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ABSTRACT: Magnetically dilute samples of complexes Dy-
(H,BPz™%,); (1) and U(H,BPz,); (3) were NFrepared through
cocrystallization with diamagnetic Y(H,BPz"'%,); (2) and Y-
(H,BPz,);. Alternating current (ac) susceptibility measure-
ments performed on these samples reveal magnetic relaxation
behavior drastically different from their concentrated counter-
parts. For concentrated 1, slow magnetic relaxation is not
observed under zero or applied dc fields of several hundred
Oersteds. However, a 1:65 (Dy:Y) molar dilution results in a
nonzero out-of-phase component to the magnetic susceptibility
under zero applied dc field, characteristic of a single-molecule
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magnet. The highest dilution of 3 (1:90, U:Y) yields a relaxation barrier U.g= 16 cm ™, double that of the concentrated sample. These
combined results highlight the impact of intermolecular interactions in mononuclear single-molecule magnets possessing a highly
anisotropic metal center. Finally, dilution elucidates the previously observed secondary relaxation process for concentrated 3. This
process is slowed down drastically upon a 1:1 molar dilution, leading to butterfly magnetic hysteresis at temperatures as high as 3 K.
The disappearance of this process for higher dilutions reveals it to be relaxation dictated by short-range intermolecular interactions,
and it stands as the first direct example of an intermolecular relaxation process competing with single-molecule-based slow magnetic

relaxation.

B INTRODUCTION

Since the discovery of the first single-molecule magnet, Mn;,O -
(0,CMe) 5(H,0).,' numerous other molecules have been shown
to exhibit slow magnetic relaxation at sufficiently low temperatures.
Although the study of multinuclear transition metal clusters
once dominated the field, observation of the same phenomenon
in the lanthanide sandwich complexes [LnPc,]"" (Ln = Dy, Tb,
Ho; H,Pc = phthalocyanine; n = —1, 0, 1)* has prompted
increasing interest in mono- and multinuclear complexes
incorporating 4f elements.” This direction holds considerable
promise in view of the large unquenched orbital contribution to
the moment and resulting high magnetic anisotropy that can
arise for metal centers with open-shell f-electron configurations.
Indeed, several important benchmarks for single-molecule magnets
are held by lanthanide-based systems, including the largest anisotropy
barrier” and the highest observed blocking temperature.® Actinide-
containing molecules are of interest for similar reasons but have the
added advantage of the greater radial extension of the valence Sf
orbitals, which can allow for increased metal—ligand orbital overlap
and larger crystal field splitting energies.” To date, however, only a
very few actinide-based single-molecule magnets have been rea-
lized® '* with the trigonal prismatic complexes U(R,BPz,); (R =
H, Ph; HPz = pyrazole) constituting two of the three examples
utilizing the more easily handled element uranium.
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With so few compounds characterized, especially for the
actinides, significant gaps remain in our understanding of the
mechanisms for slow magnetic relaxation in f-element single-
molecule magnets. In particular, the multiple relaxation pathways
displayed in several dysprosium'? and actinide”'" systems have
yet to be well understood. Additionally, the relaxation behavior
for many lanthanide systems has been shown to vary significantly
with applied field and upon dilution within a diamagnetic
matrix.” **'%'* [shikawa and co-workers were the first to notice
that dilution of [LnPc,]” (Ln = Dy, Tb) led to a drastic shift in
the frequency dependence of the ac magnetic susceptibility data.
These results strongly suggest the importance of intermolecular
magnetic dipolar interactions in influencing the relaxation in bulk
crystalline samples. While this phenomenon has been studied in
some detail in transition metal single-molecule magnets,"> only
recently has the impact of intermolecular effects begun to be
investigated more thoroughly in f-element single-molecule mag-
nets.”**'* Such studies are important because, while new
studies are showing that the magnetic properties of isolated
molecules can be addressed,'® the majority of these are con-
ducted on bulk samples wherein intermolecular interactions
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must be accounted for. Because of this, acquiring a better under-
standing of intermolecular interactions and an ability to interpret their
effects on molecular-based magnetic relaxation is crucial. Herein, we
present a trigonal prismatic complex, Dy(H,BPz"**%,),, that displays
slow magnetic relaxation behavior under zero applied field only upon
dilution within a diamagnetic matrix. These results further prompted
us to re-examine the analogous complex U(H,BPz,); in diluted
forms, revealing a 2-fold increase in the single-molecule magnetic
relaxation barrier as well as unprecedented evidence for magnetic
hysteresis arising from intermolecular relaxation.

