(3)
Mn(1)...Mn(3) 3.271(3) Mn(3)0(27) 2.104(3)
Mn(2)...Mn(3) 3.256(3) Mn(3)0(73) 2.517(3)
Mn(4)...Mn(5) 3.247(3) Mn(4y0(2) 1.883(3)
Mn(4)...Mn(6) 3.246(3) Mn(4y0(18) 2.131(3)
Mn(5)...Mn(6) 3.257(3) Mn(4)y0O(71) 2.390(3)
Mn(3)...Mn(4) 3.341(3) Mn(5y0(2) 1.864(3)
Mn(1)—-0O(1) 1.891(3) Mn(5)0(74) 1.911(3)
Mn(1)—0(14) 2.458(3) Mn(5)y0(112) 2.135(3)
Mn(1)—0(19) 2.234(3) Mn(6)0(2) 1.892(3)
Mn(2)—0(1) 1.885(3) Mn(6)-0(16) 2.388(3)
Mn(2)—0(110) 2.236(3) Mn(6)0(113) 2.212(3)
Mn(2)—0(111) 2.280(3) Mn(6yN(73) 1.988(3)

O(1)-Mn(1)-0(11) 176.4(1) O(2XMn(5)—-0(112)  92.0(1)

O(14-Mn(1)-0(19)  169.1(1) O(1123Mn(5)—N(75) 100.8(1)
O(72-Mn(1)-N(71)  175.8(1) O(15yMn(5)-0(112) 95.3(1)

O(1)~-Mn(2)-0(12) 176.9(1) O(2Mn(6)-0O(13)  175.3(1)
O(76)-Mn(2)-N(72)  175.9(1) O(16yMn(6)—0(113) 164.8(1)
O(110-Mn(2)-0(111) 177.7(1) O(75)Mn(6)—N(73)  174.4(1)
O(1)-Mn(3)-0(16) 168.7(1) Mn(1}O(1)-Mn(2)  119.1(1)
O(27-Mn(3)-0(73)  171.0(1) Mn(1}O(1)-Mn(3)  120.6(1)
O(71)-Mn(3)-N(76)  166.7(1) Mn(2XO(1)-Mn(3)  119.9(1)
0(2)~-Mn(4)-0(14) 168.0(1) Mn(4rO(2-Mn(5)  120.2(1)
O(18-Mn(4)-O(71)  177.7(1) Mn(4-O(2)-Mn(6)  118.6(1)
O(73-Mn(4)-N(74)  172.5(1) Mn(5r0(2-Mn(6)  120.3(1)
0(2)~Mn(5)-0(15) 172.7(1) Mn(3yO(71)-Mn(4)  100.3(1)
O(74-Mn(5)-N(75)  161.4(1) Mn(3}-O(73-Mn(4)  96.1(1)

X-ray Crystallography and Structure Solution. Diffraction data
were collected at 150 K on a Bruker Smart Apex CCDC diffractometer,
equipped with an Oxford Cryosystems LT device, using Mo radiation.
Figure 1. Molecular structures of complexds(top), 2 (middle), and3 The structures were solved by direct methoBHELXS-86for
(bottom). The cores are outlined in bold. 1-4MeOH, SIR92for 2, DIRDIF for 3-2EtOH) and refined by full-

matrix least-squares techniquesE(CRYSTALS)?* Data collection
(20 mL) was treated with solid EtsagkB830 mg, 2.0 mmol) for a period ~ parameters and structure solution and refinement details are listed in
of 50 min. The resulting deep green solution was filtered and allowed Table 1. Full details can be found in the CIF files provided in the
to stand undisturbed at 1% for 2 days. Dark brown crystals & Supporting Information.
2EtOH were precipitated, which were collected by filtration, washed ) )
with EO (2 x 3 mL), and dried in vacuo; yieldy45%. The dried ~ Results and Discussion

sample was analyzed as lattice solvent-frge Anal. Calcd (found) Syntheses.The three complexes contain exclusively 'Mn

E;&?:gi\g?:\('z%f }SB rSSé?Ile t()so.l;?z:l 'E'S')S'igég'?sl));1'\;;236(;(41'2% ions (vide infra). Given that the starting Mn sources contain
: : , , , : g L o

(m). 1435 (s), 1392 (s), 1312 (s), 1251 (m). 1232 (M), 1133 (m), 1095 exclusively M ions, it is apparent that the Mnions are
(m), 1070 (m), 1046 (s), 1004 (s), 942 (s), 852 (M), 753 (M), 721 (M), (24) Betteridge, P. W.; Carruthers, J. R.; Cooper, R. |.; Prout, K.; Watkin, D. J.
681 (s), 572 (m), 482 (m). J. Appl. Crystallogr.2003 36, 1487.
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Table 4. Selected Interatomic Distances (A) and Angles (deg) for Scheme 2. Crystallographically Established Coordination Modes of

3-2EtOH2 the Ligands sao?~ and Etsao?~ in Complexes 1—3

Mn(1)...Mn(2) 3.258(1) Mn(2r0(11) 1.925(2) " y Mn

Mn(2)...Mn(3) 3.237(1) Mn(2r0O(15) 2.289(2) | _o—Mn | oM

Mn(1)...Mn(3) 3.280(1) Mn(2X0(18) 2.223(2) C=N C=N

Mn(1)...Mn(1) 3.229(1) Mn(2>0(72) 1.885(2) \Mn \M,,

Mn(1)—0(1) 1.878(2) Mn(2)N(22) 2.006(2) e J

Mn(1)—0(13) 1.957(2) Mn(3)0(1) 1.888(2) o o

Mn(1)-O(13) 2.423(2) Mn(3)-0(12) 1.924(2) nt nttint s

Mn(1)—0(24) 2.118(2) Mn(3y0(16) 2.191(2) M

Mn(1)—0(71) 1.908(2) Mn(3}0(71) 2.488(2) Et __Mn BN e Et M

Mn(1)—N(21) 1.997(2) Mn(3}-0(73) 1.867(2) l_-° I ° L °

Mn(2)—0(1) 1.884(2) Mn(3)N(23) 2.000(2) \ -\ AN

O(1)-Mn(1)-0O(71)  169.5(1) O(1YMn(3)-N(23)  179.4(1) /M" P A

O(13)-Mn(1)-N(21)  172.1(1) O(16}Mn(3)—0O(71)  164.2(1) o o 0

0(13)-Mn(1)-0(24)  172.6(1) Mn(1)rO(1)-Mn(2) 120.0(1) ,\Ln

O(1)-Mn(2)-0(72)  175.9(1) Mn(2)O(1)-Mn(3)  118.2(1) 110, 1,2, 1. 21,1,

O(110)-Mn(2)-N(22) 175.9(1) Mn(1}O(1)-Mn(3)  121.1(1) R R R RE

O(15)-Mn(2)—0(18)  174.8(1) Mn(1)O(13)-Mn(1) 94.4(1)

