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ABSTRACT: The Ph,P* salt of the tetrahedral complex
[Co(SPh),]*", possessing an S = 3/, ground state with an
axial zero-field splitting of D = —70 cm™, displays single-
molecule magnet behavior in the absence of an applied
magnetic field. At very low temperatures, ac magnetic
susceptibility data show the magnetic relaxation time, 7, to
be temperature-independent, while above 2.5 K thermally
activated Arrhenius behavior is apparent with U, = 21(1)
em™ and 7, = 1.0(3) X 1077 s. Under an applied field of 1
kOe, 7 more closely approximates Arrhenius behavior over
the entire temperature range. Upon dilution of the
complex within a matrix of the isomorphous compound
(Ph,P),[Zn(SPh),], ac susceptibility data reveal the
molecular nature of the slow magnetic relaxation and
indicate that the quantum tunneling pathway observed at
low temperatures is likely mediated by intermolecular
dipolar interactions.

D 1 olecules possessing an easy-axis anisotropy can display

slow relaxation of the magnetic moment upon removal
of a polarizing field. If the time scale of the relaxation exceeds
that of computation, such single-molecule magnets could
potentially find applications in high-density information storage
or quantum computing." The first molecule shown to exhibit
magnetic bistability, Mn;,0,,(0,CMe),4(H,0),, has a mag-
netic relaxation time of 2 months at 2 K.* Since this discovery,
chemists have sought new, synthetically tunable systems
wherein the relaxation barrier might be systematically increased.
In 2003, slow magnetic relaxation was observed in lanthanide
complexes,” while more recently this behavior has also been
reported for simple mononuclear complexes of actinides* and
first-row transition metals.> Significantly, the ability to enhance
the relaxation barrier by manipulating the ligand field has now
been demonstrated for a series of trigonal pyramidal iron(II)
complexes with S = 2 ground states.”® To date, however, all
such mononuclear transition metal-based single-molecule
magnets require application of a dc field to disrupt fast
quantum tunneling relaxation processes.

Quantum tunneling of the magnetization stems from the
mixing of +M; levels via hyperfine interactions, dipolar
interactions, or transverse zero-field splitting (E).° The latter
two possibilities can potentially be avoided by ensuring a large
separation between molecules and by utilizing a non-integer
spin system, for which Kramers’s theorem predicts that mixing
of the ground +Mj levels by E is forbidden.” Herein, we show
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that the S = 3/, complex [Co(SPh),]*” can indeed display slow
magnetic relaxation in the absence of an apglied magnetic field.

The compound (Ph,P),[Co(SPh),] (1)° was identified as a
likely candidate for exhibiting slow magnetic relaxation in zero
field, owing to its well-established ground-state properties. In
contrast to other mononuclear cobalt(Il) systems probed for
single-molecule magnet behavior, where the sign of D is either
undetermined®® or positive,” extensive single-crystal EPR
spectroscopy and ma§netic susceptibility experiments,'® as
well as computations, ! have shown 1 to possess a large,
negative D value of =70 cm™" and a relatively low rhombicity
(E/D < 0.09). The large magnetic anisotropy of this system can
be understood qualitatively by considering the electronic
configuration and splitting of the d-orbitals, as shown in Figure
1. Calculations employing the angular overlap model indicate

ra o L,
6_.
5 4
4-
3-
2_
1-

0 - k13 d,2

Figure 1. Left: Structure of the tetrahedral [Co(SPh),]*~ complex in
1,7 as viewed approximately along the z-axis. Purple, yellow, and gray
spheres represent Co, S, and C atoms, respectively; H atoms are
omitted for clarity. The molecule is somewhat elongated along z, so as
to give approximate D,; symmetry at the Co'' center. Selected
interatomic distances (A) and angles (deg): Co—S 2.316(4)—
2.342(4), S—Co=S 95.6(2), 97.0(2), 113.5(2), 114.8(2), 116.1(2),
121.3(2); mean Co—S—C 110(2).* Right: Electronic configuration
and d-orbital energy level splitting for the molecule, with energies
derived using the angular overlap model.'*®
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the close energetic proximity of the filled 3d,>_,* orbital and the
singly occupied 3d,, orbital."®® This near degeneracy results in a
low-lying electronic excited state that can couple to the ground
electronic state through spin—orbit coupling to afford a large
zero-field splitting.

Dc magnetic susceptibility data collected for 1 reveal the
hallmarks of a significant magnetic anisotropy (see Figures S1
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and S2 in the Supporting Information). At 300 K, y\T = 3.11
cm’®K/mol, consistent with an S = 3/ , complex with g = 2.57.
This value of y\T remains relatively constant down to 80 K,
where it begins to decrease, reaching 2.46 cm>K/mol at 2 K.
Variable-temperature magnetization data were collected
between 2 and 5 K at selected applied fields to extract a D
value for comparison with the results obtained previously from
EPR spectra. Employing ANISOFIT 2.0,' the best fit to the
data afforded D = =74 cm™" and IEl < 0.01 cm™". While the D
value is comparable to that observed by EPR spectroscopy, the
E value, albeit here only crudely determined, is lower by at least
2 orders of magnitude.

As depicted in Figure 2, ac magnetic susceptibility data
collected in the absence of an applied dc field display a
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Figure 2. Frequency dependence of the molar out-of-phase ac
susceptibility (yy") of 1 collected at temperature intervals of 0.1 K
between 1.7 and 2.4 K and intervals of 0.2 K between 2.4 and 7.0 K
with no applied dc field. Solid lines are guides for the eye.

temperature-dependent peak in the out-of-phase ac suscepti-
bility (yy"), indicating a slowly relaxing magnetic moment.
From 1.8 to 2.5 K, the peak appears at 28 Hz and decreases in
height with increasing temperature. At temperatures above 2.5
K, the peak begins to shift to higher frequencies, until at 7 K it
reaches the frequency limit of the instrument. Thus, compound
1 represents the first example of a mononuclear transition metal
complex that behaves as a single-molecule magnet without
requiring an applied field to suppress quantum relaxation
processes.