B EXPERIMENTAL SECTION

General Considerations. All reactions and subsequent manipula-
tions were performed under anaerobic and anhydrous conditions in a
nitrogen atmosphere using a glovebox or Schlenk technique. THF, hexanes,
and toluene were dried by passage over activated molecular sieves us-
ing a Vacuum Atmospheres solvent purification system. U(H,BPz,)3, Y-
(H,BPz,);, and Y(H,BPZ%,); were prepared from literature proce-
dures."”"® A modification of the method of Trofimenko'® was used for the
synthesis of dihydrobis(dimethylpyrazolyl)borate. Ul, was prepared by
modification of the method of Cloke and Hitchcock.*® Fine uranium powder
was prepared by synthesis of UH;*' and subsequent removal of hydrogen
under dynamic vacuum at 400 °C. Heating of the fine metal powder with a
stoichiometric amount of Hgl, in a sealed tube at 320 °C for 2 days afforded
the triiodide starting material. Anhydrous C¢Dg was purchased from Cam-
bridge Isotopes Laboratories, freeze—pump—thawed, and stored over
activated 4 A molecular sieves prior to use. 3,5-Dimethylpyrazole was
purchased from Sigma Aldrich and purified by sublimation. Dihydrobis-
(pyrazolyl)borate was purchased from Strem Chemicals and purified by
recrystallization from THF/hexanes. NMR spectra were recorded on a
Bruker AVB 400 or Bruker AV 300 spectrometer. IR spectra were recorded
on a Perkin-Elmer Avatar Spectrum 400 FTIR Spectrometer equipped with
ATR. Elemental analyses were performed by the Micro-Mass Facility at the
University of California, Berkeley, on a Perkin-Elmer 2400 Series II combus-
tion analyzer.

Synthesis of Dy[H(u-H)BPz"'*2,]; (1). A THE solution of dihydrobis-
(dimethylpyrazolyl)borate (0.30 g, 1.2 mmol) was added dropwise to a
stirring slurry of DyCls (0.11 g, 041 mmol) in THF (2 mL); the solution
immediately developed a cloudy appearance. The mixture was stirred for 24 h,
and THF was subsequently removed under reduced pressure. The resulting
white powder was rinsed with hexanes, extracted into toluene (2 mL), and
filtered over diatomaceous earth. Removal of the solvent resulted in sponta-
neous crystallization of a colorless solid in 46% yield (0.1S g). Layering of a
toluene solution of 1 with hexanes (2:1/hexanes:toluene) and storage for 12h
at —20 °C afforded colorless rectangular plate-shaped crystals. "H NMR (300
MHz, 25 °C, CDe): 6 —38.22 (s, 18H, v, » = 75 Hz, 3/5 Me), 21.02 (s, 6H,
V15 = 300 Hz, 4H (Pz)), 14679 (br s, 18H, v, /, = 600 Hz, 3/5 Me) IR
(neat, Cmfl): 617 (m), 630 (m), 642 (w), 654 (w), 706 (w), 774 (s), 892
(w), 907 (w), 979 (w), 1041 (s), 1114 (s), 1166 (s), 1192 (s), 1236 (m),
1356 (s), 1374 (w), 1420 (s), 1451 (s), 1494 (w), 1536 (s); v(B—H) 2220
(w), 2265 (w), 2296 (m), 2448 (m-s); 2931 (w), 2965 (w). Anal. Calcd for
CsoHugBsN,Dy: C, 46.69; H, 627; N, 21.77. Found: C, 4692; H, 643;
N, 21.65.