O(1)-Mn(3)—-0(73) 176.0(1) Mn()—-0O(71)—Mn(3) 119.6(1) NaOMe in MeOH; the total reaction time was 5 min. The
complex formed immediately upon cooling, and after 24 h the

aPrimed atoms are generated by the symmetry operatin—y, —z . . . .
+1. 9 Y Y Yo Y yield was approximately 80%. In the first experiments the

sample was heated for 10 min, but we later found that reducing
the reaction time to 5 min had no adverse effects on the yield
of the product. A point of synthetic interest that deserves a

Table 5. Bond Valence Sum (BVS) Calculations? for Complexes
1-4MeOH, 2, and 3-2EtOH

complex 1-4MeOH complex 3-210H comment is the presence of formate ligands in the product. The
Mn Mn" Mn” Mn" Mn" Mn” formate ions were derived from the (high-temperature/pressure-
Mn(1) 3.38 3.12 3.06 331  3.05 2.97 assisted) oxidation of the solvent or/and Me@hich is

Mn(2) 3.42 3.16 3.10 3.37 3.10 3.05

Mn(3) 339 313 207 233 307 301 probably facilitated by the oxidizing character of MnThere

is precedent for similar MeOH or MeO— HCO,~ transforma-

complex 2 tions in 3d-metal cluster chemist?y.
M Mn" MV Recent work from our gro#f*26has demonstrated that the
Mn(1) 3.36 3.09 3.04 use of microwave heating is a new and appealing approach for
Mn(2) 3.39 3.13 3.07 the synthesis of large polymetallic transition-metal cluster
mgg 3:28 2:8‘3‘ g:g? compounds. Compared to conventional methods of heating, it
Mn(5) 3.33 3.07 3.01 may lead to novel products by permitting access to alternative
Mn(6) 3.41 3.14 3.08 kinetic pathways, stabilizing different energy minima in a

“The italicized value is th | 1o the ch for which it particular reaction system. It has also provided a means of
€ ItaliCizea value Is the one closest (o the charge Tor wnich it was . . . T .
calculated. The oxidation state of a particular atom can be taken as the!MProving the yields and reproducibility of I_mown clusters (in )
nearest whole number to the italicized value. general, these problems become more serious as the nuclearity
of the product increases) in shorter reaction times and indeed

Table 6. Mn—O—N—Mn Torsion Angles (deg) for Complexes may even be consideredgaeenapproach to the synthesis of

1-4MeOH, 2, and 3-2EtOH metal clusters, since it employs minimal solvent and minimizes
complex 1-4MeOH  complex 3-2EtOH energy and heat lossia the direct heating of the sample.
Mn(2)—O(11)-N@1)—Mn(1) 256 313 Compoundl can be prepared by repeating the reaction under
Mn(1)—O(13)-N(23)-Mn(3) 18.0 39.9 ambient conditions, i.e., without microwave irradiation, but
Mn(3)—0O(12)-N(22)—Mn(2) 10.4 38.2 crystalline material does not appear immediately; indeed, the
Jo— maximum yield of ~30% is only achieved after a 60-min
reaction and a 5-day crystallization period. The same complex
mngé;:8§;i)tmg;§g:m25§; zg:? can also be isolated from the Mn{OH),-xH,O/saoH/NaOMe
Mn(2)—O(76)-N(76)—Mn(3) 23.3 reaction mixture in MeOH, i.e., replacing Mn(Cjig6H,0 with
Mn(5)—O(74)-N(74)—Mn(4) 324 Mn(O2CH),-xH»0 in an otherwise identical reaction. Alterna-
mggg:ggg;mgg;m% i’é:g tively, 1 can be made by replacing NaOMe with NBMnO,.

The procedure involves a comproportionation reaction between
Mn(O,CH),:xH,O and NBW#4MnO,4 in a ~3:1 ratio in the
presence of saoHin MeOH. Comproportionation reactions
between MA and Mn’"" sources have found extensive use in

generated upon oxidation by atmospherig @ process very
common in Mn cluster chemistry, even in reducing solvents.
The presence of the dianionic form of the oxime ligand {sao
Etsad™) in the three complexes is a consequence of the 2:1,

(25) (a) Biswas, B.; Khanra, S.; Weyheiliew, T.; Chaudhuri, P.Chem.

2.5:1, and 2:1 MeO/saot (complex1), MesCCO, /Etsaoh Commun2007, 1059. (b) Norman, R. E.; Leising, R. A.; Yan, S.; Que, L.,
i _ Jr. Inorg. Chim. Actal998 273 393.
(pomplexZ) Qnd PhCQ{EtsaoI—i (complex3) ratios, respec (26) Gass, I. A.; Milios, C. J.; Whittaker, A. G.; Fabiani, F. P. A.; Parsons S.;
tively, used in the reactions. Murrie, M.; Perlepes, S. P.; Brechin, E. Kiorg. Chem2006 45, 5281.
Complexl was initiaIIy isolated from the microwave-assisted (b) Milios, C. J.; Prescimone, A.; Sanchez-Benitez, J.; Parsons, S.; Murrie,

. ; ) M.; Brechin, E. K.Inorg. Chem2006 45, 7053. (c) Milios, C. J.; Whittaker,
reaction of Mn(ClQ),-6H,O with saoh in the presence of A. G.; Brechin, E. K.Polyhedron2006 DOI:10.1016/j.poly.2006.09.072.
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Figure 2. “Twisted Mn—O—N—Mn arrangement of the Ets&oligands in complex3.

—
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Figure 3. Packing of3 in the crystal, highlighting the H-bonded 1D “zigzag” chains. Molecules of the same color belong to the same H-bonded channel.

the production of higher oxidation state Mn carboxylate clusters of NEts, yielded the desired complex [M@2(Etsaoy(piv).-

of various nuclearitie®>27 (EtOH)] (2) in moderate yield. The role of NEis dual: it
Complex 1 has anS = 4 ground state and displays helps the double deprotonation of the oxime ligand, as well as

SMM behavior (vide infra). In an attempt to increase the ground the rapid oxidation of the Mh starting material. The same

state spin and improve the SMM properties of this complex by product can also be isolated in the absence of base, but longer

introducing steric bulk within the oximate and carboxylate periods of stirring are required in order for Mto be oxidized

ligation, we sought the MECQO, /Etsad™ analogue ofl. The {5 Mn| as is evidenced from the color of the reaction solution

1:2.5:1.Man-4H20/NaOZCCMeletsaoH regct!on mi).(ture in ~ which darkens slowly upon stirring. Compléxdisplays anS
EtOH, in the presence of a small, nonstoichiometric quantity _ - ground state.

