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Single-Molecule Magnets: Different Rates of
Resonant Magnetization Tunneling in Mn12
Complexes**
Daniel Ruiz, Ziming Sun, Belen Albela, Kirsten
Folting, Joan Ribas,* George Christou,* and David N.
Hendrickson*

There is considerable and growing interest in single-
molecule magnets.[1] A single-molecule magnet has a large-
spin ground state with appreciable magnetic anisotropy,
resulting in a barrier for reversal of the direction of magnet-
ization. At low temperatures magnetization hysteresis loops
are seen, as are out-of-phase ac susceptibility signals. The
most thoroughly studied single-molecule magnet is 1,[2±7]

commonly called ªMn12 ± acetateº or simply ªMn12º. In

[Mn12O12(O2CMe)16(H2O)4] ´ 2HO2CMe ´ 4 H2O 1

addition to an application as a molecular memory device,
interest in these molecular magnets stems from the possibility
of observing macroscopic quantum tunneling (MQT).[8] Fried-
man et al.[9] reported for the first time the observation of
resonant magnetization tunneling for Mn12 ± acetate mole-
cules in a crystal. Steps were observed at regular intervals of
magnetic field in the magnetization hysteresis loop for
oriented crystals. This has been confirmed by others.[10, 11]

Herein we present magnetization hysteresis data for several
[Mn12O12(O2CR)16(H2O)4] complexes with different carbox-
ylate ligands. Data are presented for oriented crystal samples.
The hysteresis step heights are highly dependent on the
substituent R. Thus, the rate of resonant magnetization
tunneling varies appreciably from complex to complex.

Two new Mn12 complexes with the composition
[Mn12O12(O2CR)16(H2O)4], where R is either C6H4-2-Cl (2)
or C6H4-2-Br (3), were prepared. As confirmed by the X-

[Mn12O12(O2CC6H4-2-Cl)16(H2O)4] 2

[Mn12O12(O2CC6H4-2-Br)16(H2O)4] 3

ray structure analysis,[12] complex 2 ´ CH2Cl2 ´ 5 H2O possesses
a [Mn12(m3-O)12] core comprising a central [MnIV

4 O4]8� cubane
held within a nonplanar ring of eight MnIII ions by eight m3-O2ÿ

ions (Figure 1).

Figure 1. Structure of the core of 2 ´ CH2Cl2 ´ 5H2O. The 2-chlorobenzoate
rings are omitted for clarity.

Peripheral ligation of complex 2 is provided by sixteen h2-m-
carboxylate groups and four H2O ligands. Complex 2 is
structurally similar to complex 1. The most notable difference
is the positioning of the four H2O ligands: The acetate
complex 1 has one H2O ligand on each of four MnIII ions.
Complex 2 has one H2O ligand [O9] on each of the two atoms
labeled Mn5; the other two H2O ligands [O8] are disordered
together with the carboxylate oxygen atom that is shared by
Mn1, Mn5, and Mn7. Complex 2 is located on a twofold axis,
whereas complex 1 has a higher 2,2,2 crystal site symmetry. A
variety of data, including variable-field magnetization, indi-
cate complex 3 also has the same basic Mn12 core as 1 and 2.

Magnetization hysteresis data obtained for oriented crystal
samples of complexes 1, 2, and 3 at 2.0 K are shown in
Figure 2. In each case, a few small crystals of a complex were
suspended in eicosane held at 40 8C. This eicosane suspension
was then introduced into a 5.5 T field, whereupon the crystals
were oriented, each with their easy axis (i.e. the direction of
the largest component of the crystal�s magnetic susceptibility
tensor) parallel to the field. The eicosane was then cooled to
room temperature, which resulted in a solid wax cube with the
crystals oriented with parallel easy axes. After thermal
equilibration at 2.0 K, each sample was saturated in a field
of �2.5 T. Then, the field was swept down to ÿ2.5 T, and
subsequently cycled back to �2.5 T. Each hysteresis loop was
collected in a period of 1.5 h.

Steps are seen in the hysteresis loops for all three Mn12

complexes. The positions of the steps are highlighted by
Figure 3, which shows the first derivative plots for the three
hysteresis loops. Such steps in a hysteresis loop have been
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Figure 2. Magnetization hysteresis loops measured at 2.0 K for oriented
crystals in eicosane matrix for three complexes: (&) acetate complex 1; (*)
2-bromobenzoate complex 3 ; (~) 2-chlorobenzoate complex 2. The
magnetization data for each complex is plotted as a normalized value
relative to the saturation magnetization Msat for the complex.

Figure 3. First derivative plots corresponding to the 2.0 K magnetization
hysteresis loops shown in Figure 2. Top: acetate complex 1; middle: Mn12-2-
bromobenzoate complex 3 ; bottom: Mn12-2-chlorobenzoate complex 2.

shown[9±11] to be due to increases in the rate of change of the
magnetization resulting from resonant magnetization tunnel-
ing. The relatively large ground-state spin of S� 10 together
with considerable negative magnetic anisotropy for each
molecule gives the double-well potential-energy diagram
shown in Figure 4. The double well represents the change in

Figure 4. Plot of potential energy versus the magnetization direction for a
single molecule with a S� 10 ground state. The axial zero-field interaction
(DSÃ2

z) splits the S� 10 state into m�� 10, � 9, ´´ ´� 1, 0 levels. The barrier
height U is equal to jD jS2� 100 jD j for the thermally activated process
that involves converting the magnetic moment of the molecule from the
ªspin upº ms� 10 level to the ªspin downº ms�ÿ10 level. The diagram is
drawn for zero applied field. x�Magnetization direction.

potential energy as a Mn12 molecule converts from the spin up
to the spin down state. The application of a magnetic field
stabilizes one state (e.g. , ms�ÿ10) relative to the other. All
of the Mn12 molecules populate the ms�ÿ10 when the
sample is saturated in a large magnetic field. In sweeping out a
hysteresis loop the first step occurs at zero field when there is
an alignment of energy levels in the two parts of the double-
well potential. At this point there is a resonant quantum
mechanical tunneling. Additional steps are seen as the field is
reversed and increased to give another alignment of levels in
the two wells. Regularly spaced steps are seen[9±11] at temper-
atures lower than 2.0 K.