X-ray Structure Determination. Crystals of 2 were obtained
from storing a saturated toluene solution at —20 °C for 12 h. Crystals of
1 and 2 were mounted on Kapton loops, transferred to a Briiker SMART
diffractometer, and cooled in a nitrogen stream. The SMART program
package was used to determine the unit cell parameters and for data
collection (30 s/frame scan time for a hemisphere of diffraction data).
Data integration was performed by SAINT software, and the absorption
correction was provided by SADABS.>> Subsequent calculations were
carried out using the WinGX>* program. The structures were solved by
direct methods and refined against F* by full-matrix least-squares

techniques. The analytical scattering factors for neutral atoms were
used throughout the analysis. Hydrogen atoms were included using a
riding model. CCDC 820567 (1) and CCDC 820567 (2) contain the
supplementary crystallographic data for this paper.** These data can be
obtained free of charge from the Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic Measurements. Magnetic samples were prepared by
adding crystalline powder compound to a 7 mm quartz tube with a raised
quartz platform. Sufficient liquid eicosane (at 60 °C) was added to saturate
and cover the samples to prevent crystallite torquing and provide good
thermal contact between the sample and the bath. The tubes were fitted with
Teflon sealable adapters, evacuated on a Schenk line or using a glovebox
vacuum pump, and flame-sealed under vacuum. Interestingly, issues with
sample torquing became more prevalent with greater dilutions.

Magnetic susceptibility measurements were collected using a Quantum
Design MPMS2 SQUID magnetometer. Direct current susceptibility data
measurements were performed at temperatures ranging from 2.0 to 300 K
using an applied field of 1000 Oe. The amounts of 1 and 3 present in each
dilute sample were confirmed by adjusting the mass of the paramagnetic
material until the low-temperature portions of the dilute dc susceptibility
curves overlapped with that of the neat compound (see Figure S2,
Supporting Information). Alternating current magnetic susceptibility mea-
surements were performed using a 4 Oe switching field. All data for 1 and 3
were corrected for diamagnetic contributions from the core diamagnetism
estimated using Pascal's constants to give yp = —0.00041596 (1),
—0.00040896 (2) —0.00030064 (3), —0.00026664 (Y(H,BPz,);), and
—0.00024306 emu/mol (eicosane).

Temperature-dependent ac susceptibility measurements were per-
formed at fields of 1000 Oe for 1 and 100 Oe for 3, at which fields the
relaxation time reaches an approximate maximum for each compound.
Dilution-dependent Cole—Cole plots for 3 were collected at an applied
field of 4000 Oe, representing the optimum field at which the relaxation
time is very large for the slower process and the faster process is sim-
ultaneously observable. Cole—Cole plots were fitted using formulas
describing ¥’ and " in terms of frequency, constant temperature suscep-
tibility (yr), adiabatic susceptibility (ys), relaxation time (7), and a
variable representing the distribution of relaxation times (0).> All data
fitted to o values of <0.38.

B RESULTS AND DISCUSSION

The complex Dy(H,BPZY'%,)5 is readily synthesized from reac-
tion of 3 equiv of the N%)otassium salt of dihydrobis(dimethyl-
pyrazolyl)borate (H,BPz"*%,~) with DyCly in THE. Colorless
block-shaped crystals of Dy(H,BPz"'*%,);-PhMe (1) suitable for
X-ray analysis were grown from a concentrated solution of toluene
layered with hexanes. The crystal structure of 1 revealed the expected
trigonal prismatic complex geometry, which approaches D), point
symmetry (see Figure 1). The diamagnetic yttrium analog of this
compound has previously been synthesized," although it was not
structurally characterized. Crystals of Y( H,BPz™) ;- PhMe (2) were
grown from a concentrated solution of toluene and determined to be
isostructural with 1. Dilute crystalline samples of 1 were prepared by
cocrystallization with 2 from toluene in predetermined molar ratios.