Escuer, A.; Perlepes, S. Palton Trans.2005 501 (b) Harden, N. C.;
Bolcar, M. A.; Wernsdorfer, W.; Abboud, K. A.; Streib, W. E.; Christou, b_“"‘ (_)n the CarbOXylate YVOUId enforce f_urther St_rucwral
G. Inorg. Chem.2003 42, 7067. distortions of the core, switch the magnetic behavior from
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70 Scheme 4. Exchange Interaction Model Used for Complex 2; See
Text for Details
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Figure 4. Plot of ymT vs Tfor complexesl—3. The solid lines represent
simulations of the experimental data in the temperature range- 3¢Q Mn2

see text for details.

Scheme 5. Exchange Interaction Model Used for Complex 3; See

Scheme 3. Exchange Interaction Model Used for Complex 1; See Text for Details

Text for Details

Mn2 Mn2
J -
.Mnsun’z-' ﬁ’-— \
\ W) = J
-~ )
e Vi A | ~
g 1 g -:®
" —
Mn1" ¢ — wn W - Pl :— - Mn1
amm W J3 Mn1 . ~ J ’
= 3 & I N ’
! ~ ] ~ &
. ~ ” Y| .
2' -
- ' ‘J‘ Mn3*
[ ] - Mn3' -
- 4
Mn2'
Mn2'

valence sum (BVS) calculations for the metal ions of the three

antiferromagnetic/ferromagnetic to ferromagnetic, and signifi- complexes are given in Table 5, while all the M@—N—Mn
cantly improve the SMM properties. The complex which torsion angles are listed in Table 6. For the sake of brevity,
fulfilled our plans was [MgOx(Etsao}(O2CPhy(EtOH,(H:0),] references to specific atoms in the following discussionifor
(3) made via the 1:1 Mn(QCPh}-2H,O/EtsaoH reaction and 3 implicitly include their symmetry-related partners. All
mixture. This gave a deep green solution from which deposited the Mn atoms in the three molecules are in thie &idation

the desired dark brown product on standing at room temperature state. The oxidation states of the metal ions were assigned using
Two bands, one strong at1595 cnt! and one of medium a combination of charge-balance and bond-length considerations

intensity at~1250 cn, are common in the IR spectra bf-3. and BVS calculation®’ The six-coordinate M centers exhibit

These bands are assigned to the oximé@=N) andv(N—O) a Jahr-Teller (JT) distortion, as expected for a high-spih d
vibrational modeg8 respectively, although the higher-wave- 10 in near-octahedral geometry. As is almost always the case
number band may also have aromatic and/or carboxylate for Mn"" ions, the JT distortion is an axial elongation. Normally,
character. The spectra of the three complexes exhibit a strong? T €longation axes avoid Mn-O?" bonds?® almost always
and sharp band at680 cnt! assigne#® to the v.{Mn'';0) the strongest and shortest in the molecules; compléx@sare
mode. no exceptions.

Complex1-4MeOH crystallizes in the triclinic space group

Description of Structures. The molecular structures of o : - i
P1, with the molecule lying on an inversion center. The

complexesl, 2, and 3 are presented in Figure 1. Selected
interatomic distances and angles are listed in Tabtes. Bond

(29) (a) Thorp, H. Hinorg. Chem.1992 31, 1585. (b) Liu, W.; Thorp, H. H.
Inorg. Chem.1993 32, 4102. (c) Palenik, G. dnorg. Chem.1997, 36,

(28) (@) Chaudhuri, P.; Birkelbach, F.; Winter, M.; Staemmler, V.; Fleischhauer, 4888.
P.; Haase, W.; Flke, U.; Haupt, H.-JJ. Chem. Soc., Dalton Tran$994 (30) Chakov, N. E.; Lee, S.-C.; Harter, A. G.; Kuhns, P. L.; Reyes, A. P.; Hill,
2313. (b) Chaudhuri, P.; Rentschler, E.; Birkelbach, F.; Krebs, C.; Bill, E.; S. O.; Dalal, N. S.; Wernsdorfer, W.; Abboud, K. A.; Christou,JGAm.
Weyhernilier, T.; Florke, U. Eur. J. Inorg. Chem2003 541. Chem. Soc2006 128 6975.
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7.0 of Figure 1, the centralz-O?" ion O(2) in one triangular unit
is abave (0.23 A) the Mn plane that it bridges [Mn(IMn(2')-
Mn(3)], while its symmetry-related partner O(1) is 0.2%Alow

65 0 0 © o] © 0 7T the Mn(1)Mn(2)Mn(3) plane; i.e., the two oxide ligands are
directed toward the inside of the hexanuclear core. Four of the
O U U o0 6T sad" ligands adopt the commaoyt:t:nt:u coordination mode
o (Scheme 2), while the other two adopt the ratey2:5%us mode
% 6.0 o-0—6—0—0—0 5T (Scheme 2). Theyl:pZntus ligation mode has been observed

in the structurally similar [MgO2(sao}(O,CR)(EtOH)] com-
plexes (R= Me, Ph)16 in the [M"¢O,(sao}(O2CR)(OH,),-

o O
oo oo 00— 4T (RCN),] (M =V, Cr, Fe: RCQ~ = PhCCO,, MesCCOy,
' PhC(OH)CG~, PhCQ~, EtCQ) family of clusters’! in
opp_,ca,s—c’ aT [FesOx(0.CPh)o(saodl ;] (L = MeCONH,, H,0),%2 and also
in trinuclear and tetranuclear complexX84n the crystal lattice
1 there are a number of significant intermolecular interactions:
2 4 6 8B 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42

each [Mnrg] molecule forms eight H-bonds to the four MeOH

HIT (kG/ K) solvate molecules: two involving two terminal MeOH mol-

20'_ J— - o—o 77 ecules, four involving four phenolato oxygen atoms, and two
19 — &T involving two oximato oxygens. The closest intermolecular Mn
| T C --Mn distance is 6.539(2) A.
8] < 57 Compoundl is the fourth structurally characterizémmo-
17 PP metallicMn complex with the mono- (sachl or/and the dianion
] (sad™) of 2-hydroxybenzaldeyhde as ligand. The other three
] wo—e—v 3T complexes are the above-mentioned, structurally similar
§ 16 T [MngO(sao}(O,CR),(EtOH),] complexes (R= Me, Ph)®and
s ] the butterfly-type cluster [MH;0x(sao)(dpgkL2](ClO,),280
] T where dpg is the diphenylglycolate ligand and L is the capping
13 &~ ligand 1,4,7-trimethyl-1,4,7-triazacyclononane. Howe\Vest-
ol s 05T erometallicMn'',;Fe!s/sad clusters have been report&d.
f’ Complex2 also crystallizes in the triclinic space groéq,
1 and its molecular structure (Figure 1) is analogous to that of

Tr T T T T T P T i T rrrrrfrrrrrrrrri
2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40

HI T (kG K)

