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Abstract: Single-molecule magnets comprising one spin
center represent a fundamental size limit for spin-based
information storage. Such an application hinges upon the
realization of molecules possessing substantial barriers to
spin inversion. Axially symmetric complexes of lanthanides
hold the most promise for this due to their inherently
high magnetic anisotropies and low tunneling probabili-
ties. Herein, we demonstrate that strikingly large spin re-
versal barriers of 216 and 331 cm™' can also be realized in
low-symmetry lanthanide tetraphenylborate complexes of
the type [Cp*,Ln(BPh,)] (Cp*=pentamethylcyclopenta-
dienyl; Ln=Tb (1) and Dy (2)). The dysprosium congener
showed hysteretic magnetization data up to 5.3 K. Further
studies of the magnetic relaxation processes of 1 and 2
under applied dc fields and upon dilution within a matrix
of [Cp*,Y(BPh,)] revealed considerable suppression of the
tunneling pathway, emphasizing the strong influence of
dipolar interactions on the low-temperature magnetiza-
tion dynamics in these systems.

- /

Molecules showing slow magnetic relaxation and magnetic
hysteresis as a result of an energy barrier to spin inversion,
known as single-molecule magnets, could ultimately serve as
the smallest conceivable unit for spin-based devices. Indeed,
their ability to maintain spin orientation for a long time at low
temperatures makes them attractive candidates for potential
applications in spintronics devices and high-density informa-
tion storage.'"# However, such possible applications require
molecules with large energy barriers to spin reversal to stabi-
lize data integrity against thermal fluctuations. This require-
ment is met in highly symmetric mononuclear transition-
metal®~ and lanthanide®' complexes that possess large axial
magnetic anisotropies or strongly coupled systems that con-
tain radical ligands bridging between magnetically anisotropic
metal ions,">'® in which tunneling processes, which undercut
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the energy barrier with respect to reorientation, are sup-
pressed. The magnetic moments of lanthanide complexes are
particularly prone to large barriers, because they can possess
a tremendous single-ion anisotropy arising from unquenched
orbital angular momentum and strong spin-orbit coupling.
Naturally, the records for single-molecule magnet figures of
merit such as spin reversal barrier (U.)"" and blocking temper-
ature (Tp)"” are held by lanthanide-based species.

Recently, it has been shown that radical-bridging ligands,
such as N,>~ or bipyrimidine™ (bpym™™), engender strong mag-
netic-exchange coupling in dilanthanide species, despite the
contracted 4f electron density.'®'® The observation of large
U values despite the low molecular symmetry of these spe-
cies makes one wonder if the single-ion anisotropies are some-
how assisted by the exchange coupling to generate a large
overall magnetic anisotropy. Several studies have explored the
nature of the exchange interaction and its impact on U in the
N,*>~ radical-bridged complexes, and recent results suggest
that the observed barrier is indeed linked more strongly to the
magnitude of the exchange coupling than to the molecular
magnetic anisotropy.'**? Studies of the magnetic anisotropies
of mononuclear fragments of the radical-bridged species are
thus essential to resolve the contribution of anisotropy to U
in the presence of the exchange. In the course of conducting
such studies, we discovered large relaxation barriers in low-
symmetry organolanthanide complexes of the type [Cp*,Ln-
(BPh,)] (Cp*=pentamethylcyclopentadienyl; Figure 1). These
results pose a remarkable finding, because high symmetry is
generally viewed as requisite for generating such large barri-
ers.'

Lanthanide complexes of the type [Cp*,Ln(BPh,)] have been
utilized for a variety of applications, including, for example, the
activation of small molecules.”?? The syntheses of [Cp*,Tb-
(BPh,)] (1) and [Cp*,Dy(BPh,)] (2) proceed readily through the
reaction of [Cp*,Ln(C;Hs)] with HNEt;BPh,"® X-ray diffraction
studies of single crystals of 1 and 2 revealed that they are iso-
structural, with the metal center and boron atom residing on
a twofold rotation axis in the crystal (Figure 1).'¥ The lantha-
nide ion is coordinated in the usual bent manner by two Cp*
ligands, but only very weakly by the tetraphenylborate ion
through agostic interactions involving two of the phenyl rings,
a situation also found in the La, Nd, Sm, and Y congeners.>>->"
A unique feature of these molecules is that the metal ion expe-
riences a ligand field that is neither axial nor strongly equatori-
al in nature.
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Figure 1. Top: structure of the [Cp*,Dy(BPh,)] complex in a crystal of 2, ex-
hibiting a point group symmetry of C,. Green, purple, and gray spheres rep-
resent Dy, B, and C atoms, respectively; hydrogen atoms are omitted for
clarity. Compound 1 is isostructural. Bottom: variable-temperature dc mag-
netic susceptibility data for restrained polycrystalline samples of 1 and 2 col-
lected under a 1 kOe applied dc field. Inset: plot of magnetization versus
temperature during field-cooled (green squares) and zero-field-cooled (red
circles) measurements for 2 and for 2’ (1:4(1) Dy/Y dilution) showing the
thermoremnant magnetization.

