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Single-Molecule Magnets: A New Class of Tetranuclear Manganese Magnets
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The preparation, X-ray structure, and detailed physical characterization are presented for a new type of single-
molecule magnet [Mi{O.CMe)(pdmH)](ClO4), (1). Complex1-2MeCN-ELO crystallizes in the triclinic space
groupP1, with cell dimensions at 130 K af = 11.914(3) Ab = 15.347(4) Ac = 9.660(3) A,a. = 104.58(1},

p = 93.42(1y, y = 106.06(1), andZ = 1. The cation lies on an inversion center and consists of a planar Mn
rhombus that is mixed-valent, MaMn'",. The pdmH ligands (pdmH is pyridine-2,6-dimethanol) function as

either bidentate or tridentate ligands. The bridging between Mn atoms is established by either a deprotonated
oxygen atom of a pdmH ligand or an acetate ligand. The solvated complex readily loses all acetonitrile and
ether solvate molecules to give complexwhich with time becomes hydrated to git€2.5H,0. Direct current

and alternating current magnetic susceptibility data are giveh &md1-2.5H,0 and indicate that the desolvated
complex has & = 8 ground state, whereas the hydrated.5H,0O has aS = 9 ground state. Ferromagnetic
interactions between Mh—Mn'" and Md"'—Mn'"" pairs result in parallel spin alignments of t8e= %/, Mn'' and

S= 2 Mn'"" ions. High-frequency EPR spectra were run for comgdlex5H,0 at frequencies of 218, 328, and

436 GHz in the 4.530 K range. A magnetic-field-oriented polycrystallite sample was employed. Fine structure

is clearly seen in this parallel-field EPR spectrum. The transition fields were least-squares-fit gp=gite99,

D = —0.451 K, andB,° = 2.94 x 107> K for the S= 9 ground state 0f-2.5H,0. A molecule with a large-spin
ground state witld < 0 can function as a single-molecule magnet, as detected by techniques such as ac magnetic
susceptibility. Out-of-phase ac signa)s ) were seen for complexdsand1-2.5H,0 to show that these complexes

are single-molecule magnets. A samplelafas studied by ac susceptibility in the 6.8.4 K range with the ac

field oscillating at frequencies in the £1000 Hz range. A single peak yYv vs temperature plots was seen for

each frequency; the temperature of g peak varies from 2.03 K at 995 Hz to 1.16 K at 1.1 Hz. Magnetization
relaxation rates were evaluated in this way. An Arrhenius plot gave an activation energy of 17.3 K, which, as
expected, is less than the 22.4 K value calculated for the thermodynamic barrier for magnetization direction
reversal for ar§= 8 complex withD = —0.35 K. Thel-2.5H,0 complex with arS= 9 ground state has ijg'u

peaks at higher temperatures.

Introduction zero-field splitting at the individual metal ions in the molecule,
is the origin of thenegatve anisotropy.

The first molecule showAT®° to be a SMM was [MppO1-
(O,CMe)g(H20)4)-4H,0-2HO,CMe (2), which exhibits slow
magnetization relaxation due toSe= 10 ground-state split by
axial zero-field splitting DS2, whereD = —0.5 cnt2). In 1996,
it was reportetf—21 that complex2 exhibits quantum mechanical
tunneling of the magnetization. Steps were observed at regular

The ultimate in small-size magnetic memory devices is a
single-molecule magnet (SMM)? A SMM has an appreciable
potential energy barrier for reversal of the direction of magne-
tization. In other words, if the magnetic moments of individual
molecules in a crystal of a SMM are aligned parallel to an
external field, the temperature lowered, and the field then
removed, the SMM’s would remain magnetized with parallel
spins at low temperatures. There are two basic requirements in (4) Lis, T. Acta Crystallogr 1980 B36 2042,
order for a molecule to function as a SMM. The ground state (5) goyd, P. D. W.; Li, Q.; Vincent, J. B.; Folting, K.; Chang, H.-R.;

of the molecule should have a large s@irand there needs to Streib, W. E.; Huffman, J. C.; Christou, G.; Hendrickson, D.NN.
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intervals of magnetic field in the magnetization hysteresis loop the composition [MpO1(02CR)16(H20)4].517%° These Mn,

for oriented crystals of compleX This attracted considerable complexes can be reduced by one electron to @ve 19,

interest=0 in the My, complex2. complexes that function as SMM'’s with the composition [cation]-
An important current research goal is to prepare new classes[Mn1,015(02CR)15(H20)4].6%61 Quantum tunneling of the mag-

of SMM’s. In addition to comple, several structurally related  netization has also been observed for ti@se!%, SMM’s. A

dodecanuclear manganese SMM’s have been characterized witlthird class of SMM’s consists of distorted cubane complexes

with the [MnVMn'"'305X]%" coreb2:62 Tetranuclear vanadium

(10) Barra, A. L.; Caneschi, A.; Gatteschi, D.; SessoliJRAM. Chem.

Soc.1995 117, 8855. butterfly complexes, [WO-(O2CR}),(L)2]", where L is either
(11) Novak, M. A.; Sessoli, R.; Caneschi, A.; GatteschiJDMagn. Magn. bipyridine or picolinate, comprise the fourth class of SMKt's.
Mater. 1995 146, 211. Finally, two different iron complexes, [E®2(OH)i(tacn)]®"

12) Barbara, B.; Wernsdorfer, W.; Sampaio, L. C.; Park, J. G.; Paulsen, : s
(12) C.: Novak, M. A.: Ferre, R.. Mailly pD._ Sessoli. R.: Caneschi. A where tacn is a tetraaza macrocyclic lig&hdnd [Fe(OCH)s-

Hasselbach, K.; Benoit, A.; Thomas, L.Magn. Magn. Mater1995 (dpm)y] Where dpmH is dipivaloylmetharfé have been found
w3 140—}(44, 1825. | | . to function as single-molecule magnets.
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York, NY, 1996. o
(17) Politi, R.; Rettori, A.; Hartmann-Boutron, F.; Villain, Phys. Re. and was shown to have an activation energy of 11.8 K for
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bis(hydroxymethyl)pyridine, Aldrich) was used as received. {©.-
CMe)(py)s](ClO) (4) was prepared as described elsewliére.