The metal center in 1 has a similar ligand field environment to
that in U(H,BPz,);,” yet the compound does not display slow
magnetic relaxation, even under a dc field of several hundred Oe.
We hypothesized that the much larger magnetic moment of Dy""
was contributing to internal magnetic fields that allowed for an
anomalously fast relaxation pathway. To probe the influence of
dipolar effects in this system, ac magnetic susceptibility measure-
ments were performed on crystalline samples of Dy,Y; ,-
(H,BPz™*%);-PhMe with Dy:Y molar ratios of 1:1 (53% Dy),
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Figure 1. Structure of the trigonal prismatic complex Dy(H,BPz"%,),
as observed in 1. Green, blue, gray, and purple spheres represent Dy, N,
C, and B atoms, respectively; H atoms are omitted for clarity. A toluene
molecule, not shown, cocrystallizes with the complex. Compound 2,
featuring the analogous complex Y(HZBPzMeZZ) 3, is isostructural. Selected
interatomic distances (A) and angles (deg) for 1 and 2, respectively:
Ln—N 2.450(3)—2.509(3), 2.453(3)—2.504(3); Ln- - -Ln 9.684, 9.583;
N—Ln—N 77.8(1)—79.7(1), 77.75(9)—79.52(8).

1:15 (7% Dy), 1:65 (2% Dy), and 1:130 (1% Dy). With just a 1:1
dilution, slow relaxation of the magnetization is demonstrated
through the appearance of an out-of-phase component to the
susceptibility, x”, at an applied field of 1000 Oe. This drastic
slowing of the relaxation time attests to the significant role of
nearest neighbor intermolecular interactions in speeding up the
relaxation in undiluted 1. Interestingly, in the 1:1 diluted phase,
the " signal appears to decrease and then increase again at the
highest frequencies, suggesting the beginning of another out-of-
phase peak and thus the presence of a second, faster relaxation
process. For the 1:15 diluted sample, two significantly over-
lapping regions are indeed visible in the Cole—Cole plots at
1.8 K, and as the dilution increases these regions become better
resolved within the frequency range measured (see Figures
S4—S6, Supporting Information). The persistence of both of
these relaxation regions at the highest dilution indicates that
while intermolecular interactions clearly act to obscure the two
processes, both arise from molecular-based relaxation in Dy-
(H,BPz™%,);. As the temperature is increased, the faster process
gradually moves beyond the high-frequency range of the mag-
netometer (<1500 Hz) and by 2.7 K only a single semicircle is
observed in the Cole—Cole plot.

To establish whether the relaxation in 1 is thermally activated,
the natural log of the relaxation, 7, for each dilution was plotted vs
1/T to check for Arrhenius-type linearity. Relaxation times and
corresponding values of the oL parameter” were extracted for
the low-frequency peak by fitting Cole—Cole plots between 1.8
and 3.7 K using the generalized Debye model.” As seen in
Figure 2 (top), the resulting plots follow Arrhenius behavior at
high temperatures, attesting to the thermal dependence of this
slow magnetic relaxation in 1. Specifically, as the temperature is
increased, a greater range of phonon modes is available to
facilitate relaxation of the magnetic moment. Interestingly, while
the high-temperature portions for the three highest dilutions
nearly overlap, for a 1:1 dilution there is a distinct curvature at
low temperatures. The relaxation time begins to level offat 2.5 K,
the lowest temperature that can be fit for this dilution. For
dilutions beyond 1:1, there is a much less pronounced low-
temperature curvature and the relaxation time continues to
lengthen, approaching the linear region defined at higher tem-
peratures. Thus, this atypical temperature dependence of the
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Figure 2. Plots of inverse temperature vs the natural log of the relaxa-
tion time for 1 (top) and 3 (bottom). Black lines represent fits to the
Arrhenius expression In(7) = In(zy) + U.g/ksT. Fitting the five and six
highest temperature points for the highest dilutions of 1 and 3, respectively,
yields Uyg=16/17 cm " and 1y =4 x 107 7/6 x 10" % .

