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ABSTRACT: The synthesis and magnetic properties of
three new bipyrimidyl radical-bridged dilanthanide com-
plexes, [(Cp*,Ln),(u-bpym*)]* (Ln = Gd, Tb, Dy), are
reported. Strong Ln"-bpym®~ exchange coupling is
observed for all species, as indicated by the increases in
xuT at low temperatures. For the Gd™-containing
complex, a fit to the data reveals antiferromagnetic
coupling with ] = =10 cm™ to give an S = '3/, ground
state. The Tb™ and Dy™ congeners show single-molecule
magnet behavior with relaxation barriers of U, = 44(2)
and 87.8(3) cm ™, respectively, a consequence of the large
magnetic anisotropies imparted by these ions. Significantly,
the latter complex exhibits a divergence of the field-cooled
and zero-field-cooled dc susceptibility data at 6.5 K and
magnetic hysteresis below this temperature.

ingle-molecule magnets are molecules that possess an energy
barrier to spin inversion, leading to slow magnet relaxation
and, in the absence of rapid tunneling, magnetic hysteresis at low
temperatures. For example, the original single-molecule magnet,
Mn,,0,(0,CMe) ,(H,0),, displays an exchange-coupled S =
10 ground state with an effective spin reversal barrier of U g = 42
cm™’, leading to a magnetic relaxation time of 2 months at 2 K
and, consequently, magnetic hysteresis." For proposed applica-
tions, such as high-density information storage, quantum
computing, or spintronics, it is essential, however, to develop
molecules exhibiting this type of behavior at significantly higher
temperatures.2
Recent developments in the field have demonstrated that
much larger spin reversal barriers are accessible in lanthanide-
containing complexes,® on account of the large single-ion
magnetic anisotropy delivered by an appropriate configuration
of 4f electrons.* Unfortunately, in the absence of substantial
magnetic exchange coupling, these species tend to display
relaxation via tunneling pathways that shortcut the thermal
relaxation barrier and eliminate the remnant magnetization in a
typical hysteresis measurement. In contrast, the N,>~ radical-
bridged dilanthanide complexes {[((Me;Si),N),Ln(THF)],-
(u—1*:*N,)}~ (Ln = Gd, Tb, Dy, Ho, Er) in some cases
display unusually long relaxation times at low temperatures,
owing to the rare combination of large lanthanide ion magnetic
anisotropy and strong exchange coupling.® Indeed, the Tb™
congener exhibits hysteresis up to a record malgnetic blocking
temperature for a molecular species of 14 K.>* Although the
diffuse spin orbital of the N,>~ bridge is evidently suitable for
creating a strong direct exchange with unpaired electrons in the
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contracted 4f orbitals of the lanthanide ions,’ employing this
highly reactive unit for the controlled synthesis of larger
molecular clusters is extremely challenging. Furthermore, the
N,*" ligand is not viable for simple synthetic modification to tune
the magnetic exchange coupling. We therefore chose to explore
the possibility of instead employing more controllable organic
radical bridging ligands to achieve a similar effect. Recognizing its
well-established bridge-forming capabilities,” together with its
reversible electrochemical reduction at —1.73 V versus SCE in
DME,® we decided to pursue reduced dilanthanide complexes of
2,2'-bipyrimidine (bpym). Herein, we describe the synthesis,
structural characterization, and magnetic properties of salts of
three new dilanthanide complexes, [(Cp*,Ln),(u-bpym®)]
(BPh,) (Cp* = pentamethylcyclopentadienyl; Ln = Gd (1),
Tb (2), Dy (3)), the first such species in which the bridging
ligand is the radical anion bpym*®~.