Variable-temperature dc magnetic susceptibility data collect-
ed for 1 and 2 revealed the presence of significant magnetic
anisotropy (Figure 1). The room-temperature yx,T values of
10.64 and 12,96 cm®*Kmol™" for 1 and 2, respectively, are
slightly lower than the expected values of 11.81 and
14.17 cm®*Kmol ™" for the corresponding free Ln** ions. With
decreasing temperature, a slight decrease in yuT occurs for 1,
reaching a minimum of 7.89 cm*Kmol™" at 2 K. Similarly, ¥, T
gradually decreases for 2 when the temperature is lowered,
but sharply plummets at 3.4 K. Such a sharp decrease in yuT
for molecular systems can be a strong indication of magnetic
blocking. Indeed, zero-field cooled and field-cooled magnetic-
susceptibility data collected for 2 revealed a sharp divergence
of the two data sets at 3.2K (inset of Figure 1), confirming
a strong pinning of the magnetic moments below that tem-
perature.

The magnetization relaxation dynamics of compounds 1 and
2 were investigated through variable-temperature, variable-fre-
quency ac magnetic-susceptibility measurements. Both com-
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pounds showed in-phase (x\") and out-of-phase (") ac sus-
ceptibility signals indicative of long magnetic relaxation times
(Figures 2, S2, and S3 in the Supporting Information). At 2 K
and zero dc field, 1 exhibited a peak maximum at 1000 Hz that
decreased in intensity with increasing temperature (Figure S1
in the Supporting Information). Under these same conditions,
2 instead revealed a fully resolved peak at 10.4 Hz, which de-
creased in intensity first with rising temperature before
moving to higher frequencies starting at 12 K. Applied dc
fields ranging from 200 to 2400 Oe strongly influenced the
shape of the y,," frequency scan for both 1 and 2 (Figures 2,
S4 and S5 in the Supporting Information). With increasing dc
field, a decline in the intensities of the higher frequency peaks
occurred for both complexes in concert with the appearance
of peaks at lower frequency. With further increasing field, the
high-frequency peaks were completely eliminated. The change
in the low-frequency peak with increasing field appeared to
saturate for 1 and 2 at 2400 and 1600 Oe, respectively (Figur-
es S4 and S5 in the Supporting Information). Variable-tempera-
ture ac susceptibility measurements of 1 and 2 at these dc
fields revealed much stronger temperature dependences than
were observed at zero-applied dc field (Figures 2, S6, and S7 in
the Supporting Information).

The influence of dipole-mediated magnetic interactions on
the ac susceptibility data for 1 and 2 was evaluated through
analyses of the isostructural compounds [Cp*,Tb,3;5Y6,(BPhy)]
(1) and [Cp*,Dy,25Y075(BPh,)] (2'). Herein, the paramagnetic
Tb" and Dy" complexes are effectively diluted in a matrix of di-
amagnetic [Cp*,Y(BPh,)1,”*” in which 1’ corresponds to a 1:3
Tb/Y dilution, and 2’ to a 1:4 Dy/Y dilution. For both com-
pounds 1" and 2/, the observed peaks at zero-applied dc field
displayed significantly more prominent temperature-depen-
dent regimes than the respective pure samples (Figures S8 and
S10 in the Supporting Information). However, regimes in which
the peak maxima are temperature independent are still appar-
ent for these species at the lowest temperatures of the mea-
surement, though at lower frequencies. Overall, this behavior
suggests that magnetization relaxation through quantum tun-
neling is substantially, but not entirely, suppressed upon dilu-
tion of the complexes to these levels. Notably, the tempera-
ture-independent regimes in 1" and 2’ are effectively extin-
guished under 2400 and 1600 Oe dc fields, respectively, as was
also observed for the pure complexes (Figures S9 and S11 in
the Supporting Information).

