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Figure 3. Arrhenius plot of 1 in the presence of applied dc fields of 0,
100, and 1000 Oe. The solid line represents an Arrhenius fit to the data in
the thermally activated regime. Deviations of the data from linearity are
due to quantum tunneling, as discussed in the text.
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Figure 4. Dependence of the magnetic relaxation time of 1 on applied dc
field strength at 1.8 K.

of the plot give an effective relaxation barrier of Uy = 20 cm™! and

a lifetime of 7o =1 x 107 s and are consistent with single-molecule-
magnet behavior. Previous studies of LnPc, complexes suggest that
the slow relaxation in such species occurs via an Orbach-type process,
whereby phonon energy is transferred to the spin system via the
spin—orbit interaction.®® However, the energy-level structure for
actinide-based molecules may differ considerably as a result of
increased mixing of low-lying states. Further experimental and
theoretical work is needed to determine the specific states constituting
the thermal activation barrier in 1.

Although the three sets of relaxation data shown in Figure 3 follow
the same line at high temperatures, the temperature at which they
deviate from linearity is dc-field-dependent. The deviation from
linearity at low temperature can be used to describe the onset of a
regime where quantum tunneling of the magnetization is the dominant
process.'© We were interested in further studying this aspect of the
behavior of 1 since Kramers ions have been shown to display quantum
tunneling between opposite orientations of the ground-state spin due
to mixing of the levels by transverse components of internal magnetic
fields.'® Such tunneling is maximized at zero applied magnetic field
because of the near degeneracy of the levels. To test whether this occurs
in 1, variable-frequency ac susceptibility data at a number of applied
dc fields in the range 0—500 Oe were collected. All of the data were
acquired at 1.8 K, where the deviations from Arrhenius behavior
suggest that quantum tunneling is the dominant process (see Figure
3). Hindrance of the tunneling should decrease the characteristic
frequency as the frequency moves closer to the Arrhenius line. If
quantum tunneling of the magnetization due to the Kramers ground
state is present at 1.8 K, a significant drop should occur in the resonant
frequency. Figure 4 shows a plot of the resonant frequencies at a
number of applied dc fields between 0 and 500 Oe. As predicted, a

significant dip in frequency is observed, and a minimum in the
tunneling rate (corresponding to a maximum in the relaxation time) is
reached at an applied field between 75 and 100 Oe. This result is
consistent with Figure 3, where the relaxation rate at an applied dc
field of 100 Oe shows the least deviation from Arrhenius-type behavior.

The observed behavior is indicative of ground-state tunneling, yet
the mechanism remains uncertain. In many systems, the tunneling can
be attributed to intermolecular dipole or hyperfine interactions. To test
whether the former are responsible for the tunneling, ac susceptibility
experiments were performed on a frozen THF solution of 1. These
measurements revealed only a small shift in the peak locations relative
to the data obtained for the solid sample (see Figure S2), which can
be explained by slight differences between the solid-state and solution
geometries of 1. Thus, intermolecular interactions are unlikely to be
the source of the observed tunneling. Additionally, our samples contain
greater than 99% 23¥U (depleted uranium), which has no net nuclear
spin, thus eliminating the possibility of a tunneling mechanism
stemming from hyperfine interactions.

The foregoing results demonstrate that a simple uranium(IIl)
complex with axial coordination can exhibit single-molecule-magnet
behavior. It is unlikely that this result is unique, and given the large
spin—orbit coupling and enhanced covalency of actinides relative to
lanthanides, there is significant potential for identifying molecules with
much larger relaxation barriers. Most importantly, the strategy of
maximizing ligand-field contributions above and below the equatorial
plane in various axial coordination geometries may provide a rational
path toward this goal.
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