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ABSTRACT: The first example of a homoleptic f-block borolide sandwich complex is presented and shown to be a high-
performance single-molecule magnet (SMM). The bis(borolide) complex [K(2.2.2)][[1-(piperidino)-2,3,4,5-tetraphenylbor-
olyl],Dy] (1) features an unusual example of an anionic Ln** metallocene that supports short metal—ligand bonds and a high degree
of linearity around the central Dy>" ion, resulting in comparatively large barriers to magnetization reversal (U= 1600 cm™" for the
most linear orientation) and, importantly, a high blocking temperature (T, defined as T(7qy,)) of 66 K. These metrics put complex
1 among the very best performing SMMs reported to date and highlight the potential of dianionic borolide ligands to increase ligand

field axiality, compared to monoanionic cyclic ligands, to ultimately maximize magnetic anisotropy in f-block-based SMMs.

he design of single-molecule magnets (SMMs) that are

amenable to practical applications such as ultrahigh-
density data storage, quantum information processing, and
molecular spintronics has progressed immensely with the
discovery of lanthanide (Ln)-based SMMs.' ™ Ln*" ions are
especially suited for SMM design, for they possess intrinsically
strong anisotropic electron densities that can be comple-
mented by careful modulation of the ligand field.°”® This
ability to tailor ligand fields to afford specific magnetic
properties is aptly shown by the trailblazing dysprosocenium
family of sandwich complexes, sporting blocking temperatures
(T(1005)) of up to 65 K,”~'* approaching the boiling point of
N,. These attributes stem from tuning of the interplay of
electrostatic interactions between the Cp"—Dy (Cp" =
substituted cyclopentadienide ligands shown in Chart 1)
distance and the Cp®—Dy—Cp" angle to enforce a rigid and
highly axial ligand field on the oblate electron density of the
Dy*" ion. Functionalization of the Cp® rings has not only
allowed (i) maximization of the axiality, which mitigates the
efficacy of undesired through-barrier relaxation pathways such

Chart 1. Comparison of Magnetic and Structural
Characteristics of Dysprosocenium Complexes’ "> and 1°
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“The two sets of parameters for 1 (1,, 1,,) correspond to the two Dy**
sites in crystalline material of 1. The T(7,q,) value for 1, was
extrapolated from the Orbach term only (vide infra).
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as quantum tunneling of the magnetization (QTM) and
increases the energy gap between the magnetic ground- and
excited-state multiplets, thereby maximizing the effective
energy barrier to magnetization reversal (U,), but also (i)
alteration of vibrational modes that reduce the blocking
temperature via spin—vibrational coupling. Recent calculations
suggest that the performance of dysprosocenium SMMs could
be even further improved via encapsulation into SWCNTs."

While the Cp*~ ligand platform has enabled a plethora of
organometallic f-block chemistry and has been intimately
involved in SMM design, given the largely ionic character of
4f—ligand bonding, the monoanionic charge of Cp"~ may
present an electrostatic limit on how strong the ligand field can
become. As a new avenue to improve SMM performance, we
commenced an exploration of dianionic ligands that can
furnish highly axial ligand fields for 4f complexes and identified
aminoborolides as promising candidates. Borolides in general
are isoelectronic dianionic analogues of cyclopentadienides and
allow for comparable tunability of the ligand framework to
enforce appropriate steric bulk.'* The multiconfigurational
electronic structure that aminoborolides have been shown to
possess, namely, resonance forms involving transition metal—
ligand redox events, make them uniquely suited for the design
of high-performance Ln SMMs.'* While the metal-reduced
resonance structures have been shown not to reduce Ln** ions
(vide infra), their presence places greater electron density at
the Ln>" ion, enhancing electrostatic interactions.'* In contrast
to the precedence of Ln complexes bearing five-membered
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heterocycles such as arsolyls, phospholyls, and
pyrollyls'® as well as six-membered heterocycles like
phosphorins,”® boratabenzenes,”’ and 5f complexes of
borabenzene,”” Ln sandwich complexes of aminoborolides
have not been reported to date, and only recently have the
magnetic properties of a heteroleptic benzoborole—COT Dy**
complex been investigated.”> Here we report the synthesis of
the new aminoborolide ligand 3 and its corresponding anionic
homoleptic Dy*" sandwich complex 1, which shows a high
T(7y00;) rivaling those of its cationic dysprosocenium
congeners.