relaxation in the 1:1 diluted sample indicates that intermolecular
interactions are strong enough to persist for 1, even after
eliminating the nearest neighboring spins in the lattice.

With each dilution, the thermally activated relaxation barrier
increases with a concomitant decrease in 7o, again confirming
that removal of intermolecular interactions leads to slower
molecular relaxation. A dilution of 1:65 (Dy:Y) even results in
a visible out-of-phase signal under no applied field at 1.7 and 1.8
K; however, x” does not reach a maximum until beyond the high-
frequency limit of our magnetometer (see Figure S7, Supporting
Information). Upon even greater dilution (1:130), there is no
further shift of the y” signal to lower frequencies under zero or
applied field and the Arrhenius plot remains essentially unchanged.
Thus, for an ion—ion separation of approximately 23 A, correspond-
ing to 1:6S dilution, we appear to reach the limit of the interion
interactions for this molecule. While the final Uy of 17 cm ™'
extracted for this highest dilution is small compared to other
lanthanide single-molecule magnets, the significance of compound
1 is found not in the barrier but in its transformation from a simple
paramagnetic solid to a zero-field single-molecule magnet simply
through diamagnetic dilution. The results further suggest that
mononuclear lanthanide single-molecule magnets may be more
common than previously realized but that intermolecular interac-
tions in these systems may be masking the presence of slow magnetic
relaxation. It should be noted that the large distance between metal
centers and the lack of a feasible exchange pathway through the
bis(pyrazolyl)borate ligand precludes the existence of an exchange
interaction that might contribute to the observed dilution depen-
dence of the relaxation. The same is true of U(H,BPz,)5 (vida infra)
where the closest interion spacing is 8.167 A.

In light of the above results, we were eager to study the impact
of dilution on U(H,BPz,); (3), which similarly displays no ac
signal under zero applied field as well as multiple relaxation
processes. Crystalline samples of 3 diluted in a diamagnetic
matrix of Y(H,BPz,);'® were prepared in U:Y molar ratios of
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Figure 3. Cole—Cole plots for 3 at 1.8 K and an applied field of 4000
Oe. In the undiluted compound, the fast (left) and slow (right) pro-
cesses are both visible; however, the slower process moves out of the
time scale of the ac measurement upon 1:1 dilution.

1:1 (56% U), 1:13 (9% U), 1:30 (4% U), and 1:90 (1% U). The
study of samples with larger dilution ratios was precluded by
instrument sensitivity. Alternating current magnetic susceptibil-
ity data collected under a dc field of 100 Oe reveal a drastic
dilution dependence of the relaxation time, as observed in the
frequency dependence of the out-of-phase susceptibility, %" (see
Figure S8, Supporting Information). At 1.8 K, a 1:1 dilution leads
to a shift in x” of nearly 2 orders of magnitude from the undiluted
sample and the out-of-phase signal continues to shift to lower
frequencies with increasing dilution. The eftect of dilution on the
temperature dependence of the relaxation in 3 can be seen
quantitatively in Figure 2 (bottom), where the natural log of the
relaxation time is plotted versus 1/T for each dilution over the
range 1.8—2.8 K at an applied field of 100 Oe.