1-4MeOH, despite the lack of an inversion center in the
molecule of the former@1l symmetry). lons Mn(3) and Mn(4)
Figure 5. Plot of reduced magnetizatioM(Nug) versusH/T for 1 (top) In the structure o2 “correspond” to ion Mn(1) in the structure
. U, . .
and3 (bottom). The solid lines correspond to the fits of the data; see text of 1-4MeOH, a_nd _'ons Mn(2) and Mn(5) & to ion Mn(2) of
for details. 1-4MeOH, while ions Mn(1) and Mn(6) o have a clear
analogy with ion Mn(3) ofl-4MeOH. However, the increased
| ) ¢ six Mh i q steric bulk of the MgCCQ,~ and Etsaé ligands causes a
topo_ogy consists of six 1ons arralmge as tﬂo c_:entrosym- shortening of the phenolato oxygen atoms [O(14) and O(16)]
metrlc_ally_related off-set, sta_cked [Ma(us-O)] 'trlangular distances to Mn(1) and Mn(6), respectively, and thus the Mn-
supunlts linked at one of their apexes [Mn(l)., MI by two (1)...0(14) [2.458(3) A] and Mn(6)...0(16) [2.388(3) A] dis-
oximate O atoms [O(13)]. Considering the oximate N atoms as tances can be considered as representing weakly bonding
: . |
part of the coreé +th's can be described as fMs-O)(us- interactions. Note that “these” metal ions were truly five-
ONR)(«-ONR),]™". TWO_ Mn; edges [l_\/ln(l)_...Mn_(Z), Mn- coordinate inl. The increased steric bulk also causes a severe
(2)...Mn(3)]1 aie 1each bndged by one diatomic oxmate_g_roup twisting of the Mn-O—N—Mn moieties within each Mg
from onex™yty*u sag~ ligand (Scheme 2). The remaining g, nit- this is evidenced by the average-Md—N—Mn torsion
edge [Mn(1)...Mn(3)] is bridged by the diatomic oximate group angle, which inl is a, = 18.0 compared tax, = 34.7° [for
1-,,2-,,1- — i einle ’ . .

from an#tp?ntus sad™ ligand (Scheme 2) and ap:n’u  yhe'Min(1)Mn(2)Mn(3) subunit] and 3C24for the Mn(4)Mn-
formg_te Ilgandr.] Two ;ermlnal MiOH molecules complete the 5\ @) subunit] in2 (see Table 6). This structural feature
coordinate sphere o Mn(2). The Mn(1)...Mn(3) separation will be of relevance to the magnetic discussion later (vide infra).
[3.143(1) A] is shorter than the other two [3.238(1), 3'255_3(1) This also results in a change in the coordination of the
Al, presuma}bly due to thg presence of the extra formate bridge; carboxylates: fromyLptu in 1 to the monodentate terminal
the triangle is thus approximately isosceles. lons Mn(1) and Mn- (7Y in the MeCCO, /Etsad- cluster2, with the “vacant” site
(2) are bound to an £\ set of donor atoms and display JT
elongation; the JT axes are O(:3Mn(1)—0(34) and O(15) (31) Chaudhuri, PCoord. Chem. Re 2003 243 143. .
Mn(2)~O(16). Mn(3) is five-coordinate (the donor setighg  (32) fapopadioy, C.p. Boudars, & Kt Banakie, X e e ey, hem
and has a distorted square-pyramidal geometry, with the formate 2006 45, 2317. T

i iti : 33) (a) Thorpe, J. M.; Beddoes, R. L.; Collison, D.; G , C. D.; Helliwell,
oxygen O(24) at the apical position. The Mn(3)...0(301 (39 0 J2iRs 5 b FEClions. . K 0 508 38, 1115, (o) Chaudhurl,
distance is 3.524(2) A. The four JT axes and the apical bonds  P.. Hess, M.; Rentschler, E.; Weyheitte, T.; Florke, U. New J. Chem.
of the five-coordinate M# ions are approximately co-parallel, 1998 553. (c) Zerbib, V.; Robert, F.; Gouzerh, &.Chem. Soc., Chem.

i | X . Communl994 2179. (d) Smith, A. G.; Tasker, P. A.; White, D.Qoord.
all perpendicular to the Myplanes. Using the perspective view Chem. Re. 2003 241, 61.

molecule contains the [Mhe(uz-O)2(u-OR)]*?" core, whose
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Figure 6. Plots of the in-phasgw'T (top) and out-of-phasgy’ (bottom) ac susceptibility measurements Ier3 (left to right) at the indicated temperature

and frequency ranges.

on Mn(1) and Mn(6) now occupied by an additional solvent bridge up to three metal ions, proving the great versatility (and
(EtOH) molecule. The absence of carboxylate bridging makes hence potential) of this and similar ligands in transition-metal

the Mn(1)Mn(2)Mn(3) and Mn(4)Mn(5)Mn(6) triangles ap-
proximately equilateral (Table 3). However, the molecul& of
has only one coordinated alcohol molecule more thdb vs

cluster chemistry. Two Etsdo ligands adopt theyl:ntintu
mode and two adopt thgh:2r%us mode, while the remaining
Etsad™ ions are in the novel (for this saghvased family of

4), because ion Mn(5) in the former is clearly five-coordinate ligands)2nt:ntus ligation mode. These modes are illustrated
and lacks the second EtOH ligand. Mn(2) has a distorted square-in Scheme 2. Thus the core of the complex appears to b §Mn
pyramidal geometry, with the EtOH oxygen O(112) at the apical (u3-O),(u-OR)x(u-OR');]1%; a more detailed description of the

position.

lons Mn(1), Mn(2), Mn(3), Mn(4), and Mn(6) are bound to
an OGN set of donor atoms. The JT axes are O(I¥N(1)—
0(19), O(110)-Mn(2)—0(111), O(273-Mn(3)—0O(73), O(18)-
Mn(4)—0O(71), and O(16yMn(6)—0O(113). The five JT axes

core is [Md”6(/43-0)2(/43-ONR)z(/t-ONR)4(/4-OR’)2]6+.
Complex3-2EtOH crystallizes in the triclinic space group
P1, with the molecule lying on an inversion center. Its molecular
structure is analogous to that @ However, the structural
modification of the core is now more pronounced compared to

and the apical bond of Mn(5) are approximately coparallel. Since that in 2. Again there is a severe twisting of the MO—N—

the Mn(3)-0(73) distance is long [2.517(3) A], this metal ion

Mn moieties (i.e., the oximate linkages) within eachd\dnbunit

can be described as “pseudo” six-coordinate or even five- (Figure 2), and the carboxylate group is monodentate. The
coordinate. The dihedral angle between the Mn(1)Mn(2)Mn(3) average MaR-O—N—Mn torsion angle iBis a, = 36.5 (Table

and Mn(4)Mn(5)Mn(6) planes is only 35Using the perspec-
tive view of Figure 1, theuz-O?~ ion O(1) is slightly below
(0.071 A) the Mn plane that it bridges [Mn(1)Mn(2)Mn(3)],
while theus-0?~ ion O(2) of the other triangular subunit is 0.105
A above the Mn(4)Mn(5)Mn(6) plane; i.e., the two oxide ligands