[Mn 4(OAC)2(pdmH)g](ClO 4)2 (1). a. Method 1 Complex4 (0.500
g, 0.574 mmol) and pdmH(0.240 g, 1.72 mmol) were dissolved in
CH.Cl, (30 mL), and the resultant red-brown solution was stirred
overnight at room temperature. During this time, a fine brown precipitate
slowly formed, and this was collected by filtration, washed with a little
CH_Cl,, redissolved in MeCN (20 mL), and the solution filtered. The
filtrate was layered with EO to slowly give well-formed brown
crystals. After 3 days they were collected by filtration, washed with
Et,O, and dried in vacuo. The yield was50%. Dried solid was
analyzed to be solvent-free. Anal. Calcd (Found) famHz.Clo-
Mn4NeOz4: C, 40.42 (40.50); H, 3.95 (4.10); N, 6.15 (6.04). Selected
IR data (cnt): 1605 (s), 1582 (s), 1464 (m), 1447 (m), 1381 (m),
1331 (m), 787 (m), 691 (m), 666 (m), 627 (m). The crystallographic
sample was maintained in contact with the mother liquor to prevent
solvent loss, and it was identified crystallographicallyla8MeCN
Et,0. In contact with air, complex becomes hydrated to give complex
1-2.5H,0. Anal. Calcd (Found) for &HssCloMNnsNgO24-2.5H,0: C,
39.12 (39.11); H, 4.04 (3.88); N, 5.95 (6.13).

b. Method 2. Complex4 (0.500 g, 0.574 mmol) and pdmkK0.240
g, 1.72 mmol) were dissolved in MeCN (30 mL) and the solution stirred
overnight at room temperature. No precipitate was obtained. The Table 1. Crystallographic Data for
solution was filtered and the filtrate layered with,@tto give brown [Mn4(O2CMe)(pdmH)](ClO4)22MeCNELO.
crystals, which were isolated after 7 days, washed wigd Eand dried

Figure 1. ORTEP plot of the [Ma(OCCH)x(pdmH)]?" cation in
complex1-2MeCN-2EtO.

in vacuo. The yield was 15%, and the solid was spectroscopically (IR) ?rmula ﬁogio‘ﬁ%VImNgOzf ﬁgﬁ)gcgqglr;up %’%47.75
identical with that from Method 1. b: A 15:347(4) temp°C 168
X-ray Crystallography . X-ray crystallographic data were collected ¢ A 9.660(3) A 0.710 69
on a Picker four-circle diffractometer at low temperature. A suitable ¢, deg 104.58(1) Peale, glon? 1.628
crystal was affixed to the end of a glass fiber using silicone grease and g, deg 93.42(1) w(MoKa),cmt  9.315
rapidly transferred to the goniostat where it was cooled for characteriza- y, deg 106.06(1) R 0.0871
tion and data collection. Details of the diffractometry, low-temperature  V, A3 1626 A3 R/ 0.0679

facilities, and computational procedures employed by the Molecular Z 1
Structure Center are available elsewH&réhe structure was solved a ; b ; _

) X . Excluding EtO molecule "Graphite monochromatoiRy = F
by direct methods (SHELXTL) and Fourier methods and refinefon  _ |Fc|)2/ZW||g:0|2§1’2 wherew = 1/22(“:00. [2w(Fel
by full-matrix least-squares cycles.

A systematic search of a limited hemisphere of reciprocal space  The ac magnetic susceptibility experiments above 1.7 K were carried
revealed that the crystal possessed no symmetry or systematic absencegyt on a Quantum Design MPMS2 SQUID magnetometer. The ac field
indicating a triclinic space group. Subsequent solution and refinement strength can be varied from 0.004 %5 G atfrequencies ranging from
confirmed the centrosymmetric choid@l After data collection ¢h, 0.0005 to 1512 Hz. The temperature range available is-40D K.
£k, £, 6° < 26 < 50°) and processing, and averaging of reflections | gy-temperature ac magnetic susceptibility experiments down to the
measured more than oncB( = 0.198), the structure was solved  pjjlikelvin temperature range were performed at the Institute of Solid
without serious problems. The Mnation lies at a center of inversion,  giate Physics, University of Tokyo. Measurements were made on a
and a dis_ordered solvate molecule is present in addition to the QrdefedSHE-RLM bridge where a SQUID served as a null detector. Measure-
ClO,™ anions and MeCN solvate molecules. Oxygen O(23), which is ments were made on a powdered microcrystalline sample stuck on a
not bound to a Mn, was disordered about two (main) positions and the quartz glass with a small amount of Apiezon N grease to reduce the
occupancies refined to 74% and 15% (the main position is shown in background signal. It was immersed in nonmagnetic ligtie, which
Figure 1). The disordered solvate molecule was modeled as seveny s cooled by way of a sintered powder heat exchanger withea:
closely spaced C atoms and was assumed to be a badly disordgded Et 4je dijlution refrigerator. The temperature was determined with
molecule. In the final refinement cycles, non-hydrogen atoms were germanjum and carbon resistor thermometers. Thermal contact between
refined anisotropically except for the minor disord_er position of 0(23_) the sample and the coolant was found to be good enough because the
and the solvate molecules. Hydrogen atoms were included for the cationgysceptibility of the sample quickly followed the temperature change
in fixed, idealized positions with thermal parameters of 1.0 plus the of the refrigerator. Data were collected in the 2995 Hz frequency
isotropic thermal parameter of the parent atom. A final difference range between 0.4 and 3.5 K.

Fourier map was featureless, the largest peaks of intensity 1.05 /A High-frequency EPR spectra were recorded at the National High
lying in the vicinity of the CIQ~ anions and disordered solvent \jagnetic Field Laboratory, Tallahassee, Florida. The spectrometer is
molecule. FinaR andR, values are listed in Table 1. equipped with a 14.5 T superconducting magnet and can achieve

Physical Methods IR measurements were made on samples pressed temperatures ranging from 4 to 300 K. In this work, a Gunn diode
into KBr pellets using a Nicolet model 510P spectrophotometer. Direct operating at a fundamental frequency of Ht@® GHz was used. The
current magnetic susceptibility experiments were performed on pow- operating frequency range is 13650 GHz. Frequencies between 220
dered microcrystalline samples (restrained in eicosane to preventand 550 GHz were obtained by using a solid-state harmonic generator
torquing at high fields) on a Quantum Design MPMS superconducting that multiplies the fundamental frequency (i.e., 110 GHz) and high-
quantum interference device (SQUID) magnetometer equipped with a pass filters to filter out the lower frequency harmonics and to allow
5.5 T (55 kG) magnet and capable of operating in the-200 K range. the higher frequency harmonics to pass through. A modulation
Diamagnetic contributions to the susceptibility were corrected using frequency of 8.5 kHz was used for phase-sensitive detection. The

Pascal’s constants.