Compounds 1—3 were synthesized by mixing Cp*,Ln(BPh,)
(Ln = Gd, Tb, Dy)’ and bpym together in THF and subsequent
reduction with potassium graphite (Figure 1). Layering of THF
solutions of the products with Et,0 at —35 °C afforded crystals
suitable for X-ray analysis.'® All three compounds are
isostructural, each featuring a dilanthanide complex that resides
on a crystallographic inversion center, such that the two metal
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Figure 1. Upper: Synthetic scheme for 1 (Ln = Gd), 2 (Ln =Tb), and 3
(Ln = Dy). Lower: Structure of the bipyrimidyl radical-bridged cation in
a crystal of 3. Green, blue, and gray spheres represent Dy, N, and C
atoms, respectively; H atoms are omitted for clarity. 1 and 2 are
isostructural. Selected interatomic distances (A) for 2 and 3,
respectively: C(2)—C(2') 1.396(9), 1.401(3); mean Ln—N(bpym®)
2.44(1), 2.42(1); Ln--Ln 6.460(1), 6.425(1).
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centers are equivalent by symmetry (Figures 1, SI and S2,
Supporting Information). Each metal is coordinated by two Cp*
ligands and two N atoms of a bridging bpym®™ ligand. Consistent
with the radical character of the bridge, the central C(2)—C(2")
bond distances are 1.396(9) A for 2 and 1.401(3) A for 3,
significantly shorter than the mean value of 1.48(2) A found for
dilanthanide complexes bridged by neutral bpym and 1.501(1) A
for free 2,2/-bipyrimidine.'" Importantly, based upon the LUMO
calculated for a neutral bpym ligand,® the radical spin orbital of
bpym®~ is expected to have not only the largest contributions
from in-phase 2p, orbitals on the central two C atoms but also
substantial contributions of opposite phase from the 2p, orbitals
on the surrounding four N atoms.

Dc magnetic susceptibility data were collected on samples of
1-3 at 2—300 K to probe for the possible presence of magnetic
exchange coupling (Figure 2). For all compounds, the values of
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Figure 2. Variable-temperature dc magnetic susceptibility data for
restrained polycrystalline samples of 1—3 collected under a 1 kOe
applied dc field. The black line represents a fit to the data for 1, as
discussed in the main text.

amT at rt (15.14, 22.65, and 2740 cm®K/mol for 1-3,
respectively) are slightly lower than that expected for two
noninteracting lanthanide ions and a radical spin center (16.13,
24.00, and 28.71 cm®K/mol, respectively). As the temperature is
lowered, a slight decrease in y)T is apparent, reaching a shallow
minimum at 135, 135, and 200 K for 1—3, respectively (Figure
S3). This is followed by a rise in yy, T, suggestive of a high-angular
momentum ground state obtained as a result of antiferromag-
netic coupling between the radical bridging ligand and the
lanthanide ions. At even lower temperatures, y\T decreases
again, gradually for 1 and 2 but precipitously for 3. The nearly
discontinuous drop in yyT for 3 at <7 K is one indication of
magnetic blocking, as was previously observed for N,*~ radical-
bridged Tb™ and Dy™ complexes.> Consistently, field- and zero-
field-cooled magnetic susceptibility data collected for 3 show a
sharp divergence at 6.5 K (Figure S4).

For most lanthanide compounds, a precise determination of
the strength and sign of the exchange coupling constant (J) is
complicated by the intricate electronic structures of the
individual lanthanide ions. In contrast, the metal centers in
Gd"™ compounds possess a 4f” electron configuration with S =
7/, making them suitable for analyzing magnetic exchange
coupling, due to spin-only behavior free of complications from
spin—orbit coupling. Accordingly, the T data for 1 were fit to
the spin-only Hamiltonian A = —2J8,.4-(Sga(1) + Sca) where |
represents intramolecular Gd"'-radical exchange coupling and S,
are the spin operators for each paramagnetic center. Variable-
field, variable-temperature magnetic susceptibility data for 1
(Figure SS) indicate that the slight downturn in yT at very low
temperature is due to the Zeeman effect. Since the impact of this

is significant only below 20 K, only data collected above that
temperature were included in the fitting procedure. The best fit
afforded J = —10 cm™" (Figure 2), indicating antiferromagnetic
Gd"-radical coupling to give an S = '*/, ground state. To our
knowledge, this ] value is the second largest in magnitude yet
reported for a Gd"' compound, only surpassed by the ] = —27
cm™' observed for the N,*” radical-bridged complex
{[((Me3Si)2N)2Gd(THF)]2(/4—772:112—N2)}_.58'12