Application of a small dc field at 2 K does, however,
dramatically alter the profile of the y” frequency scan, as
shown in Figure 3. Here, the peak observed at 28 Hz under
zero field rapidly diminishes while a much lower-frequency
peak simultaneously intensifies. This change continues until 1
kOe, at which point the high-frequency peak has completely
disappeared. The low-frequency peak is strongly temperature-
dependent over the entire temperature region probed (see
Figure S3), and above S K it begins to overlay with the peak
obtained in zero field. Overall, this nearly isosbestic behavior
nicely illustrates the change in the relaxation mechanism from
quantum tunneling to thermal activation, as discussed below.

To elucidate the role of intermolecular interactions in the
magnetic relaxation of 1, a magnetically dilute sample was
prepared by cocrystallization with the isostructural compound
(Ph4P)2[Zn(SPh)4]8a'b to yield (PhyP),[Cop,g9Znge1 (SPh),]
(2). The relaxation dynamics of this diluted phase at zero
field are slow and display strong temperature dependence from
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Figure 3. Top: Molar out-of-phase ac susceptibility (yy") collected on
pure 1 at 2 K under applied dc fields from 0 to 1 kOe in 100 Oe
increments. Solid lines are guides for the eye. Bottom: Arrhenius plots
of relaxation times of 1 as a pure substance under 0 and 1 kOe, and
diluted in a matrix of (Ph,P),[Zn(SPh),] under 0 Oe. The black line
corresponds to a linear fit to the highest-temperature data of the
diluted sample, as described in the main text.

1.7 to 7.0 K (see Figure S4). Importantly, the peaks
approximately overlay those of pure 1 under an applied field.
Application of a static dc field to 2 also slows the magnetization
dynamics (see Figure S5), but in a much less dramatic fashion.
Here, a single low-frequency peak shifts slightly from 1.8 Hz at
0 Oe to 0.2 Hz at 800 Oe instead of generating a second peak
at a much different frequency.

The temperature dependence of the magnetic relaxation
time, 7, provides valuable information about the magnetic
relaxation processes that occur in 1 and 2. Cole—Cole plots
(see Figures S6—S9) were generated from the ac magnetic
susceptibility data, and a generalized Debye model'® was used
to extract relaxation times. The results were employed in
constructing the Arrhenius plots shown at the bottom of Figure
3. For compound 1, 7 is temperature-independent between 1.8
and 2.5 K, a common observation for relaxation processes that
are associated with quantum tunneling of the magnetization. In
contrast, above 2.5 K, 7 becomes temperature-dependent,
eventually approximating the Arrhenius behavior associated
with a thermally activated regime. In contrast, upon application
of a dc field of 1 kOe, 7 shows a strong temperature
dependence at all temperatures. The relaxation times for 2
almost perfectly overlay those obtained for 1 under a 1 kOe dc
field and do not display the dramatic field dependence
associated with 1. Here, 7 shifts from 0.55 s at 0 Oe to only
1.01 s at 600 Oe (see Figure SS). Linear fits to the relaxation
times observed between 5 and 7 K for 1 under 0 and 1 kOe, as
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well as for 2, yield the following average values for the spin
reversal barrier and attempt time for the tetrahedral [Co-
(SPh),]*~ complex in this structure: U,s=21(1) cm™ and 7, =
1.0(3) X 1077 s. We note that the latter value is within the
range typically observed for single-molecule magnets. The
observation of slow magnetic relaxation for the diluted
compound 2 confirms that the slow magnetic relaxation is
intrinsic to the individual [Co(SPh),]*” molecules and is not
associated with phonon bottleneck effects or polymolecular
relaxation processes."*

In light of the large negative D values obtained from
magnetization and EPR data, which predict a relaxation barrier
of at least 140 cm™, the relatively small value of U, is
somewhat surprising. The temperature-independent region of
the Arrhenius plot for 1 in zero applied dc field indicates that
quantum relaxation processes are operational, and these could
be hindering the observation of the full barrier. The dilution
experiments, however, show that the barrier height is
unchanged after mitigating the intermolecular interactions.
The source of the small U, must therefore be a different
mediator for quantum tunneling or something else entirely.
Inspection of the bistable ground-state wave functions of an S =
*/, system with a negative D and non-zero E reveals that the
IMg = +3/,) wave functions contain a small but non-negligible
contribution from the Mg = + !/, levels.'® Although E does not
directly mix the M = + 3/, levels, the mixing of the ground and
excited levels could perhaps be at the root of the observation of
a U, value much less than 2D.

The foregoing results constitute the first instance of slow
magnetic relaxation for a mononuclear transition metal complex
without the requirement of a static applied dc field, as directly
probed via ac magnetic susceptibility measurements. Impor-
tantly, dilution of the [Co(SPh),]>” complex within an
isostructural diamagnetic matrix was shown to eliminate
quantum tunneling relaxation processes, indicating that they
occur via intermolecular dipolar interactions. Future efforts will
focus on effects of varying the geometry and ligand field of this
complex on the single-molecule magnet behavior through
changes in the countercation and thiolate ligands, as well as the
exploration of other low-coordinate complexes with non-
integer spin and a large axial anisotropy.
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Full experimental details; variable-temperature, variable-field
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