(67) Vincent, J. B.; Chang, H.-R.; Folting, K.; Huffman, J. C.; Christou,
G.; Hendrickson, D. NJ. Am. Chem. S0d 987 109, 5703.

(68) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. @org.
Chem 1984 23, 1021.

magnetic field was swept at a rate of 0.2 T/min overd®.5 T range.

Results and Discussion

Synthesis The pyridine-2,6-dimethanol group has been little
explored as a chelating ligand in metal chemistry. It has been
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observed in its doubly deprotonated (Fdirform as a tridentate ~ Table 2. Selected Interatomic Distances (A) and Angles (deg) for
chelate in [MoQ(pdm)},, a linear polymef? but it more [MNn4(O,CMe)(pdmH)](ClO4)-MeCN-2ELO

commonly occurs in its singly deprotonated (pdmHorm as Mn(1) 0o(3) 1.957(5) Mn(2) o(7) 2.271(4)
a bidentate chelate with the protonated oxygen not bound. This Mn(1) O(7) 1.879(5) Mn(2) 0(13) 2.283(5)
ligation mode is found in [TcOCI(pdmH)© and [ReOCH Mn(1)  O(7) ~ 1.967(4)  Mn(2)  O@7)  2.300(5)

' Mn(1 o(17 2.264(4 Mn(2 0(27 2.227(4
(PPR)(pdmH)]"t In [PtClx(pdmHp)7], it acts as a monodentate Mﬂglg 05272 1-873553 Mﬂgzg NElO)) 2_272((6))

ligand through the pyridine N atom and both protonated O atoms  vn(1) N(30) 2.319(6) Mn(2) N(20) 2.310(6)
are unligated? It thus appeared timely to investigate the  Mn(2) o(5) 2.346(5)
reactions of pdr_nbi w!th Mn carboxylz_;lte species such as Mn(l) O(7)  93.86(20) O(17) Mn(1) N(30) 99.01(19)
complex4, _espeC|aIIy since related reaqtlons with 2-(hydroxym- o(3) Mn(1) O(17) 170.17(19) O(Iy Mn(l) N(30) 161.01(19)
ethyl)pyridine are also under exploration by 784 0(3) Mn(l) O(17) 91.95(17) O(27) Mn(l) N(30) 77.61(20)
Treatment of Mg complex4 with 3 equiv of pdmH in CH,- 88; mgg (,3((%)) gg-gggg)) 8((23 mr?(%) 8((1)3) 1;‘?5:%2((%))
Cl, gave a slight color chapg_e toan Qrange-brown and the slow Mn(1) O(17) 82"10(19) 0G) Mn(2) O(17) 78'_59(16)
formation of a brown precipitate. This was recrystallized from o7) mn(1) o(17) 97.03(18) O() Mn(@) 0(27) 78.53(17)
MeCN/EtO and identified as [Mi{O.CMe)(pdmH)](ClO4,)2 O(7) Mn(1) O(27) 171.33(21) O(5) Mn(2) N(10) 138.60(18)
(1). The same reaction in MeCN also gave complebut in O(7)  Mn(1) N(30) 101.58(20) O(5) Mn(2) N(20) 80.99(19)
only ~15% yield compared with-50% in CHCl,. The product 88;; M”EB 8&% ;g'zggg ggg mr‘% 88% lg?'iggg
. . . . n . n .
contains a pde/Mn ratio of 1.5:1, whereas the reaction solution o17) Mn(1) 0(27) 83.43(18) O(7) Mn(2) O(Q7) 87.35(16)
had a ratio of 1:1; however, attempts to increase the yield by o(7)" Mn(2) N(10) 70.26(19) O(17) Mn(2) N(20) 70.72(18)
increasing the pdmyMn reaction ratio gave a mixture of O(7) Mn(2) N(20) 92.44(19) O(27) Mn(2) N(10) 85.60(19)
products and were not further pursued. The 50% yield of product ©(13) Mn(2) O(17) 150.41(19) O(27) Mn(2) N(20) 143.15(21)

. , 0O(13) Mn(2) O(27) 90.47(19) N(10) Mn(2) N(20) 128.79(21)
actually corresponds to a 67% yield based on available pdmH 0(13) Mn(2) N(10) 69.00(22) Mn(1) O(7) Mn(2) 107.30(23)

as summarized in eqn(1). 0O(13) Mn(2) N(20) 112.36(22) Mn(l) O(17) Mn(l) 100.27(17)
0(17) Mn(2) O(27) 75.39(16) Mn(1) O(17) Mn(2) 92.03(16)
0(17) Mn(2) N(10) 133.70(18) Mn(1) O(17) Mn(2) 103.24(20)

7+
4[MnzO]"" + 12pdmH, -

4+ 3+ + respectively. Inspection of structural parameters identifies Mn(1)

2Mn,(PAMHYI™ + 4M™ 4 4H,0+ 4H™ (1) and Mn(2) as M and Mr', respectively. Mn(1) displays a
) . W oo o Jahn-Teller distortion as expected for high-spihidn in near-
The formulation of1 requires a 2Mh, 2Mn'! oxidation state  tanedral geometry, taking the form of an elongation of the
description; this was determined by consideration of the O(17)-Mn(1)—N(30) and symmetry-related O(}#Mn(L')—
structural parameters (see below) and bond valence sum (BVS)N(30) axes. Thus, Mn(BYO(17) [2.264(4) A] and Mn(L}
calculations’® The source of the reducing equivalents is unclear; N(30) [2.319(6) A] are distinctly longer than the other four bond
some Md' is disproportionating to Mhand MV or solvent lengths [1.879(5}1.967(4) A]. The M# assignment for Mn-
and/or ligand oxidation by strongly oxidizing Mnis occurring. (2) is also evident from the longer Mrigand bond lengths
Similar uncertaintie; in the source of reducing equivalents are (average 2.287 A) compared with those to Mn(1) (average 2.043
often encountered in Mh chemistry’® A), although this is also as expected from the greater coordina-