Derivation of the temperature dependence of the magnetic
relaxation times (7) allowed quantitation of the magnitude of
U as well as visualization of the various pathways through
which the magnetic moments can invert. Determination of this
information first proceeded by extraction of 7 from the fits of
Cole-Cole plots for all species to a generalized Debye function
(Figures S12-S18 in the Supporting Information). The resulting
data were then used to construct Arrhenius plots, as presented
in Figure 3. The Orbach process of spin reversal proceeds
through thermal excitation over a potential-energy barrier and
imparts an exponential dependence of t upon temperature
through the relationship t=1,exp(U./ksT), in which t, is the
attempt time and kg is the Boltzmann constant. This tempera-
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Figure 2. Top: out-of-phase ac susceptibility (y),) collected on pure 1 at 8 K
under dc fields ranging from 0 Oe to 2.4 kOe in 200 Oe increments, in which
the 2000 and 2200 Oe data set were eliminated for clarity. Solid lines are
guides for the eye. Middle: out-of-phase ac magnetic susceptibility for

1 under 2400 dc field from 8 K (blue circles) to 26 K (red circles). Solid lines
represent fits to the data. Bottom: out-of-phase (") component of the ac
magnetic susceptibility for 2 under zero-applied dc field, shown from 15 K
(blue circles) to 52 K (red circles). Solid lines represent fits to the data, as
was described in the main text.

ture dependence should give a linear slope in the Arrhenius
plots of Figure 3, but in actuality, the plots are substantially
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Figure 3. Arrhenius plots of relaxation time data for 1 and 1’ (top), and 2
and 2’ (bottom). Solid black lines correspond to fits to multiple relaxation
processes, as was described in the main text of the report and the Support-
ing Information. The best fits for 1 and 1’ (Hy.=2400 Oe), and 2 and 2’
(Hyc= 1600 Oe) yield values of U of 221, 216, 314, and 331 cm™’, respective-
ly, and values of 7, of 5x107"°, 8.0x107"°, 2x 107%, and 1x107? s, respective-
ly. The dashed black lines represent the best fits to the data for 1" and 2’ be-
tween 20 and 27 K and 45 and 52 K, respectively, with 7,=5x 107" s and
U=216 cm™' (top) and 7,=1x10"°s and U,;=331 cm™" (bottom).

curved. This curvature indicates that the moments of 1 and 2
have access to multiple pathways for spin reversal, which
impart varying temperature dependences to 7. Thus, the plots
shown in Figure 3 were fit to multiple relaxation processes, en-
abling accurate determination of the relaxation barriers (see
Figure 3 and the Supporting Information for details). These fits
required Orbach, Raman, and quantum-tunneling processes®
to model the data for 1, 1/, 2, and 2" successfully (see also Fig-
ures S19 and S20 in the Supporting Information). The obtained
values of 7, and U, are comparable between the pure and
dilute samples for 1 and 2; however those obtained for 1" and
2’ under applied dc fields are expected to be more accurate
due to the extended linear regimes. In complexes 1" and 2/,
these values are 216 and 331 cm™' for U and 8x 107" and
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1x107? s for 7, respectively. The values of Uy are surprisingly
large, whereas those of 7, are within the expected range for
single-molecule magnets.”

The relaxation barriers of 1 and 2 are of the highest known
for single-molecule magnets. Of the terbium single-molecule
magnets reported to date, only the family of well-studied
phthalocyanine sandwich complexes possess higher barriers,
with the record corresponding to U.=652 cm~'."M Additional-
ly, the barrier in 2 is the largest observed to date for a mononu-
clear dysprosium complex. Of the known dysprosium-based
single-molecule magnets, only the multinuclear dysprosium
alkoxide clusters exhibit higher barriers for which doping dys-
prosium into a Y,K, cluster matrix gave U, =585 cm >
Typical barriers for dysprosium-based single-molecule magnets
are much less than 100 cm™".* The exceptions to this are [Dy-
(paaH),(H,0),Cl;:2H,01, [Dy(dpqg)(acac)l;, [(sal)(MeOH)Dy(NO,)-
(u-L)ZnBr] (in which paaH = N-(2-pyridyl)-ketoacetamide ;dpq
= dipyridoquinoxaline; Hsal=salicylaldehyde; L = a Schiff-
base ligand), and [Zn,Dy(L"),(MeOH)](NOs)-3 MeOH-H,0, which
exhibited barriers of 124, 130, 234, and 305 cm™', respective-
|y.[30—36]