The reaction of piperidino(dichloro)borane (5)** with
dilithiotetraphenylbutadienide (6)*° affords the new 1-
piperidino-2,3,4,5-tetraphenylborole 4 as an air-stable solid in
68% yield (Scheme 1). The short B—N distance of 1.396(3) A

Scheme 1. Synthetic Route to 1
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in the crystal structure of 4 (see the Supporting Information
(SI)) and the v(BN) stretching frequency of 1484 cm™
implies a major contribution of the azaborafulvene resonance
structure to the ground state of 4.°**” Facile two-electron
reduction of 4 with potassium graphite yields air-sensitive
[K(THF)],[1-(piperidino)-2,3,4,5-tetraphenylborolide] (3) in
88% yield. A longer B—N distance of 1.48(2) A and smaller
v(BN) stretching frequency of 1471 cm™" are observed for 3
compared to 4. This is consistent with previous reports and
attributed to population of the B=N z* LUMO upon
reduction, reducing the bond order to a single bond in 320728
The salt metathesis reaction between 3 and THF-solvated Dyl
allows ready access to the anionic homoleptic sandwich
complex 2 in 53% yield, which was unambiguously established
as [K(THF)4][1-(piperidino)-2,3,4,5-tetraphenylborolyl],Dy
by means of single-crystal X-ray diffraction”” (see the SI for
details). However, these crystals suffer greatly from desolvation
at room temperature, which renders reproducible magnetic
measurements infeasible. To alleviate this issue, [2.2.2]-
cryptand is added to 2 to furnish air-sensitive [K(2.2.2)][1-
(piperidino)-2,3,4,5-tetraphenylborolyl],Dy (1) in 33% vyield,
which is devoid of detectable desolvation at room temperature.

The molecular structure of 1 (Figure 1) features the
anticipated anionic homoleptic sandwich complex. Closer
inspection revealed elongated thermal ellipsoids of several
atoms, most importantly the Dy’* ions, indicative of structural
disorder within the crystalline material. Crystallization from
alternative solvent mixtures and crystallization at —32 °C
yielded crystalline materials that possessed similar disorder at
the metal site. The disorder in 1 was modeled and successfully
refined assuming disorder of the Dy>" ion over two positions.

Figure 1. Molecular structure of 1, with thermal ellipsoids drawn at
the 25% probability level. Dy = teal, B = gold, N = blue, C = gray. The
countercation and hydrogens have been omitted for clarity.

Site 1, features a TPhBN.—Dy—TPhBN, (TPhBN, = borolide
ring centroid) angle of 161.4(3)° and TPhBN_—Dy distances
of 2.274(6) and 2.244(6) A, while site 1, possesses a less linear
TPhBN_—Dy—TPhBN, angle of 158.6(3)° and slightly longer
TPhBN_.—Dy distances of 2.258(6) and 2.280(S) A. These
structural metrics are comparable to those reported for
dysprosocenium ions in [(Cp*)Dy(Cp™™)][B(C¢Fs),]
(Cp™s.—Dy—Cp*. angle of 162.507(1)° and Dy—Cp*_ and
Dy—Cp™s_ distances of 2.296(1) and 2.284(1) A)'*> and
[Dy(Cp™™°),][B(C¢Fs),] (Cp™™Me.—Dy—Cp™Me_ angle of
156.6(3)°, Dy—Cp™™Me_ distances of 2.298(5) A)."'

The temperature dependence of the static magnetic
properties of 1 were probed using direct current (dc) magnetic
susceptibility measurements under an applied field of 1000 Oe
in the temperature range of 2—300 K (Figure S15). The yuT
value of 14.30 emu K mol™" at 300 K is close to the expected
value for a single noninteracting Dy*" ion (14.17 emu K mol "
®Hysp, S =3/5 L =S, g = */;). Field-cooled (FC) and zero-
field-cooled (ZFC) magnetization data show clear divergence
at 68 K, indicative of magnetic blocking. The dynamic
magnetic properties of 1 were initially probed by means of
alternating current (ac) magnetometry in the temperature
range of 74 to 116 K. The out-of-phase component of the ac
magnetic susceptibility y” (Figure 2a) features two peaks,
indicative of two distinct relaxation processes and consistent
with the presence of two independent Dy’* sites in 1.
Temperature-dependent relaxation times 7 (Figure 2c) were
extracted from fits of Cole—Cole plots that bear both processes
in the frequency window (Figure S17, 80—104 K) to a two-
process generalized Debye model as implemented within the
CC-FIT2 software package®”*' (open circles).

At temperatures below 76 K, both relaxation processes are
too slow to display maxima in y” above the 0.1 Hz low-
frequency instrument limit. Variable-temperature magnet-
ization decay experiments (Figures S16—S27) were carried
out to extend the temperature range over which the
temperature dependence of the magnetic relaxation could be
studied. Structural disorder likely remains in crystalline
material of 1 below 76 K, and therefore, two independent
relaxation processes are expected to contribute over this
temperature regime. However, the use of double-stretched
exponential fits did not provide statistically meaningful results;
hence, we provide 7 values resulting from a single-stretched
exponential fitting procedure (CC-FIT2),” which yielded the
most conservative estimate for bulk relaxation in crystalline
material of 1 (triangles in Figure 2c). The thus-obtained 7
values of the bulk sample are well-aligned with those obtained
from ac measurements for the slower process in the higher-
temperature regime. The temperature dependence of the ac-
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Figure 2. (a) Out-of-phase component of the molar ac magnetic susceptibility of 1 (Hy, = 0 Oe). Circles represent experimental data, and lines
correspond to fits. (b) Ab initio-calculated energies of excited magnetic states (labels indicate major contributions) and most probable relaxation
pathways (blue arrows) for (left) 1, and (right) 1, (see Figure S4 and Table S7 for all transition probabilities).>* (c) Temperature dependence of
the relaxation times for 1, (red) and 1, (black) in 1 extracted from fits of Cole—Cole plots (circles) or magnetization decay experiments (triangles).
The slower and faster relaxation processes were fit using the Orbach and Raman terms (red dashed line) and the Orbach term only (black dashed
line), respectively. T(7,qo,) is highlighted by the blue line. (d) (left) Variable-field magnetization data for 1 from 2 to 70 K obtained for a sweep rate
of 9 Oe s™". (right) Magnification of hysteresis loops at selected temperatures. The 70 K loop can be considered closed.

