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Two new heterometallic cubane molecules have been synthesized. and magnetic exchange interactions within SMMS.
High-frequency electron paramagnetic resonance and magnetiza- Because these Mfiing"" cubane complexes have served as
tion measurements indicate that [Mn3Ni(hmp)sO(N3)s(C7Hs02)3] (1) a cornerstone in the study of the quantum effects in
displays a well-isolated S = 5 ground state (AE > 120 K), with g magnetization dynamics of nanomagnets, it has been of
= 2.0, D = -0.23 cm™?, and ferromagnetic Mn—Mn exchange interest to modify the structure of this cubane complex by
interactions competing with antiferromagnetic Ni—Mn interactions. replacing one or more of the metal ions. Such modifications
[Mn3Zn(hmp)sO(N3)3(CsHs0,)s] (2) possesses a S = 6 ground state may provide the means to covalently interconnect two such
(AE> 105 K), with g = 2.0, D = —0.14 cm~%, and ferromagnetic cubane SMMs.

Mn-Mn exchange interactions. Magnetization vs magnefic field Herein we report two distorted heterometallic cubanes with
data for oriented single crystals of 1 and 2 indicate that both the formulas [MBNi(hmp)O(Ns)s(CsHs02)s]-2CHCE (1;
complexes are single-molecule magnets. Figure 1) and [MaZn(hmp}O(Ns)3(CsHs02)3]-2CHCE (2).14

Both complexes possess the same {Ki0,]®* cubane core
structure but differ in the divalent metal ion and the nature
of the carboxylate ligands.

Complexesl and2 crystallize in the trigonal space group

High-valent manganese complexes have been widely
studied in the past decade because of their interesting
magnetic properties and relationship to the oxygen-evolving . ; )
center of photosystem 4 Mn'VMns' cubane complexes R3c. The metallic cores are composed of a triangle of'Mn
have been found to be of particular interest because they!ons and aMion (M = Niin 1and Zn in2) residing above
have a5= %, ground state that is well separated from excited € basal MH plane. These designations were made on the
states and function as single-molecule magnets (SMMs). basis of bond valence sum calculations and the presence of
These half-integer Mn SMMs have been employed to Jahn-Teller (JT) distortions. Projections of the individual-
demonstrate numerous phenomena such as spin frustfation 0" JT axes (O+Mn1-04) lead to a net axial anisotropy
exchange bias in a supramolecular difhéne spin-parity orthogonal to the Mgiplane. Thregis-alkoxo bridges mediate

I _pall i i
effect® insight into quantum coherenéand the spin-parity ~ Mn"' —M" interactions, and as-oxo bridges the three Mh
effect? Through the introduction of heterometal spins, it is 1ONS- The remaining coordination environments are com-

possible to affect the magnetic anisotropy, spin ground state,Pleted by 3hmp, 3Ns™, and three carboxylate ligands, where
hmp™ is the anion of 2-pyridinemethanol.
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Figure 1. ORTEP diagram of. Thermal ellipsoids are at 50% probability.
2 retains the same core structure but witt?Zneplacing N¥#*.

Figure 3. ymT vs T (top) plot and field dependence of magnetization at
the fields indicated (bottom) fa2. The solid lines are the best fits using
values given in the text.

for a Mn'"3Ni" complex withC; symmetry is given by eq 1

H= _Z‘JNi—Mn(ASlASZ + Aslg + ASlASA R L .
2‘]Mn—Mn(sts + 5254 + SSSA) (1)

whereS, =1 andS = S = S = 2. The Kambe vector
coupling method was used to determine the eigenvalue
equation, wher&, = (S + S+ S) andSr = (S + ).

E(SrS) = —dicmnl(Se(Sr +1) = Si(S + )] —
Jun-mn[Sa(Sy + 1) (2)

Determination of the values df;—wn andJun—mn for complex
1 was accomplished by substitution of these energies into
the van Vleck equation. An isolat&= 5 ground stateAE
= 122 K) was obtained with best-fit parametergyof 1.9,
Figure 2. ymT vs T (top) plot and field dependence of magnetization at Ini-vn = —5.2 entt, and Jyn-wn = 8.3 cnTh. A similar
the fields indicated (bottom) fat. The solid lines are the best fits using ~ approach was followed fa@, resulting in an isolate® = 6
values given in the text. ground state AE = 107 K) and parameters of = 2.0 and
. - . Jvin-mn = 7.4 cnrL,
Magnetic susceptibility measurements were carried out at /5 iaple-field magnetization data were collected to con-
1 T on a polycrystalline sample embedded in eicosane. Thegm the spin ground state of the two complexes. Becduse
xm1 vs T plot of 1 shows a room-temperature value of 10.7 g2 exhibit well-isolated ground states, the Hamiltonian