Importantly, the high relaxation barriers for the aforemen-
tioned species are generally attributed to a uniaxial ligand
field. This is a result of the oblate electron distributions associ-
ated with the maximal M, levels of the spin-orbit coupled
ground states of Th" and Dy"."™ Consistent with such a model,
variation of the ligands of the Zn,Dy complex revealed a stark
drop in U, with a decrease in the axiality of the coordination
sphere of the Dy" center.® Thus, complexes 1 and 2 are re-
markable in that they lack a clear axis of symmetry in the
ligand field but nevertheless possess Ug values that are
among the highest reported for single-molecule magnets. No-
tably, [Cp*,Dy(BPh,)] exhibited the highest relaxation barrier
yet observed for a metallocene compound, even higher than
COT*-based  (COT>> =  cyclooctatetraene  dianion)
organoerbium(lll) single-molecule magnets that are reasoned
to show slow magnetic relaxation based on their equatorial
ligand field.”'>'* Indeed, this species displays the highest bar-
rier reported to date for any organometallic complex, assum-
ing the strict definition that the molecule must contain at least
one metal-carbon bond.

Variable-field magnetization measurements were performed
on 1 and 2 to check for magnetic hysteresis in light of the
large observed spin reversal barriers. For compound 1, a very
slight hysteresis arises for nonzero values of H at 1.8 K (Fig-
ure S21 in the Supporting Information). In comparison, hystere-
sis loops observed for 2 are significantly more pronounced
(Figure 4) and remain open with increasing temperature until
5.3 K, although the loops all close suddenly at zero applied
field, leaving no remanent magnetization. The apparent slow-
ing of the relaxation time upon dilution observed on the ac
timescale extended into the time domain of the dc measure-
ments. For example, the open regions of the hysteresis loops
are slightly enhanced in the diluted species 1" and 2’ (Figur-
es S21 and S22 in the Supporting Information). It is further
worth noting that the yuT plot of 2' showed a more pro-
nounced blocking at 2 K than that of 2, with y,T dropping to
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Figure 4. Variable-field magnetization (M) data for compound 2 collected
from 1.8 to 5.8 K at an average sweep rate of 0.002 Ts™".

a minimum value of 1.63 versus 3.58 cm>*Kmol™, respectively
(inset of Figure 1 and Figure S23 in the Supporting Informa-
tion). Nevertheless, fast magnetic-relaxation processes at zero
field persisted despite the dilution, suggesting either that di-
polar interactions are still prompting tunneling at the dilution
levels of 1a and 2a or that other fast relaxation mechanisms
are present.

On the basis of these observations, we attribute the lack of
a remanent magnetization for 1 and 2 to the coexistence of
tunneling pathways and a dipole-mediated magnetic avalan-
che."? Such an explanation agrees well with the low-tempera-
ture ac susceptibility data, in which fast-relaxation pathways
are considerably slowed by application of a modest dc field or
dilution in a diamagnetic matrix. A major facilitator of tunnel-
ing is asymmetry in the ligand field, which can introduce trans-
verse anisotropies that mix the levels of the ground +M, dou-
blet.®” Notably, Kramers ions, such as Dy", do not undergo
such a level mixing,®® and this difference between 1 and 2
may explain the discrepancy in the magnetic relaxation times
observed at zero field and low temperature, and further why
blocking and open hysteresis were observed for 2, but not for
1. Another important indicator of a reduced tunneling influ-
ence for 2 is apparent in the lower dc field required to match
the effect of the dilution. Dipolar effects scale with moment
magnitude and distance, the latter remaining constant across
1 and 2, whereas the yyuT data revealed the moment to be
larger for 2. Thus, the Tb" complex in 1 would be expected to
experience weaker dipolar effects that would require less of
a dc field magnitude to mitigate. Observation of the opposite
trend, in which a stronger field is required to shut down the
dipolar effects in 1, likely confirms the prevalence of other fast
relaxation pathways in 1 over 2.