and dc-derived relaxation times for the slower process in
Figure 2b (red) was fitted according to the relaxation rate
equation shown in eq 1,

T = CT" 4 ¢l t/laT (1)
which is truncated to include only the Orbach (7, U.s) and
Raman (C, n) terms. The fit afforded the values U, = 1600 +
100ecm™, 7= (1£2)x 10725, C=0+02s' K™ andn=
0 = 7 for 1,. The rather large errors are a result of including
simple fitting errors according to eq 1, 16 uncertainties in the
ac-derived relaxation times from the log-normal distribution
model, and uncertainties associated with the distribution
factors ar and f values for ac- and dc-extracted relaxation times,
respectively. Exclusion of the latter during error analysis results
in significantly smaller errors (U,s= 1658 + 2 cm™, 7, = (2.01
+0.07) X 107 s, C= (24 +0.1) X 10°s' K™ and n =
1.93 + 0.02). The faster process was fitted using its
corresponding ac-derived relaxation times to solely an Orbach
process to afford Uz = 1300 + 300 cm ™' and 7, = (2 + 8) X
1072 s,

With these results in mind, we assign the more and less
linear sites 1, and 1y to the slower and faster relaxation
processes, respectively. Based on the established temperature
dependences of 7, we extract blocking temperatures T(7,o,) of
67 K for site 1, and 60 K for site 1,. However, given the
mentioned experimental errors, we suggest that 66 K be used
as the more conservative estimate for the blocking temperature
of site 1, (7,.(66 K) = 108 + 0.4 K), which is close to that
reported for a heteroleptic dysprosocenium complex (65 K)."”

To understand the origin of the slower and faster relaxation
processes, ab initio calculations of the CASSCF/SO-RASSI/

17745

SINGLE_ANISO type were carried out with the OpenMolcas
program for sites 1, and 1,.°" % Figure 2b summarizes the
results of these calculations. The calculated energy ordering of
the ground and excited states of sites 1, and 1, and the
corresponding transition probabilities are in good agreement
with the experimental data. Considering solely the matrix
elements connecting the corresponding states, the more linear
site 1, and the less linear site 1, are calculated to relax via the
fifth excited state (at 1458 and 1367 cm™’, respectively).
However, at high temperature the temperature-assisted
tunneling (TAT) mechanism dominates the relaxation, with
the probability of relaxation given by ¥, = pre Bkl
is the average magnetic moment matrix element connecting
the opposite components of the corresponding doublet, E, is
the energy of doublet n, and kg is the Boltzmann constant.
Using the ab initio-calculated energies and the corresponding

, where u

. . P .. .
matrix elements, we obtain —==*¢ = 7.4 at 60 K. This implies
=5—>+S

that activated relaxation via the sixth excited state (1595 cm™
for 1,) dominates over the one via the fifth excited state (1458
cm™') at this temperature. These calculated energies are in
very good agreement with the experimentally determined
barriers U,z = 1600 and 1300 cm™. Thus, in the case of 1,
computational results support differences in electronic
structure between 1, and 1, causing the slower and faster
relaxation processes observed in bulk crystalline material. This
is in contrast to a recent report of a dysprosium metallocene
SMM in which two disordered Dy* sites featured almost
identical magnetic state energy ordering and transition
probabilities yet varying relaxation rates.’

Magnetic hysteresis measurements further highlight the
magnetic anisotropy of 1 in bulk crystalline material. As shown

1
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in Figure 2d, hysteresis loops gradually close from 2 to 70 K, at
which point they are effectively closed. Complex 1 possesses a
coercive field (H,) of 7.5 Oe at 65 K, which is in agreement
with the T(zy4,) of 66 K for 1,. The sharp step at zero field
could be attributed to the presence of QTM, likely originating
from less linear Dy*" sites in the bulk sample. We note that the
increased ligand field strength of the dianionic borolide ligand
may exacerbate the effects of deviations from geometric
linearity on the magnetic properties. This ultimately leads to
the introduction of additional relaxation pathways*® as well as
transverse magnetic anisotropy.é’7

In conclusion, we have shown that dianionic borolide
ligands can exert strong ligand fields on trivalent lanthanide
ions, resulting in remarkable magnetic anisotropy in the first 4f
bis(borolide) sandwich complex 1. The high axiality in 1,
affords a very high blocking temperature. These proof-of-
principle results open up additional routes to increase the
performance of SMMs and to push blocking temperatures well
above the boiling point of N, in the future. Such work is
currently ongoing in our laboratories.
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