As can be seen in Figures 2 and 3, there are appreciable
differences in the step heights between complexes 1, 2, and 3.
The scan rate and number of data points are the same for each
of the three complexes. Thus, as the field is swept from �2.5 T
to zero field, the first step seen for the acetate complex 1 is
small. Complex 3 shows a steeper step at zero field. The
steepest step is seen for complex 2. Exactly what factors
influence the rate of quantum tunneling of magnetization in
these molecules is not known.[9±11] It is clear that a transverse
(i.e. , perpendicular to easy axis) magnetic anisotropy is
needed, and this could arise from transverse quartic zero-
field interactions[13] or from transverse magnetic fields caused
by the nuclear spins.[14] Tunneling may not in fact occur
between the lowest energy levels (e.g., ms��10 and ÿ10 in
zero field), but instead an Orbach process may be involved.[4]

In this case, phonons are absorbed by a Mn12 molecule in a
crystal exciting the molecule to a higher energy level from
which it can tunnel through and/or be thermally excited over
the barrier. The very appreciable differences seen in the zero-
field steps for complexes 1 ± 3 demonstrate a significant
dependence of the observed tunneling behavior on the
complex identity, and such studies should ultimately give
insight about the mechanism of the tunneling; this informa-
tion would be essential if the potential application of single-
molecule magnets to, for example, memory devices is to be
realized.
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b-Homoalanyl PNAs: Synthesis and Indication
of Higher Ordered Structures**
Ulf Diederichsen* and Harald W. Schmitt

Peptide nucleic acids (PNAs) are oligomers possessing a
polyamide backbone in which the nucleobases of DNA/RNA
function as recognition units. The interaction of PNAs with
DNA double strands or RNA have increased in importance
because of their potential use in antigene or antisense
therapy.[1] In contrast, helical[2] or linear PNA ± PNA self-
pairing complexes[3] are uncharged models that are appro-
priate for investigating interactions between nucleobases or
between nucleobases and amino acids[4] and for examining
intercalation.[5] The linearity of two complementary strands is
an important structural feature of our previous investigations
on a-alanyl and a-homoalanyl PNAs. It is based on the 3.6-�
distance between two consecutive amino acid side chains in
the b-sheet conformation, which is similar to the stacking
distance of base pairs in DNA. Here we describe the synthesis
of Boc-b-homoalanyladenine (1) and its oligomerization to b-
PNAs. UV and CD spectra suggest that the hexamer and
pentamer are self-organized in higher ordered structures,
which can be rationalized from model studies as being
structurally inevitable.

Although there are many methods to synthesize b-amino
acids[6] , nucleo-b-amino acids have not been described to date.
The following difficulties have to be considered in linking the
nucleobase to the g position of the side chain (Scheme 1):
1) Nucleobases are poorly soluble in most organic solvents.
2) The desired nucleophilic attack by the N9 nitrogen atom of

regioisomers by
nucleophilic attackN7/N9
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Scheme 1. Side reactions in the synthesis of nucleo-b-amino acid 1.

Experimental Section

Samples of complex 1 were synthesized as previously described.[15]

[Mn12(m3-O)12(m-RCOO)16(H2O)4], R�C6H4-2-Cl, C6H4-2-Br: A slurry of
[Mn12(m3-O)12(m-MeCOO)16(H2O)4] (0.50 g, 0.25 mmol) in CH2Cl2 (50 mL)
was treated with an excess of the corresponding carboxylic acid RCOOH
(8.0 mmol). The mixture was stirred overnight in a closed flask and filtered
to remove any undissolved solid. Hexanes were added to the filtrate until
precipitation of a dark brown solid was observed. The resulting solid was
collected by filtration and the above treatment was repeated. The resulting
filtrate was layered with hexanes (100 ± 150 mL) and stored at room
temperature for several days. Since the acid was highly soluble in diethyl
ether but the Mn12 complex was only partially soluble in this solvent, a
diethyl ether/hexane(s) mixture (1:4) was used to wash the resulting solid,
which was finally dried in air. Recrystallization from CH2Cl2/hexane(s)
gave crystals of complex 2 suitable for X-ray structure analysis. Complex 2:
Elemental analysis calcd for [Mn12O12(O2CC6H4-2-Cl)16(H2O)4] ´ 4 H2O,
C112H80O52Cl16Mn12: C 38.58, H 2.30, Cl 16.30; found: C 38.4, H 2.4, Cl
16.2 %. FT-IR (KBr): nÄ � 1589, 1560, 1544, 1519, 1473, 1412, 1164, 1054,
750, 725, 702, 651, 614, 552, 522 cmÿ1. Complex 3: Elemental analysis calcd
for [Mn12O12(O2CC6H4-2-Br)16(H2O)4] ´ 3 H2O, C112H78O51Br46Mn12: C
32.17, H 1.88, Br 30.64; found: C 32.1, H 1.9, Br 30.7 %. FT-IR (KBr):
nÄ � 1585, 1543, 1518, 1470, 1411, 1161, 1045, 1028, 747, 695, 644, 614, 552,
518 cmÿ1.
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