cmP-K-mol™* that increases upon cooling to a maximum given in eq 3 can be used, wheleis the axial zero-field-
value of 13.6 cm&K-mol* at 60 K, followed by a decrease

below 60 K (Figure 2, top). ThegnT vs T plot of 2 shows a H=DS?+ gug,SH, (3)
room-temperature value of 11.3 &id-mol~! that increases

upon cooling to a maximum value of 21.0 ##-mol™*at  splitting (zfs) parameteys is the Bohr magnetono is the
16 K (Figure 3, top). To determine the spin-state distribution vacuum permeabilityS, is the easy-axis spin operator, and
and exchange interactions I a HeisenbergDirac—van H; is the applied field. The best fit fdk (Figure 2, bottom)
Vleck spin Hamiltonian was employed. The spin Hamiltonian gave parameters &= 5, g = 1.9, andD = —0.22 cm%.
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Figure 4. Temperature-dependent hysteresis loop measurements for a sin-

gle crystal ofl. The magnetization is normalized by the saturation vélye

are indicative of SMMs, as indicated by the temperature
dependence of the coercivity. In both cases, after magnetiza-
tion saturation in a field, reduction of the field leads to a
pronounced step & = 0, whereupon reversal of the field
direction leads to a second step. The separation between
vertical steps correspondsio There is clearly a very rapid
rate of tunneling of the magnetization direction present in
complex1 and an even faster tunneling in comp2xThe
MnVMn3" SMMs exhibit a slower magnetization tunneling
because they have a half-integer spin ground $tate.

High-frequency electron paramagnetic resonance (HFEPR)
experiments were carried out on a single crystdl of order
to obtain the spin of the ground stat®,(and the sign and
magnitude of the zfs parametdd)( using previously pub-
lished method&® Figure 6 illustrates the temperature de-
pendence of the hard-planey spectra forl collected from
2 to 20 K at 59.9 GHz and clearly indicates that the sign of
D is negative (increased intensity for high-field transitions
at low temperatures). HFEPR data were collected at several
frequencies in two orthogonal planes. The resonance fields
for both orientations were fit, giving the following zfs
parametersS= 5, g, = 2.02,D = —0.23 cm'%, andB] =
—5.7 x 1078 cm™. These fitting parameters are in good
agreement with the parameters calculated from theoretical
fits of reduced magnetizatiog & 1.9 andD = —0.22 cnT1?)
and magnetization hysteresis dabBa£ —0.24 cn?).

Two new heterometallic SMMs that exhibit well-isolated
integer spin ground states have been synthesized. These

Figure 5. Temperature-dependent hysteresis loop measurements for a sin-molecules possess a triangle of ferromagnetically coupled

gle crystal of2. The magnetization is normalized by the saturation vélye

Figure 6. Hard-plane temperature-dependent spectralfopllected at
59.9 GHz.

The best fit for2 gaveS= 6,9 = 2.0, andD = —0.14 cm®
(Figure 3, bottom).

Alternating current (ac) magnetic susceptibility measure-
ments in a zero direct current field were performed on
polycrystalline samples from 5.0 to 1.8 K with a 3.0 G ac
field oscillating at 256-1000 Hz. The onset of a frequency-
dependent out-of-phase signal beld K suggests that
complexl is a SMM. To further probe this possibility, single-

Mn" ions and exhibit fast magnetization tunneling. The large
energy separation between the ground and first excited spin
states leads t8& andMs as good quantum numbers. This is
often not the case in manganese chemistry, makiagd2

very attractive for fundamental, detailed studies of magnetic
exchange and quantum phenomena. By variation of the
divalent metal ion and carboxylate ligands, tuning of the spin
ground state, axial anisotropy, pairwise exchange interactions,
and intermolecular exchange interactions can be achieved.
Following similar synthetic methods, other heterometallic
cubane and bridged cubane molecules have been made. These
complexes possess varying combinations of manganese
oxidation states, leading to integer and half-integer spin
ground states. Investigation of these molecules is currently
underway and will be reported in a future publication.
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crystal hysteresis loop measurements were performed using

a micro-SQUID array® The resulting hysteresis loops,
shown in Figures 4 and 5 for complexkand2, respectively,
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