6); the corresponding values f@érand2 are 18.0 and 34.2/
30.4, respectively. The result of this significant distortion is a
switch in one intratriangular magnetic exchange interaction from
antiferromagnetic in2 to ferromagnetic in3 and thus the
stabilization of ar5= 12 ground state in the latter (vide infra).

are directed toward the outside of the hexanuclear core. Inthe The donor atom sets in the molecule ®fare (3-O%7)-

crystal the clusters have little intermolecular contact; there a
no H-bonds present, and the closest -MMIn distance is
9.646 A.

re (u-Ooximatd2(tt-Ophenolatd(ObenzoagN for Mn(1), (u3-0?")(Ooximatd-
(Ophenolat}(Oaqud(Oethang)N for Mn(2), and £t30?7)(Ooximatd-
(4-Ophenola(Ophenolad(Cethang N for Mn(3). The parallel JT axes

It is somewhat surprising to witness the variety of coordina- are O(13—Mn(1)—0(24), O(15)-Mn(2)—0(18), and O(16)

tion modes adopted by the doubly deprotonated Btskgand

Mn(3)—0O(72). If one considers the Mn(3)O(13) [2.423(2)

in just one molecule: three distinct coordination modes that A] and Mn(3)-0(71) [2.488(2) A] distances too long for

J. AM. CHEM. SOC. = VOL. 129, NO. 20, 2007 6555



ARTICLES Milios et al.

21

18 A
— 15 4
T 12 -
g 10
:8/ & & ///:—:’_—:0:‘:;‘-\
o5 = ol R
3 =] N
g ¢ N
0 B
2 4
10 - 25
2 4
& 8
=
g 0 S —
NE 51 0 2 4 =] 2 0 12 14 16 18 20
o 3 -1
Ny % (cm’ mol™)
P§ - Hm' s Xm"
2 - — — —  Fit to & single relacation process
Fit to & digdribution of relaxation processes
0 4
01 1 10 100 1000 10000 100000
f (Hz)

L] Zm' vs angular frequency
— - — Fitto a single relaxation pr ocess
Fit to a distribution of single relaxation processes
Figure 7. Plot of yv' versus frequency (top) angh' versus frequency (bottom) at 3.4 K f8r(left). The dashed lines correspond to a fit to a single
relaxation process, and the solid lines, to a fit to a distribution of single relaxation processesC@lelelot of ym' versusyn' at 3.4 K for complex3
(right). The dashed line corresponds to a fit to a single relaxation process, while the solid line is a fit to a distribution of single relaxat&esproces

bonding interactions, the Mn(1) and Mn(3) become five- Complexesl—3 join a rather small but growing family of
coordinate and square-pyramidal. Due to symmetry, the Mn- Mn"'s complexes possessing the metal ions in various topolo-
(HMn(2)Mn(3) and Mn(DMn(2)Mn(3) planes are strictly  gies!!?35Three of them, namely [MyDo(OMe)(O.CMe)lL 1,352
parallel. O(1) is 0.09 A out of the Mn(1)Mn(2)Mn(3) plane; [MngO-(OMe)(O.CMe)L2;]35a (Lt and L2 are trianionic Schiff
the two oxide groups [O(1)] are directed toward the outside of bases), and [MgD2(O2CH,)11(02CP&)(0.CMe)(HO,CPé&),]11b

the hexanuclear core. The three crystallographically independent(PECO,H = 2,2-dimethylbutyric acid) have cores based on two
Etsad~ ligands adopt thgX:ptnptu, ntnZntus, andyZytnh: linked trinuclear [MA'3(us-O)]”* units.

us coordination modes (Scheme 2). In the crystal the molecules ]

pack directly upon each other forming “2D-sheets”, with each Magnetochemistry

[Mng] complex then forming four intermolecular H-bonds to pc Magnetic Susceptibility Studies: Direct current mag-
the solvate EtOH molecules, creating 1D “zigzag” chains petic susceptibility studies were performed on polycrystalline
between the sheets (Figure 3). samples of complexels—-3 in the 5-300 K range in an applied
Complexes2 and 3 are the first structurally characterized field of 0.1 T. The results are plotted as thgT product vsT
complexes of any metal that contain the dianionic form of iy Figure 4. TheymT values at 300 K are 16.19, 18.99, and
EtsaoH, i.e., Etsad™, as ligand. The previously character- 1923 ¢m K mol-! for 1-3, respectively, close to the spin-
ized complexes [Cu(Etsaop}}**? [Ni(EtsaoH}], % and [Pd-  only (g = 2) value of 18 cri K mol~! expected for a [Mégl
(EtsaoH)]3*¢ contain the ligand in its monoanionic form. unit comprising six high-spin Mh ions. For complext the
room temperaturgyT value of 16.19 crhK mol~! decreases

(34) (a) Lalia-Kantouri, M.; Uddin, M.; Hadjikostas, C. C.; Papanikolas, H.; . .

Palios, G.; Anagnostis, S.; Anesti, Z. Anorg. Allg. Chem1997, 623 gradually. as thg temperature decr.eases eatil5 K when it
1983. (b) Lalia-Kantouri, M.; Hartophylles, M.; Jannakoudakis, P. D.;  then begins to increase to a maximum value of 10.39 Km
N L, g e A oy woyisas G- P4 o1 at 5 K. This behavior is consistent with the presence of
Keramidas, K. G.; Lalia-Kantouri, MPolyhedron1996 15, 147. oK : LW P

(35) (Cagé:ﬁu)élg \égrglfésl\/l-(:b')Dmng-éC_-:F{Thlé%hagl{eljséil-Wsihel_rghs&ciégpem- both antiferromagnetic and ferromagnetic interactions between
Chem.1998 37, 3599. (c) Abbati, G. L.; Comia, A.; Fabrett, _A_g'c,; the metal centers with the low-temperature value indicating a
E;?QSSTA' ?-_? §2§§§°5":B?%rﬁﬁrﬁgﬁ“}%g.aﬂ; dlrﬁ%a gd)DAfsz"C:rﬁiému relatively small (S = 4) spin ground state. Inspection of the
G.J. Am. Chem. Sod999 121, 5489, (e) Kwak, B.; Rhee, H.; Lah, M.~ molecular structure reveals the presence of (at least) three

S. Polyhedron200Q 19, 1985. (f) Brechin, E. K.; Coxall, R. A.; Parkin, .
A Parsons. S.: Tasker, P. A.. Winpenny, R. EARgew. Chem.. int. Ed exchange pathways between the metal centers (Schemg 3):

2001, 40, 2700. (g) Hosﬂino, N.; Ito, T.; Nihei, rl:/l.;Oshio, fthorg. Chem. between Mnl and Mn3 (and symmetry equivalent) mediated
Commun2003 6, 377. Li, B.; Han, D.-D.; Cheng, G.-Z.; Ji, Z.-Porg. CN—O— H i H —0O—
Chem. Commur2005 a(z, bit, () John, R. R Lee k.. Kim. B sun g DY the =N—O— bridge of the oximate ligand (MniN—O

J.; Rhee, H.; Lah, M. Sinorg. Chem 2005 44, 7109. Mn3 torsion angle, 18Y), the bridging formate ligand, and the
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Figure 8. M vs H hysteresis loops for a single crystal bfleft). The loops are shown at different temperatures (top) and field sweep rates (bdftasn).

normalized to its saturation value. Relaxation decay data (top right) plottetiNas versus time. Arrhenius plot using powder ac and single-crystal dc data
(bottom right); the dashed line is the fit of the thermally activated region.