As is evident from Figure 2, the impact of dilution on the
temperature-dependent relaxation in 3 is even more drastic than
for 1. A 1:1 dilution leads to a significant increase in the slope of
the Arrhenius plot, which continues to increase with dilution, as
does the relaxation time at each temperature. Fitting the six
highest temperature points of the 1:90 diluted sample to an
Arrhenius law yields values of U.g= 16 em tand7,=6 % 10~ %s.
This barrier is two times that originally determined for the
undiluted compound, and moreover, 7, has decreased by 2
orders of magnitude, closely approaching the normal range for
a single-molecule magnet.2 Clearly in 3, as in 1, intermolecular
dipolar interactions play a very significant role in speeding up
molecular-based slow magnetic relaxation.

Our previous investigation of the dynamic magnetism of
undiluted 3 revealed the presence of two well-separated relaxa-
tion processes in Cole—Cole plots at dc fields as low as 1000 Oe.”
The faster relaxation was ascribed to a thermally activated
process, in accordance with its demonstrated temperature de-
pendence. The slower process proved to relax independently of
temperature in the measured range of 1.8—3.0 K, however, and
the limited temperature range of the observed signal allowed only
a qualitative analysis of potential relaxation mechanisms. In
pursuit of a further understanding of this slower relaxation
process and in order to discern the influence of dilution on both
processes, ac susceptibility data were collected for dilute samples
at 1.8 K and an applied field of 4000 Oe. The Cole—Cole plots
for each dilution are shown together in Figure 3 with the
undiluted data in red symbols for comparison. Upon a 1:1
dilution, the slower process is no longer visible within the
frequency range probed (0.06—1500 Hz), suggesting that relaxa-
tion has slowed down so drastically that it has moved completely
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Figure 4. Variable-field magnetization data for the 1:1 diluted com-
pound Uy 5Yo s(H,BPz,)5. The solid line serves as a guide for the eye.

out of the ac time scale. To test this possibility, variable-field
magnetization measurements were performed, revealing a mag-
netic hysteresis loop that, although closed at zero field, remains
open at higher fields up to 3 K (see Figures 4 and S9, Supporting
Information).

Given the small barrier for the temperature-dependent relaxa-
tion observed in the ac measurements, the hysteresis must be
ascribed to the much slower process originally observed in
undiluted 3. Analysis of the hysteresis shape reveals a strong
field dependence for this process. The loop displays no remnant
magnetization as the moment of the sample rapidly plummets to
zero upon removal of the field. Analysis of the Cole—Cole plots
in Figure 3 at higher dilutions shows that the corresponding
isothermal susceptibility values, )1, differ from the value of y4. by
no more than 0.1 emu/mol, which is within the variation of the
diluted dc values from the undiluted sample (see Figure S2,
bottom, Supporting Information). Thus, no significant compo-
nent of ¥’ remains unaccounted for at these higher dilutions.
Interestingly, variable-field magnetization data for the 1:13
diluted sample do reveal hysteretic behavior at 1.8 K, although
the loop opens only between 1 and 2.5 T and is closed at higher
temperatures. Hysteresis is completely shut down for higher
dilutions. Thus, a 1:1 dilution yields an optimum ion—ion
separation for slowing down the relaxation occurring for this
slower process.