The program Magellan was used to extract information
about the magnetic easy axis in 2 in view of the apparently
asymmetric ligand field.®¥ As was revealed by the computa-
tion, the axis of preferred alignment extends between the
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Figure 5. Orientation of the main anisotropy axis in 2. Coordinates are taken
from the crystal structure depicted in Figure 1. The same general orientation
of the easy axis is obtained for the other molecule within the asymmetric
unit of the crystal structure.

most separated carbon atoms of the two Cp* rings (Figure 5).
This alignment is akin to that obtained by ab initio methods
for the dinuclear species [{Cp’,Dy(u-SSiPh3)},] (Cp'=1’-CsH,Me),
which features similar coordination geometries about the Dy"
ion and a ground M, = 4"/, doublet.*” Note that Dy" and Tb"
centers share the same general aspherical electron density,
such that the results for 2 should also extend to 1.

The large barriers displayed by 1 and 2 are unexpected due
to the visually nonaxial ligand field of the complexes. Typically,
low-symmetry elements of a ligand field are invoked as facilita-
tors of tunneling or other magnetic-relaxation processes that
undermine the observation of true thermally activated relaxa-
tion. On the basis of the Magellan output, we found that
a very weak ligand, the BPh,™ anion, interacts with the lantha-
nide ions in the hard plane, where the biggest contribution to
tunneling would be expected. Thus, we speculate that such
large U. values arise directly from the bent ligand field pre-
sented to the Ln" centers within the [Cp*,Ln(BPh,)] complexes.
Herein, the weak agostic interactions between the metal cen-
ters and the phenyl rings of the BPh,” anion make a negligible
contribution to the ligand field. The weak ligand fields im-
posed on the Ln" ions by the BPh,” anions in 1 and 2 can
therefore be viewed not as engendering a large overall mag-
netic anisotropy, but rather leading to a weak transverse aniso-
tropy. A comparison between the magnetization dynamics of 2
and [{Cp’,Dy(u-SSiPh;)},] supports this interpretation, because
the much stronger SSiPh;~ ligands can be expected to gener-
ate greater transverse components to the magnetic anisotropy.
Indeed, because transverse anisotropy can lead to enhance-
ments in the prevalence of non-Orbach relaxation pathways,
we also noted that the Arrhenius plots for 1 and 2 are noticea-
bly simpler than that for [{Cp’,Dy(u-SSiPh,)},], which appears
highly curved over the entire temperature range of investiga-
tion. Although tunneling is likely enhanced by a stronger
ligand field in the hard plane, an alternative (or additional)

Chem. Eur. J. 2014, 20, 9524 -9529 www.chemeurj.org

9528

CHEMISTRY

A European Journal
Communication

possibility is that a strong ligand field in the hard plane serves
to strongly mix the M, levels and lower their total splitting.
These separate ligand-field effects are likely responsible for the
lower observed barrier in the dinuclear species relative to 2.
We acknowledge that the dinuclear nature of [{Cp’,Dy(u-
SSiPh3)}.] likely complicates the comparison with 2, because di-
polar effects are expected to be highly active in the former
species.

Interestingly, the barriers obtained for 1 and 2 are much
larger than those found for the bipyrimidyl radical-bridged
complexes [(Cp*,Ln),(w-bpym)]™ (Ln=Tb (Ug=44cm™'), Dy
(Us=88 cm™)), which incorporate similar bent [Cp*,Ln]™ moi-
eties."™ A recent report of a radical-bridged dinuclear transi-
tion-metal complex revealed that magnetic relaxation at low
temperature occurred through a single excitation to the
lowest-lying exchange-coupled M; level,*" rather than multiple
excitations, which is common for higher-nuclearity systems.”
Thus, the larger barriers in 1 and 2 relative to the dinuclear
species may imply that the spin reversal barrier in the dilantha-
nide species is governed more by the strength of the magnetic
coupling than by the contributions from the single-ion mag-
netic anisotropy. If this is true, then the Orbach relaxation
likely proceeds via the lowest-lying exchange-coupled state,
rather than through the first-excited M, level of the ground-
state moment (see Figure S24 in the Supporting Information).
In addition, or even alternatively, the anisotropy may be largely
quenched by the stronger ligand-field contribution of the
bpym~ ligand compared to the weakly coordinating BPh,~
anion. It is possible that the anisotropy may also be further di-
luted by the increased spin of the dinuclear complex relative
to the mononuclear fragments.*?

The foregoing results demonstrate that the bent ligand
fields presented within the complexes [Cp*,Ln(BPh,)] (Ln=Tb,
Dy) generated single-molecule magnets with unusually high
magnetic anisotropy barriers. Future efforts will include an in-
vestigation of the effects of replacing BPh,~ with various other
weakly coordinating anions on the relaxation dynamics.
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