N

8 10

oxide bridge;J, between Mn2 and Mn3 and between Mn2 and Mn4, Mn4—Mn6, and Mn4-Mn5 pairs; andJ, between the
Mn1 (and s.e.) mediated only by the bridgirg\—O— moiety Mn2—Mn3 and Mn5-Mn6 pairs (Scheme 4). Employing the
(Mn2—N22-012-Mn3 torsion angle, 1074 Mn2—011-N21— spin Hamiltonian in eq 2 allowed us to satisfactorily simulate
Mn1 torsion angle, 25% and the oxide bridge; ant} between the data with the parameteds = +1.39 cntl, J, = —1.92
Mn1 and Mn1 mediated by the monatomic oximato bridge (013 c¢m-1, andg = 2.01.

and s.e.) and between Mn3 and Mr{and s.e.) mediated by

the diatomic oximato bridge (Mr3N23—023—Mn1' and s.e.). A= _ZJl(gl.gz + ASlAss + 31.34 + %% + §3.§4 + §6.§4 +
Using the program MAGPACK and employing the spin ésé — 23 (:%éz 4 Ssés) @)
Hamiltonian in eq 1 allowed us to satisfactorily simulate the 4 2

data with the parametets = —1.8 cnT?, J, = —4.6 cnT?, J3 ) )
= +1.25 cnt?, andg = 1.99. This leads to a ground state$f | NiS Suggests a ground state®# 7, but withS= 8 andS=
= 4 with the first excited stateS(= 3) located 8 cm’ above 6 excited states both located within 1 chof the ground state.

the ground state. For complex3, the room temperaturgyT value of 19.23
. A A A A o A A cm® K mol~1 increases slightly as the temperature decreases
H=—-2)(S5'5+5°S) — 2SS+ 55+ 55 + until ca. 125 K when it then begins to increase rapidly to a

5,-5) —23,5-5 + 5:5, + 5-5) (1) maximum value of 69.46 ciK mol~! at 5 K. This behavior is
consistent with the presence of only ferromagnetic interactions
For complex2, the room temperaturgyT value of 18.99 between the metal centers with the low-temperature value
cm® K mol~* remains essentially constant as the temperature indicating anS= 12 ground state. We were able to satisfactorily
decreases untita. 125 K when it then begins to increase to a gjmulate the data by assuming @ taodel (Scheme 5), despite
maximum value of 27.79 cfK mol™* at 15 K, below which  the presence of (at least) two different interactions. Employment
it decreases to 25.66 énK mol™ at 5 K. This behavior is ot 5 53 model neither enhanced the quality of the simulation

?onsistent with the p_reser;)ce of bo:]h antifelrromagneti_charr\]d nor changed the magnitude of exchange to any significant extent.
erromagnetic interactions between the metal centers with the o of the Hamiltonian in eq 3 affordeti— --0.93 cnT? and

low-temperature value indicating amtermediaté (S= 7 &+ g = 2.00, with theS = 11 andS = 10 excited states 5 and 9

1) spin ground state. Even though inspection of the molecular cm? above theS = 12 ground state, respectively.
structure reveals the presence of at least three exchange

pathways between the metal centers, we were able to satisfacy, _ 1 2 &8 &8 & e & e
torily simulate the data assuming only @ 2aodel: J; between H="205S TS5 TS5 TS5 55+

the Mn1-Mn2, Mn1—Mn3, Mn1—Mn4, Mn3—Mn6, Mn3— S'S+ S5 + 55+ 5S) (3)
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Figure 9. M vs H hysteresis loops for a single crystal ®fleft). The loops are shown at different temperatures (top) and field sweep rates (bdttasn).
normalized to its saturation value. Relaxation dc decay data (top right) plottdtiMs versus time. Arrhenius plot using powder ac (red circles) and
single-crystal dc (green squares) data (bottom right); the dashed line is the fit of the thermally activated region.

In all three complexes the strength of the magnetic exchangepopulation of all three states even at low temperature, rendering
is rather weak but appears to get more positive as the-Mn the above numbers somewhat meaningless. This, in tandem with
N—O—Mn torsion angle increases. In order to further determine the maximum inymT and the saturation ofM/Nug at ~14,
the nature of the ground states of compleXes3, variable implies a best “guess” d6= 7 £ 1. This is further confirmed
temperature and variable field dc magnetization data were by the ac susceptibility (vide infra). For compl8ithe best fit,
collected in the ranges =& K and 0.5-7 T. In each case we  obtained using eight fields in the range 65T, gaveS= 12,
attempted to fit the data using a matrix-diagonalization method g = 1.99, andD = —0.43 cn1?.
to a model that assumes only the ground state is populated, Ac Magnetic Susceptibility Studies: Ac susceptibility

includes axial zero-field splittingdS?), and carries out a full measurements were performed on compleke8 in 1.8-15
powder average. The corresponding Hamiltonian is given by K in zero applied dc field and a 3.5 G ac field oscillating at
eq 4. 50—1500 Hz. For complex the in-phaseyy’, plotted agu'T
. . ) vs T, Figure 6) signal increases upon decreasing temperature,
H= DSZ2 + Quguo SH (4) indicating the presence of low-lying excited states with smaller
Svalues than the ground state. The signal displays a frequency-
whereD is the axial anisotropyyg is the Bohr magnetonyg is dependent decrease belowt K, with a concomitant increase

the vacuum permeabilitys, is the easy-axis spin operator, and in the out-of-phasey"") signal. At a frequency of 1000 Hz
H is the applied field. The data fdrand3 are plotted as reduced the yv" peak maximum occurs at approximately 3 K. A
magnetizationNI/Nug) versusH/T in Figure 5. For comples, frequency dependenty’ signal is a necessary (but in itself
the best fit gaveS = 4, D = —1.39 cn1?, andg = 1.99(3). insufficient) piece of evidence indicating possible single-
Since both the dc and ac susceptibility data (vide infra) indicated molecule magnetism behavior. The magnitude of@fid signal
the presence of low-lying excited states with smaBeralues at 4 K supports the assignment 8f= 4 for complex1 in
than the ground state, the magnetization data were fitted usingagreement with the dc data, and the magnitude offfesignal
only the high field (3-7 T) data. Including all fields (057 T) suggests the slow relaxation to be real.