Description of Structure. A labeled ORTEP plot and oy number. Therefore, BVS calculations were performed, and
stereoview of the cation of [MiiO2CMe)(pdmH)s](ClO4)2 (1) the obtained values of 2.94 for Mn(1) and 1.84 for Mn(2)
are provideql in Eigure 1. Selected interatomic distances and cqnfirm the MA' and Mr' oxidation states, respectively. The
angles are listed in Table 2. Compl&xX2MeCN-EtO crystal- geometry at Mn(2) is distorted pentagonal bipyramidal, with
lizes in triclinic space groupl, the cation lying on an inversion N(20)—Mn(2)—0(27) being the axis, and there is an intramo-
center and consisting of_an exactly planar Mnombus. Each lecular hydrogen bond between O(213) and O(13) [2.852(9) A].
Mns triangular unit isuz-bridged by an oxygen atom O(17) from It is important for the HFEPR studies to note that the cationic
a bidentate chelating pdmHgroup whose protonated O(23) is  complexes inl:2MeCNERO are packed in the crystal such
unbound. Two of the remaining pdmHgroups are also 4t all molecules are oriented parallel to each other.
bidentate, with O(27) bridging Mn(1) and Mrif2and O(33) Different Forms of Complex 1. During the course of study
not ligated, but the remaining two pdmHgroups are tridentate ¢ this Mn, complex it was discovered that there are at least
with protonated O(13) terminally coordinated and O(7) bridging  three different forms of complek There is the form character-
Mn(1) and Mn(2). Two bridging MeC& groups complete the ;e in the X-ray structure as the solvated complex Ji@a-
ligation and make Mn(1) and Mn(2) six- and seven-coordinate, CMe)(pdmH)](ClO4)22MeCN-ELO (1-2MeCN-2E4O). This
form readily loses the solvate molecules to give the nonsolvated
complex1. Finally, if the nonsolvated complex is in contact

(69) Berg, J. M.; Holm, R. Hinorg. Chem 1983 22, 1768.
(70) Rochon, F. D.; Melanson, R.; Kong, P.4@org. Chim. Actal997,

254, 303. with air for several weeks, it becomes hydrated to give a

(71) Gerger, T.LA; Br:Jwer, J.; Bandoli, G.; Perils, J.; du Preez, J. G. H. complex with the approximate composition [M@.CMe)-

(72) J@Fiocc::hngs.(l)Dc.';’ I':I‘Deiltjocnh;rzﬁa;,$A9?E.;2I3:L(98r?éimonmn. J. Chem1996 (Pde)S](CIQ4)2.2'5|_‘ZO (1.'2'5HZO)' Itis shown that there are
74 2121. differences in the properties dfand1-:2.5H,0.

(73) Bolcar, M. A.; Aubin, S. M. J.; Folting, K.; Hendrickson, D. N.; Loss of the MeCN and ED solvate molecules was detected
Christou, G.J. Chem. Soc., Chem. Comma897, 1485. by use of IR spectra and chemical analysis. Hydration of

74 gregr?;)nljbli.sﬁng%cgu\lltgBolcar, M. A.; Hendrickson, D. N-; Christou, oy mnlex 1 to give 1-2.5H,0 was established by chemical

(75) (a) Brown, I. D.; Altermatt, DActa Crystallogr., Sect. B985 41, analysis of the hydrated complex and by thermogravimetric
244, (b) Brown, I. DSolid State Chen1989 82, 122. (c) Thorpe, H. analysis (tga) ofl-2.5H,0. A weight loss of 3.1% was found

76) '\'/'\'/e'rr‘r%ﬁé %ﬂhe\,’v ,132;3&" _}_5,8\?\'/%9 S Claude. J. P Streib. w. £ 1N @ tga run, and this gave a formulation b®.5H,0.
Huﬁman: J.'C.;'Hendr’ick'soﬁ, D. N.;,CH’ristou, ’oré. Chem 19’96. "’ Direct Current Magnetic Susceptibility. Variable-temper-

35, 6450. ature magnetic susceptibility measurements were made on
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36 The corresponding eigenvalue expression is given in
32
o B E(S) = —JwlSi(S+ 1) - S(S+ 1) - S(S+ D] -

ElEEYY JpplSa(Sa + 1)] (3)

3 2]

ME 16 :’k‘-ﬁm With two S = 2 and twoS = %, interacting ions there are a

E 12] M total of 110 possible states with;, the total spin of the Mn

= ] cluster, ranging from 0 to 9.

3 8 This eigenvalue expression and the corresponding Van Vleck
4] equation were then used to least-squares-fit the experimental

data measured in the-8800 K range (Figure 2). Data below
15 K were omitted in the fitting because zero-field splitting and
T [K] Zeeman effects likely dominate in this temperature range. With
Figure 2. Plot of ymT vs temperature for polycrystalline samples of the tegnperatur?IlndepenQent paramagnetls_m (.TIP) f'X.Ed. at 600
the nonsolvated complek (®) and the hydrated complet¢2.5H,0 x 1076 cm?® mol~2, a good fit was achieved, with final optimized
(a). yw is the dc magnetic susceptibility measured in a 10 kG field. parameters being = 1.84, J,, = 0.40 cn1?, andJyp, = 8.1
The solid lines represent the least-squares fit of the data to a Kambecm™1. These values correspond to a ground state v@th S,
model. See the text for a discussion of the model and the fitting <) = (9, 4, 5). The solid line in Figure 2 illustrates this fit,