These results suggest that the slower relaxation process is not
single-molecule based, for if that were the case the hysteresis
should only become more prominent upon increasing dilution
and the corresponding removal of dipolar interactions. Conver-
sely, we observe that higher dilutions actually suppress the
hysteresis and lead to its ultimate disappearance; thus, this slow
relaxation is intermolecular in origin. It must be stressed, how-
ever, that there is an important difference between this slow
intermolecular relaxation and the interactions causing artificially
fast molecular relaxation in both 3 and 1. In the latter case,
intermolecular interactions are merely inferred from changes in
molecular relaxation data upon magnetic dilution (Figure 2 and
previous magnetic dilution studies™'**'**'*). Moreover, such
interactions can be mitigated by magnetic dilution. The slow
process described here, however, reveals an intermolecular
relaxation that is actually strengthened by increasing the mag-
netic ion separation. We attributed this very slow relaxation in 3
to a collective spin relaxation brought about by short-range
intermolecular ordering. Only the faster relaxation at high
frequencies in 3, which becomes dominant upon dilution of
the spins, may be ascribed to a molecular process. Analogies for
this slower process can be drawn from paramagnetic relaxation
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studies performed on the compounds Ln(OH); (Ln = Tb, Dy,
Ho),* dysprosium ethyl sulfate (Dy(CH3CH,SO,)s:9H,0,
DyEtS),”” and terbium arsonate”® starting in the 1960s. In these
systems, two relaxation domains are also apparent at low
temperatures, albeit on a much faster time scale. The low-
frequency relaxation in these systems was attributed to domain
wall movement, and while the probed frequencies and tempera-
tures differ significantly from those in our study, it is easy to draw
analogies between 3 and salts such as DyEtS. Each is a molecular
solid, and the smallest interion spacings in undiluted 3 are
comparable to those in DyEtS (8.167(2) vs 7.0122(6) A). Thus,
the distinction between “ferromagnetic solid” and single-mole-
cule magnet becomes blurred.

We are aware of only two related examples in the f-element
single-molecule magnet literature for butterfly hysteresis observed in
conjunction with multiple relaxation processes, and these involve
neptunocene (Np(COT),; COT>™ = cyclooctatetraenide)'' and
the dysprosium complex [Dy(acac) 3(H,0),].%¢ In neptunocene,
hysteresis is observable at 1.8 K and fields above 5 T, and this
relaxation is ascribed to a process dominant at high fields and distinct
from a faster, low-field process for which a relaxation barrier of U g =
28 cm™ ' was extracted. Both relaxation processes are assumed to be
molecular; however, they are not found to occur on a similar time
scale, as observed in undiluted 3. For [ Dy(acac);(H,0),], butterfly
magnetic hysteresis is apparent at 0.5 K in the undiluted compound
and at as high as 2 K upon dilution. Notably, the hysteresis loop
widens with a 1:20 dilution but shrinks again upon further dilution.
Further experimentation may elucidate whether the type of slow
collective spin relaxation occurring in 3 may also take part in the
relaxation occurring in these other systems.

Bl CONCLUSIONS

The foregoing results clearly demonstrate the significant
impact of dipolar interactions in two f-element-based mono-
nuclear single-molecule magnets and reveal that such interac-
tions have the potential to facilitate a relaxation phenomenon
that might readily be mistaken as molecular in origin. In the case
of 1, intermolecular interactions of the kind studied in previous
literature are evidenced to be strong enough to completely disable
the slow molecular relaxation pathways in the magnetically concen-
trated sample. However, upon magnetic dilution, single-molecule
magnet behavior is revealed, extending even to zero-field slow
relaxation. In 3, magnetic dilution leads to a nearly 100-fold increase
in the molecular relaxation time, revealing another single-ion system
in which intermolecular interactions hinder molecular relaxation.
Perhaps most interesting is the discovery of a collective relaxation
process arising from dipolar interactions, being distinct from pre-
viously observed intermolecular effects and leading to magnetic
hysteresis observable up to 3 K. These results further highlight the
importance of understanding the factors that moderate slow mag-
netic relaxation for mononuclear single-molecule magnets with
unquenched orbital moment and high anisotropy. In particular,
where intermolecular interactions are prevalent, such effects can lead
to artificially small relaxation barriers or promote relaxation behavior
such as magnetic hysteresis. Importantly, the latter effect can easily be
misattributed to the individual molecule. Further understanding
these effects is crucial to accurately reporting the molecular magnetic
properties, as opposed to ensemble properties. With an eye toward
the future of possibly constructing single-molecule magnet memory
storage and computing devices, the study of intermolecular relaxation

effects is particularly critical, since digolar interactions can heavily
influence quantum coherence times.”
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