in the fits resulted in a poorer quality of fit, albeit with numbers For complex2 (Figure 6), theym'T vs T signal decreases
of a similar magnitude. For complexthe best fit was foS = slightly upon decreasing temperature, suggesting the presence
7,D = —0.75 cnt?, andg = 1.99, but this was (unsurprisingly)  of excited states with large® values than the ground state.
of rather poor quality. The presence®¥ 6—8 states all within Extrapolation of the signal above approximateho®tK gives

1 cmr! of each other means there is likely a significant a value of~27 cn® K mol~tindicative of anS= 7 & 1 ground
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Figure 10. M vs H hysteresis loops for a single crystal ®fleft). The loops are shown at different temperatures (top, sweep=&d4 T/s) and field
sweep rates (bottonT, = 2 K). M is normalized to its saturation value. Relaxation dc decay data (top right) plotteldvsversus time. Arrhenius plot
using powder ac and single-crystal dc data (bottom right); the dashed line is the fit of the thermally activated region.

state, in excellent agreement with the dc data. Below ap- mol~?1, y+ = 18.59 cni mol~%, andr = 0.005 54 s (whergs is
proximatey 5 K there is a frequency dependent decrease in the the adiabatic susceptibility;r, the isothermal susceptibility; and
value of ym'T and a concomitant increase in thg' signal. 7, the magnetization relaxation time). Considerably improved
Fully visible frequency-dependent out-of-phagg,, peaks are fits (solid lines) are obtained when the data are fit to a
observed in a range of frequencies with the peak maximum at distribution of single relaxation processes, with the parameters
1000 Hz occurring at approximately 3.75 K. ys = 1.14 cn¥ mol=%, yt = 18.84 cni mol™1, ¢ = 0.00544 s,

For complex 3 the value of the in-phaseyg'T) signal and oo = 0.203. The parametax describes the width of the
increases with decreasing temperature to approximately 6 K, distribution. Figure 7 also shows a plot pfi' versusyv' at
below which it displays a frequency-dependent decrease. This3.4 K. This type of plot (a ColeCole or Argand plot) is used
is indicative of the presence of excited states of sm&lierlues to decide whether one or more relaxation processes are

relatively close to the ground state. Extrapolation of gheT present: if symmetric, it is likely that only one process is

signal b 0 K from the small “plateau region” belo6 K gives present, as is the case for comp&xand again it is clear that

a value of~74 cn® K mol~! indicative of anS = 12 ground fitting the data to a distribution of single relaxation processes
state. Fully visible, frequency-dependent out-of-phas€) ac (solid line) results in a better fit than fitting the data to a single

susceptibility signals are seen beloa. 6 K with the peak at  relaxation process (dashed lirf€).
1000 Hz occurring at approximately 4.5 K. The out-of-phase  Single-Crystal Relaxation Studies and Hysteresis Loop
signals seen for all three complexes sugdesB to be new Measurements:Dc magnetization decay data were collected
SMMs and for3 in particular to have a very large energy barrier on single crystals o1—3 using a micro-SQUID apparatus and
for magnetization relaxation, with an upper limitdf= |D| combined with the agy' data. The combined data were then
= 89 K. In order to accurately determine these energy barriers, used to construct Arrhenius plots for all three complexes
the acym'' data were used in combination with single-crystal (Figures 8-10). The fits of the thermally activated regions gave
dc decay measurements (vide infra). the following: 7o = 2 x 1078 s andUe = 28 K for 1; 7o = 3
For complex3 ac susceptibility data were also measured as x 1078 s andUest = 30 K for 2; andzo = 8 x 1071 s andUes
a function of the ac oscillation frequency at a constant = 53.1 K for 3. The theoretical upper limits to the potential
temperature. In Figure 7 are shown plotgf versus frequency ~ €nergy barriers to magnetization reorientation @re= & |D|
andywm'' versus frequency for a polycrystalline sample held at . : .
3.4 K. The dashed lines result from the least-squares fitting of (36) Qﬁg;géadMA?-;L?‘g‘ﬁé;ﬁf‘éj;L.jeﬁ{é%itk‘;';'nf';DF_".l}{S?é_KéhBeré‘ﬁfé’gb’C';
the data to a single relaxation process, to give= 1.56 cn# 38, 5329.

J. AM. CHEM. SOC. = VOL. 129, NO. 20, 2007 6559



ARTICLES Milios et al.

~ 22.2 cnmt (31.8 K) for 1 and 61.9 cm? (88.7 K) for 3. In for complex 3 is so heavily reduced (by-35 K) from its
each castleris smaller thard, but for complex3 this difference theoretical upper limit? In order to attempt to answer these
is of the order of 35 K, much larger than expected and much questions we must first consider the “spin structure” for complex
larger than that observed for other well-known SMMs. Possible 1. The S = 4 ground state results from the ferromagnetic
explanations for this difference are given in the final discussion interaction between two antiferromagnetically coupl8d=(2)

and conclusions section below. Hysteresis loops were observedvin''; triangles. The two different pairwise exchange interactions
for single crystalsl—3 whose coercivity was strongly temper-  between the metals within each individual triangle are antifer-
ature and sweep-rate dependent (Figure$@. Forl hysteresis romagnetic and weak; the exchange between triangles is
is observed up to approximagel K at a 2mT/s sweep rate;  ferromagnetic and weak. The oxide is 0.23 A above the; Mn
for 2 hysteresis is observed up to approximately 2.4 K at a 2 plane, and the MRN—O—Mn torsion angles are 25.618.C,
mT/s sweep rate; and foB hysteresis is observed up to and 10.4. In each complex the exchangetweenthe two
approximately 2.8 Kiaa 2 mT/s sweep rate. Each of the loops triangles remains weak and ferromagnetic. When moving to
exhibit well-defined steps due to the rapid relaxation of the complex?2 the bridging within each triangle changes in two
magnetization at a given magnetic field where a level crossing distinct ways: the carboxylate becomes terminal and the torsion
is avoided (quantum tunneling of magnetization, QTM). As the angles of the oximate groups increase significantly to 36.9
temperature is decreased, the number of molecules that underggMn1—Mn2), 42. (Mn3—Mnl), 23.3 (Mn2—Mn3), 32.4
relaxation by thermal activation diminishes and those relaxing (Mn5—Mn4), 42.2 (Mn4—Mn6), and 16.7 (Mn6—Mn5). The

by tunneling increases. Fat (Figure 8), at the indicated topology (but not the oxidation level) of the four central metals

temperatures and = —1.4 T all the molecules are in thds (Mn1, Mn3, and s.e.) now resembles that of the family of
= +4 state of theS = 4 ground state. When the magnetic field tetranuclear “planar diamond” complexes typified by [NMn

is swept to zero, there is resonance betweent#hand the—4 Mn''5(O,CMe)(pdmH)]?" and its many subsequent ana-
Ms levels and part of the molecules tunnel to tkle = —4 logues3® These molecules exhibit ferromagnetic exchange. The
state, producing a step Ht= 0. In this case, the height of the removal of the carboxylate bridge presumably removes an
step indicates that the tunneling process is relatively fast. antiferromagnetic contribution to the exchange between Mnl