0 50 100 150 200 250 300

parameters. which can be seen to be reasonable. Thus, in this approximate
5o model the desolvated compléxis indicated to have arS= 9
Mn3 ground state. Unfortunately, several other “fits” (local minima)
Jup of the same data could be found, where the ground state of
Mn? O Joo  Omemm Mn4 complex1 has § values of 8 and 7, in addition to ther & 9
$=5/2 =502 value. Considerable effort was made to fit the data to an exact
Mnl threeJ value model, where the 90Q 900 spin Hamiltonian
S=2 matrix was diagonalized in each least-squares fitting cycle. Even
Figure 3. Diagram showing the definition of atom number and with parallel processing on a supercomputer, this proved to be
magnetic exchange parameters for comglex inconclusive, a fact that is likely due to the close energy

proximity of two (or more) states at the lowest energy. With
powdered polycrystalline samples of the desolvated complex the data in Figure 2, we have to conclude that the ground state
1, restrained in eicosane to prevent torquing, in a 10 kG applied of complex1 has a spin oSy = 8 & 1.
magnetic field in the 5.06300 K range. Figure 2 gives a plot Similaryu T vs temperature data are also presented in Figure
of ymT vs temperature. The value g T is 13.68 crd mol~1 K 2 for the hydrated complek-2.5H,0. Regardless of the details
at 300 K and is slightly below the spin-only value of 14.75 of the fitting of the data forl and 1-2.5H,0, it is clear from
cm?® mol~! K expected for a complex consisting of two Mn  Figure 2 that the data for the hydrated complex exhibit a higher

and two M noninteracting ions. At lower temperaturgs, T v T maximum at low temperature. This suggests that5H,0
slowly increases to a maximum of 20.65tmol~! K at 15.0 has a larger spin ground state than does compldifferent
K, whereupon it decreases to 16.00%mol~! K at 5.00 K. If preparations of this complex were examined to find that this

there are no intermolecular ferromagnetic exchange interactions,observation is reproducible. A least-squares fit of the data for
this increase iy T at lower temperatures is a clear indication 1:2.5H,0 with the above Kambe model shows that this hydrated

of a large-spin ground state. Similar dependencieg,dfupon complex has a ground-state spingf= 9. The solid in Figure
temperature have been observed for,¥fMn;,,5° and Mry?” 2 illustrates a fit with the parametegs= 1.89,Ju, = 1.1 cn1%,
complexes that have been determined to Mawe%,, S= 10, andJyp = 8.7 cnml,

and S = 11 ground states, respectively. The decreasgyn An analysis of variable-field magnetization data (vide infra),
observed at low temperatures is likely due to zero-field splitting taken at the lowest temperatures, can more directly determine
and/or Zeeman effects. the spin of the ground state. That is, if only (a component of)

the ground state is populated in the 2400 K range in fields

of 20—50 kG, then variable-field magnetization data can be used
to determine the ground-state spin in the presence of a magnetic
field.

Direct Current Magnetization vs Magnetic Fields. To
confirm the ground spin state and to determine the magnitude
of the zero-field splitting, dc magnetization vs field measure-
ments were made at applied magnetic fields of 20, 30, 40, and
50 kG in the 2.6-4.0 K range for restrained samplesloand
1-2.5H,0. The data in Figure 4 are shown as reduced magne-
tizationM/(Nug) plotted vsH/T, whereM is the magnetization,

- Ao a2 A Ao a2 A N is Avogadro’s numberyg is the Bohr magneton, arid is
H==JuE —S — )~ S~ S - S5) (2 the magnetic field. For complexes populating only the ground
state and with no zero-field splitting the magnetization follows

The ymT vs temperature data for the desolvated comglex
were fit in order to determine the magnetic exchange interac-
tions. Owing to the low symmetry df, three different types of
exchange pathways exist, making it impossible to employ the
Kambe vector coupling approach. As an initial approximation,
the experimentajuT vs temperature data were least-squares-
fit using a model where only two dominant exchange pathways
were considered (Figure 3). This approximation equaiges
J23 = Jwp- This enabled us to use the Kambe vector coupling
method to derive the following spin Hamiltonian:

where$ =5 +% =%+ % ands5 =5 + &. the Brillouin function and the isofield lines all superimpose and
saturate at a value @fS The data in Figure 4 show that the
(77) Bolcar, M. A.; Aubin, S. M. J.; Folting, K.; Hendrickson, D. N.;  isofield lines do not superimpose for either complesxor 1-

Christou, G.Chem. Commurl997, 1485. 2.5H,0, indicating that the ground state is zero-field-split.
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18 nents of the large-spin ground state. HFEPR has been used to
161 R e characterize the ground state of several high-spin com-
—oe o plexest80.81An analysis of HFEPR spectra can give the sign
149 —— and precise values for the zero-field splitting parameters. In an
£ 127 ideal case, the spin of the ground state can be determined by
g 10 simply counting the number of peaks in the fine structure, and
= o] the zero-field splitting can be evaluated from the spacing
between successive peaks in the fine structure.
61 The microcrystallites of a SMM orient in a moderate magnetic
4] field so that the principal componermgxis) of the susceptibility
2] tensor for each molecule is parallel to the direction of the
. . . T : external field if all molecules are aligned in the crystal. The
141 %—/' HFEPR spectrum for such an oriented microcrystalline sample
12 only shows the parallel EPR signaj) In this case, the simplest
o spin Hamiltonian is given by
10 L.
£ H = qugH-S+ D[S — (19S(S+ 1)] 4)
= 61 In this equationes is the Bohr magneton arglis Lande’s factor.
4] The first term is the Zeeman term, and the second is the axial
5] zero-field interaction term. The paramet® gauges the
magnitude of the axial zero-field spitting of the ground state.
0 z o s » e The resonance field at which a transition occurs between _the
Ms and Ms + 1 zero-field components of the ground state is
H/T [kG/K] given in
Figure 4. Plot of the reduced magnetizatid®(Nug) vs the ratio of hy
the external field and the absolute temperature. The top diagram shows H=——-(2M,+ 1)D' (5)
the data for complet measured at 2(K), 30 @), 40 (a), and 50 ¥) 9g

kG in the 2-4 K range. The data were fit (see text) assuming only the . ) )
ground state is populated; the solid lines represent the fits. The bottomWherehw is the microwave energy arid’ = D/(gug) for the
diagram illustrates the data and fit for the hydrated compt&x5H:0. parallel EPR transitions.
HFEPR spectra were recorded at 218.0, 328.4, and 436.0 GHz