For 2 the loops do not show the sharp steplike features and Mn3 (and s.e.) and, in combination with an increase in the
associated with quantum tunneling of magnetization (QTM) and Mn3—N—O—Mn1 torsion angle {42°), results in the ferro-
appear typical for a cluster with a distribution of energy barriers. magnetic contribution dominating. The only aniferromagnetic
The steps are present but broadened or smeared-out, due to a@xchange involves Mn2. It is connected to Mnl and Mn3 via
inherent disorder associated with either the molecule or the the central oxide and a MAN—O—Mn moiety, the former with
crystal and/or the presence of low-lying excited states. In this a torsion angle of-37° and the latter with a torsion angle of
case the most likely source is JakiFeller isomerism since there ~ ~23°. The equivalent interaction in the upper triangle is between
appears little crystallographic disorder. Such disorder results in Mn5, Mn4, and Mn6 with torsion angles of 32.@in5—Mn4)

a distribution of MA'" environments and hence a distribution in  and 16.7 (Mn5—Mn6). If we assume the larger torsion angles
barrier heights. Such observations have been reported for manyfavor ferromagnetic exchange and smaller angles favor anti-
other (often large) SMMs. ferromagnetic exchange, the result is competing exchange

The hysteresis loops f@& are rather more complicated. The interactions and a Mt triangle in which a degree of frustration
step positions arising from the ground state transitions are exists, and hence a molecule with an intermediate ground state.
difficult to assign, and it is clear that the loops show many On moving to complexd from 2, the only major structural
additional features (Figure 10). These additional steps probablychange is an increase in the MN—O—Mn torsion angle for
originate from resonant tunneling between; Mvels of the ~ Mn5—Mn6 (and Mn2-Mn3) from ~17° (and ~23°) in 2 to
ground state, which are shifted to other fields due to fourth order ~38° and 3T for Mn1-Mn2 and Mn2-Mn3, respectively in
anisotropy term&’ There might also be quantum resonances 3. This results in all the exchange interactions being fer-
coming from tunneling between levels of the ground state and romagnetic and suggests that the increase in the-NtRO—
low-lying excited spin states. Indeed, susceptibility studies Mn torsion angle (or the “twisting” of the oxime moiety) to be
revealed the presence of low-lying excited states in very close the origin of the ferromagnetism. The role of the central oxide
proximity to the ground state, due to the weak exchange betweenin such triangular Mn topologies has always been the pro-
the metal centers. The result is that, even at these temperaturegnotion of antiferromagnetic exchange between the metal cen-
population of excited states, and hence excited-state tunnelingters. However, recently the triangular oxime-based complex
cannot be avoided. The presence of intermolecular interactions[MnsO(mpko}(O.CMe)] was shown to display ferromagnetic
in the crystal and thelck’ of any molecular or crystallographic ~ exchangé! Initial speculation as to why centered around the
symmetry will also affect the loops, but these are likely to be possibility of a decreasing magnitude of the AF contribution

of much less significance. when the oxide became more nonplanar. However, the results
_ ) ) _ here and elsewhetesuggest the origin to be the nonplanarity
Final Discussion and Concluding Remarks of the oxime linkage such that the ferromagnetic contribution

The two fundamental questions that need to be answered ard!t favors outweighs the AF contribution through the oxide.
(a) why the dominant magnetic exchange switches from Studies on single crystals of compleX reveal why the
antiferromagnetic to ferromagnetic in the complexes studied and éffective barrier is approximately 37 K below its upper limit.
(b) why the effective energy barrier for magnetization relaxation 1he magnitude of the magnetic exchange between the metal
(38) Brechin, E. K.; Huffman, J. C.; Christou, G.; Yoo, J.; Nakano, M,

(37) Wernsdorfer, W.; Murugesu, M.; Christou, Bhys. Re. Lett 2006 96, Hendrickson, D. NChem. Commurl999 783.
057208. (39) Milios, C. J.; Brechin, E. K. Unpublished results.
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centers is weak, and the result is the presence of low-lying relative magnitude and sign df (b) the dominant ferromagnetic
excited states. Hysteresis loop measurements at low temperaturesontribution in the individual triangles can be induced by a
reveal that tunneling occurs not only between khestates of combination of (i) the removal of competing antiferromagnetic
the ground state but also between excited ské¢devels. In exchange pathways (i.e., the carboxylate bridge) and (i) an
order to increase the value OfitowardU, and hence to record  increase in the MRN—O—Mn torsion angles. At this stage it
levels, the magnitude af needs to be increased. We speculate is difficult to speculate at which torsion angle the ferromagnetic

that the way to do this is to further increase the -Mh—O— contribution through the oxime moiety starts to outweigh the

Mn torsion angles, since the results presented here suggest thatntiferromagnetic contribution through the oxide. This will

J becomes more ferromagnetic with increasing angle. require the synthesis of a family of related complexes. Initial
The 3-fold decrease in the magnitude|Bf from 1 to 3 is (unpublished) results suggest this value may be aroufd®31

also intriguing. We speculate the origin of this difference to be Record values folett can potentially be reached if analogues
the change in coordination of two of the Mn ions from five- of complex3 with increased “twisting” and hence increased
coordinate square-based pyramidal Into six-coordinate J-values can be obtained.

distorted octahedral ir8. This of course suggests that the Structural distortion has proven to be a valuable method for
isolation ofS= 12 [Mng] analogues containing five-coordinate enhancing SMM properties and promises to produce ag[Mn
Mn ions may be a route to achieving SMMs with greatly analogue with a record anisotropy barrier; the method may be
enhanced energy barriers. Work to isolate such compounds isequally applicable to other SMM systems.

underway.

In conclusion, we can say that the deliberate structural
distortion induced on a hexanuclear SMM by the introduction
of bulkier carboxylates and oximes has switched the dominant
magnetic exchange from antiferromagnetic to ferromagnetic, Supporting Information Available: Crystallographic details
greatly enhancing the observed SMM properties. The origin of in cif format. This material is available free of charge via the
the ferromagnetic “switch” is based upon the following: (a) Internet at http:/pubs.acs.org.
the exchange in the primary complety {s weak and this means
that even small structural perturbations will be important in the JA070411G
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