It can be seen in Figure 4 that the magnetic field saturation in the 4.5-30 K range for an oriented microcrystalline sample
values of complexes and1-2.5H,0 are different. For complex  of complex1-2.5H,0. Figure 5 shows the 218.0 GHz spectra
1in an applied field of 50 kG the reduced magnetization at 2.0 taken at 4.5 and 30 K. Examination of the 4.5 K spectrum shows
K is 14.0Nug, which is appreciably less than the value of that there are basically three regions of transitions: ca. 4, 8,
16.3Nug obtained for complex-2.5H,0 at 50 kG and 2.0 K. and 12 T. The features seen at daT are due to the 218.0
TheM/(Nug) vs H/T data for each of these two complexes were GHz irradiation, Whereas_those at 8 and 12 _T are dug to the
fit using a model that assumes only that the ground state is 328.4 and 436 GHz microwaves, respectively. This was
populated in the 2:84.0 K and 26-50 kG ranges. A spin confirmed by independent spectra run at these higher frequen-
Hamiltonian including an isotropic Zeeman interaction and axial cies. In the HFEPR experiment, high-pass filters block out the
zero-field spitting DS?) was used to least-squares-fit the data. lower frequency harmonics but not the higher harmonics. Thus,
The matrix was diagonalized on each cycle, and a powder With 220 GHz irradiation, peaks that arise from 330 and 440
average was calculated. GHz are always Qbsgrved. _

The reduced magnetization data for the nonsolvated complex It can be seen in Figure 5 that many more peaks are seen in
1 were fit assuming & = 8 ground state with the parameters the 30 K spectrum of comple%-2.5H,0 than in the 4.5 K
of g = 1.83 andD/kg = —0.35 K. These data could not be fit ~SPectrum. Fine structure patterns are clearly seen in the 30 K
with eitherSr = 9 or Sy = 7, for the resultingg values were ~ spectrum. At 4.5 K only the lowest energyls zero-field
unreasonable. Fitting the reduced magnetization data for thecomponent of the ground state is thermally populated. At 30 K
hydrate1-2.5H,0 was only possible witts; = 9. The fitting severalVMs levels are populated and many other transitions are
parameters were found to lpe= 1.93 andD/kg = —0.37 K. seen. Since the new transitions in each fine structure group occur
Thus, the fitting of the variable-field magnetization data clearly at higher fields than the most intense peak seen in the 4.5 K
indicates that comples has aS; = 8 ground state, whereas ~ SPectrum, it can be concluded that the zero-field splitting
complex1-2.5H,0 has aSr = 9 ground state. parameteD is less than 0. ID is greater than 0, then the new

High-Frequency EPR Verification of theS= 9 ground state  transitions seen at the higher temperatures would be expected
for complex1+2.5H,0 was obtained by means of high-frequency at lower fields. _ _
EPR (HFEPR). This technique is ideally suited for complexes ~ Close examination of the fine structure observed in the 30 K
that have appreciable zero-field splitting and/or an integer-spin SPECtrum in the ca. 3:57.5 T region shows that there is more
ground staté8-8 Since the microwave energies employed than one fine structure pattern at 218.0 GHz. In the 4.5 K
(>100 GHz frequency) are relatively large, it is possible to SPectrum, clearly the most intense peak is seen at 3.959 T. Thus,

observe direct transitions between the zero-field split compo- the 3.959 T peak in the 30 K spectrum can be assigned as the
leading peak in the dominant fine structure pattern seen. The

(78) Brunel, L.-C.; Barra, A-L.; Martinez, Ghysica B1995 204, 298. two lower intensity peaks seen at fields less than 3.959 T must
(79) Barra, A.-L.; Brunel. L.-C.; Gatteschi, D.; Pardi, L.; SessoliARc.

Chem. Res199§ 31, 460. (81) (a) Barra, A.-L.; Gatteschi, D.; Sessoli, Rhys. Re. B. 1997, 56,
(80) Barra, A.-L.; Caneschi, A.; Gatteschi, D.; SessoliJRAmM. Chem. 8192. (b) Barra, A.-L.; Caneschi, A.; Gatteschi, D.; Sessoll. Rlagn.

Soc 1995 117, 8855. Magn. Mater 1998 177—181, 709.
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1.0 Figure 6. Plot of the resonance field vs tivi number for the HFEPR
transitions between ths and (Ms + 1) zero-field components of the
ground state of complet-2.5H,0. HFEPR data were measured at
218.0, 328.4, and 436.0 GHz. The solid lines represent a fit of the data
0.5 to the spin Hamiltonian given in eq 6.
2 . " .
2 for all three frequencies. All of the resonance positions listed
§ in Table 3 were analyzed to determine the spin and zero-field
~ 00 splitting parameters of the ground state. All of the data are
plotted in Figure 6 as resonance field vs Mevalue for each
Ms — (Ms + 1) transition. This plot was made assuming the
05 ground state haS= 9, and therefore in a field the lowest energy
level hasMs = —9. Thus, at 218 GHz and 30 K théds = —9
} — — } to Mg = —8 transition is seen at 3.959 T. From Figure 6 it is
2 4 6 8 10 12 14 clear that the resonance field positions it exhibit a linear
Field [T] dependency oM, as expected from eq 5. These data were

best accommodated by assumiSg= 9 and using the spin

Figure 5. HFEPR spectra recorded at 218 GHz for a microcrystalline Hamiltonian given in

sample of complex-2.5H0 that had been oriented in a strong field.
The top plot is of the 30 K spectrum, whereas the 4.5 K spectrum is N NN ao 1 0nd
shown in the bottom plot. H=gugH:S+ D[S” — (/5)SS+ 1)] + 35B,'S," (6)

T'\ibIegbll\?ﬂesongntHFieI(glgrangigon(s) for The quartic longitudinal zero-field interaction term,B3854,
[Mn4(O-CMe)(pdmHY)](CIO4)>-2.5H0. is needed to fit the data. This term was also employed to fit
resonance field HFEPR data for M8t and Mn3° SMM’s.

transition 218.058 GHz 328.419 GHz 436.024 GHz The resonance field data for all three frequencies were fit to

Ms—Ms+1 exp calc exp cale exp calc eq 6 by adopting the eigenfield approach with the downhill
) 5 A PN

—90—--80 3959 3995 7.896 7.958 11.736 11.823 Sr']f"pf'.ex fmﬁthg& The solid lines in F'gu(;e 6 Co”?fp]f.’”.d to
—-8.0——7.0 4.145 4.076 8.084 8.039 11.925 11.904 this fit of the data assuming a=9 groun state. The Ittlng
—7.0—-6.0 4.391 4296 8.329 8259 12.173 12.124 parameters were found to lge= 1.99(1),D = —0.45(1) K,
—6.0——-50 4.707 4.636 8.648 8.600 12453 12465 andB,’ = 2.9(3) x 10°° K. When the ground-state spin was
—50—-40 5113 5079 9.059 9.042 12.888 12.907 t5ken asS = 8, the fitting parameters were found to he=
—4.0—-3.0 5605 5604 9556 9.568 13.369 13.432 210(1).D = —0.47(1) K BL = 4.1(4 105K Si
—30—--20 6173 6194 10114 10158 13931 14.023 2:10(1),D=—0.47(1) K, andB,* = 4.1(4) x . Sinceg

—20—-1.0 6.805 6.831 10.778 10.794 = 2.10 is unreasonable for a complex made up of'Vand
-1.0—0.0 7.473 7.495 11.432 11.459 Mn" ions®® and since the variable-field magnetization data
00720  BaaL 808 indicatedS= 9, it has to be concluded that compl&®R.5H,0
20—30 9514 9469 does indeed have &= 9 ground state.
3.0—4.0 10.098 10.059 Future HFEPR experiments are planned for the nonsolvated
40—5.0 10.734 10.585 complex 1; however, this is made difficult by the ease of

hydration of this complex.

be part of other signals. In Table 3 are summarized the peaks Alternating Current Magnetic Susceptibility . Complex1
we have identified that belong to the main fine structure pattern has aS= 8 ground state, whereas compl&2.5H,0 has aS
seen at 218 GHz. A new sample &f2.5H,0 was prepared = 9 ground state. In both cases there is appreciable magnetic
and HFEPR spectra for this second sample showed that theanisotropy due to the zero-fieldG?) interaction. As shown
relative intensities of the different groupings do change from in Figure 7, for aS= 8 complex, the combination of a large
one sample to another. It has to be concluded that in additionspin and anisotropy leads to a potential-energy barrier for
to the main fine structure pattern there are one or two other reversal of the direction of magnetization for a molecule. Zero-
patterns present. There could well be some small amount of
the nonsolvated complexor some other modified form of the ~ (82) lBlelfzosrcli, B. B.; Belford, R. L.; Burkhalter, J. B. Magn. Resorll973
complex present that gives rise to the weaker signal. e . . i . : .

In addition to 218 GHz, 30 K spectra were run f62.5H,0 (83) Barra, A.-L.; Gatteschi, D.; Sessoli, R.; Abbati, G. L.; Cornia, A.;

! Fabretti, A. C.; Uytterhoeven, M. GAngew. Chem., Int. EdL997,
at 328.4 and 436 GHz. Table 3 lists the resonances observed 36, 2329.
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Figure 7. Plot of the potential energy vs magnetization direction for
a single-molecule magnet withS= 8 ground state split by axial zero- 4]
field splitting. The potential energy barrier heightis= |DS?.

10Hz
57Hz
170Hz
495Hz
995Hz

field interactions split th&= 8 state into théVls= +8, +7, ...,
+1, 0 levels depicted in Figure 7. Whé&nh< 0 in zero applied
field, theMs = +8 andMs = —8 states are the lowest in energy.
The Ms = —8 state can be viewed as the “spin up” state and
the Mg = +8 state as the “spin down” state. The double-well
diagram of Figure 7 shows how the potential energy of one
molecule changes as it reverses its direction of magnetization o] ,
from “spin up” to “spin down”. The potential-energy barrier is 05 10 15 20 25 30 35
given byU = |DSA. co s

At low temperatures where the thermal energy is less than T [K]
the barrier height in Figure 7, slow magnetization relaxation is rigure 8. Plots ofy'wT (top) andyw” (bottom) vs temperature for a
observed for SMM’s. The ac magnetic susceptibility can be used polycrystalline sample of complekin a 1.0 G ac field oscillating at
to determine the rate at which a SMM can convert from “spin the indicated frequencies, wherg' andyw'’ are the in-phase and the
up” to “spin down”. The ac field is oscillated at a set frequency. out-of-phase ac magnetic susceptibilities, respectively.
When this frequency equals the rate of magnetization reversal
a maximum in the out-of-phase ac susceptibilify'() is
observed. At a given frequency of oscillation of the ac field,

o4 P>onn

'y [cm3 mol'l]
e

'Table 4. Out-of-Phase Alternating Current Magnetic Susceptibility
Results for Two Forms of Complek

the temperature of a complex is varied to find a maximum in [Mn4(O,CMe)(pdmH)](ClO). (1)
' ac frequency (Hz) peak temp [K]  In(1/r)° UT K]
The ac susceptibility data were collected for complekes 995 2.03 6.903 0.493
and 1-2.5H,0. Initially, for complex1 it was found using a 495 1.902 6.205 0.526
MPMS2 SQUID that the maxima iy’ vs temperature were 170 1.742 5.136 0.574
found to generally fall at lower temperatures than the 1.7 K 2‘7‘ ig?j 2‘84712 g'ggg
lower limit of the instrument. Only at 1000 Hz was the 31 1.505 3.434 0.664
maximum in theyy' vs temperature plot visibé. As a result, 16 1.394 2.773 0.717
ac susceptibility measurements were carried out by cooling the 10 1.332 2.303 0.751
sample with &He—*He dilution refrigerator. In this manner it g; i'iéz (1)';32 8;2:73
was possible to collect data in the 6:3.5 K range. Eleven 1.1 1.157 0.095 0.864
different ac frequencies were used in the range-995 Hz.
Figure 8 shows the data collected in an ac field oscillating at [Mn4(OCMek(pdmH)](ClO4)2-2.5H,0 (1:2.5H,0)
995, 495, 170, 57, and 10 Hz. At 995 Hz, there is a decrease in ac frequency (Hz) peak temp [K]  In(1/r)° UT[K]
the in-phase ac susceptibiligy' below 2.5 K such thay'mT 1250 2.332 7.131 0.429
=19 cn? mol 1K at 2.5 K and drops tg'wT = 2.7 cn® mol~* 1000 2.277 6.908 0.439
K at 1.0 K. In this same temperature region thg' signal 750 2214 6.620 0.452
appears and becomes a maximum at 2.03 K, the temperature at ggg iége ggg 8:‘;(6)2

which the rate of magnetization reversal for an individual . ) _ )
molecule equals the inverse of the frequency of oscillation of ~ ®This is the temperature_vyhe[’e there is a maximum in the out-of-
the ac field. When 11 different frequencies of ac field oscillation Phase ac magnetic susceptibiligy". “This is the natural logarithm of
were employed, it was possible to tabulate rates of magnetizationthe inverse of the magnetization relaxation time calculated from the
. B . frequency of the ac magnetic field.
reversal at 11 different temperatures, as given in Table 4. . ' .
The magnetization relaxation rate data obtained from the ac2.54 x 1077 s. This value ofAE is to be compared with the

data for complext were fit to the Arrhenius equation= 1o thermodynamic barrier of 22.4 K, calculated for complex

e 2E(N_ |n this equation for the relaxation time AE is the with the values ofS= 8 andD = —0.358 K, as obtained in
activation energyk is Boltzmann’s constant, ang is is the fitting the variable-field magnetization data. It is quite reasonable
preexponential factor. Figure 9 gives a plot of Inflys 17T, thatU > AE because the magnetization direction reversal of a

where the solid line represents the least-squares fit of the dataSMM may involve not only a thermal activation over the
to the Arrhenius equation. From the fit the activation energy Potential energy barrier but also gquantum tunneling of the

AE was found to be 17.3 K with a preexponential factor of direction of magnetization. In fact, for all single-molecule
magnets studied it has been found thht> AE. Quantum

(84) Brechin, E. K.; Yoo, J.; Nakano, M.; Huffman, J. C.; Hendrickson, tunneling of the direction of magnetization has been conclusively
D. N.; Christou, G.Chem. Commurl999 783. established.
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Concluding Comments

The synthesis, X-ray structure, and magnetic properties of a
new type of single-molecule magnet, [M®AC)(pdmH)]-
(ClOy)2 (1), were presented. The X-ray structure shows a
valence-trapped, mixed-valent MgMn', complex. Since it has
been shown previously that the electronic structures of mixed-
valence complexes in the solid state are quite sensitive to the
nature of solvate molecules present in the crystais,was
reasonable to find that different solvates Iohow different
properties. The nonsolvated complex was shown with
magnetization data to haveSe= 8 ground state, whereas the
hydrated complex-2.5H,0 has aS = 9 ground state. This
difference is reflected in the ac magnetic susceptibility responses
of the two forms of the complex. Clearly, complexeand 1-

Figure 9. Plot of the natural logarithm of the magnetization relaxation 2-9HO are Single'mc’leCUle magnets, and at temperatures below
rate [In(1£)] vs the inverse of the absolute temperature. The solid line ca. 2 K, there is slow magnetization relaxation.
represents a least-squares fit of the data to the Arrhenius equation (see |t will prove interesting to compare the magnetization

text).
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2y T [em® mol'K]
[ 4
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X'm [cm3 mol'l]

relaxation characteristics of compléxwith those of [MnOs-
CI(O,CCHg)3(dbm)] (3). Complex3 has a M Mn'"' 5 distorted
cubane construction and has been shown to hage=a%,
ground state wittD = —0.53 cntl. Steps were observed on
the magnetization hysteresis loop, showing that comBlexa
single-molecule magnet. CompleX shows a temperature-
dependent magnetization relaxation in the-2& K range with
an activation energy ohE = 11.8 K. It was most interesting
to find that in the range 0.390.60 K the magnetization
relaxation rate is temperature-independent. Bus 9, single-
molecule magnet exhibits a tunneling of its direction of
magnetization at a rate of 3.2 1072 s 1 in the 0.39-0.60 K
range. Resonant magnetization tunneling is occurring between
the lowest energy leveldyls = —%, and Ms = +9%5, of the
ground state.

Complex1 has a larger ground-state sp®+ 8) and smaller
axial zero-field splitting D = —0.25 cnT?) than complex3.
Preliminary experiments show that compléxalso exhibits
guantum tunneling of the direction of magnetizatfthat occurs
with a temperature-independent rate that is considerably slower
than the 3.2« 10-2 s 1 rate shown by comple3.53" However,
the temperature-independent tunneling rate of compldres
not appear to be as slow as tkd 08 s~1 rate reported for the
S = 10 complex [Mn20;2(0O2CCHz)16(H20)4]-4H,0-2HO,-
CCHs.88 The origin of the resonant magnetization tunneling in

T K] these single-molecule magnets is an actively pursued research

topic18-2137.87 Transverse components of either zero-field

polycrystalline sample of comple2H,0 in a 1.0 G ac field oscillating ~ INteractions or magnetic fields determine the rate of resonant

at the following frequencies: @) 1250, @) 1000, @) 750, (&) 500, magnetization tunneling. The transverse magnetic field may be

and (¥) 250 Hz. The inset in the bottom diagram gives a comparison external or it may be from an internal field in the crystal due to

of the data for complexeband1-2.5H,0, each measured at 1000 Hz.  neighboring paramagnetic molecules and/or nuclear spins at the
Mn (I = 5/,) atoms.

Figure 10. Plots ofy'wT (top) andym" (bottom) vs temperature for a

The hydrated complekx-2.5H,O was also characterized with
ac magnetic susceptibility. The ac susceptibility measurements Acknowledgment. G.C. and D.N.H. thank the National
were performed on the same sample of comdex5H,0 as Science Foundation for support of this research.
was used in the dc susceptibility experiments. The results are
shown in Figure 10. A comparison with the data shown in Figure
8 for complex1 shows that theyy' peaks for the hydrated
complex 1-2.5H,0 occur at higher temperatures than for
complexl. For example, at a frequency of ca. 1000 Hz there is 1co00237wW
a shift of theyu" peak from 2.0 K for complex to 2.3 K for
complex1-2.5H,0. The data for the hydrated complex were
also least-squares-fit to the Arrhenius equation to give an Chemistry, Physics, and Biologyrassides, K., Ed.; Kluwer Academic
activation energy oAE = 16.7 K. This is to be compared with Publishers: Dordrecht, 1991; pp 690.
U = 30 K evaluated for this hydrated complex from the dc (86) Yamaguchi, A Ishimoto, H.; Awaga, K.; Yoo, J. S.; Nakano, M.;

At ; — Hendrickson, D. N.; Brechin, E. K.; Christou, Bhysica Bin press.
magnetlzatlo_n data. There is a Sm_a” change b ];7'3 (87) Friedman, J. RPhys. Re. B 1998 57, 10291 and references therein.
K for the S = 8 complex1 to AE = 16.7 K for theS = 9 (88) Paulsen, C.; Pouk, J.-G.; Benbara, B.; Sessoli, R.; Caneschi, A.
complex1-2.5H,0.
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