The similar trends observed in the temperature dependence of
the T data for 2 and 3 indicate that they too possess a strong
antiferromagnetic coupling between the Ln"™ centers and the
radical bridging ligand. Indeed, the temperatures at which the
shallow minima in the data occur suggest that [J(1)l = [J(2)I <
IJ(3)l. This ordering is somewhat unexpected, since, with a
slightly smaller ionic radius, Dy"™ would generally have more
contracted valence orbitals than Gd™ or Tb™. Similar
considerations for the N,’ radical-bridged dilanthanide
complexes suggest that the strength of the exchange interactions
follows the opposite trend: Tb™ > Dy™ > Ho™ > Er'.* Overall,
the results suggest that perhaps the exchange coupling in 1-3 is
via a spin-polarization mechanism involving the empty Ln™" 5d
orbitals, rather than direct exchange interactions between the
radical spin orbital and the Ln'™ 4f orbitals.

In view of the large magnetic anisotropy associated with Tb™
and Dy", it was anticipated that 2 and 3 would exhibit slow
magnetic relaxation. Ac magnetic susceptibility data collected for
these compounds indeed display out-of-phase susceptibility
(rm") signals with a frequency and temperature dependence
indicative of long magnetic relaxation times. From 2 to 3 K, under
ac frequencies ranging from 1 to 1500 Hz, 2 shows a peak
maximum at 47 Hz in y” that decreases in intensity with
increasing temperature, but remains invariant with respect to
frequency (Figure S6). The peak begins to shift to higher
frequencies at temperatures above 3 K, ultimately moving
beyond the frequency limit of the magnetometer at 7.5 K. In
contrast, as shown in Figure 3, when 3 was subjected to an ac
magnetic field of 0.1—1500 Hz at temperatures 7.5—17.5 K, the
v peak maximum changed frequency over the entire
temperature range probed. Quantitative determination of
magnetic relaxation times (z) for 2 and 3 as a function of
temperature was performed via the construction of Cole—Cole
plots for each temperature (Figures S7 and S8) and subsequent
fitting of the plots to a generalized Debye model.

The temperature dependence of 7 can provide useful
information about the operative magnetic relaxation processes
at particular temperatures for a given system. In particular, in the
presence of an activation barrier with respect to moment reversal,
the system must exchange energy with the lattice (in the form of
phonons) to ascend to the top of the barrier before relaxation can
occur. Such a relaxation mechanism, known as an Orbach
process,”> leads to an exponential dependence of 7 upon
temperature. Thus, one can generate an Arrhenius plot to
determine the energy barrier U and attempt time 7, as shown
in Figure 4 for 2 and 3.

For 2, at 2—3 K, 7 is temperature-independent, which indicates
that magnetic relaxation does not require the input or release of
energy to the lattice. This phenomenon is usually observed for
relaxation processes where the moment tunnels through the
relaxation barrier. At temperatures above 3 K, however, 7
becomes temperature-dependent, suggesting an approach to
Arrhenius behavior and an Orbach relaxation mechanism. A
linear fit to the relaxation times observed between 6 and 7 K
affords an effective spin reversal barrier of U,g = 44(2) cm™" and
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Figure 3. In-phase (y,/, top) and out-of-phase (y,”, bottom)
components of the ac magnetic susceptibility for 3 under zero applied
dc field from 7.5 K (purple circles) to 17.5 K (red triangles). Solid lines
represent fits to the data, as described in the main text.
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Figure 4. Arrhenius plots of relaxation time data for 2 and 3. The black
lines correspond to linear fits to the Arrhenius equation, as described in
the main text, yielding U= 44(2) cm™ and 7, =4(1) X 107%s for 2 and
U= 87.8(3) em™ and 7, = 1.03(4) X 107" s for 3.

an attempt time of 7, = 4(1) X 107% 5. The value for the barrier is
higher than the range normally observed for single-molecule
magnets, and 2 can be placed among a small but growing set of
Tb™-based single-molecule magnets.14 In contrast, the 7 values
for 3 are fully temperature dependent, indicating that an Orbach
process is operative over the entire temperature and frequency
range investigated. A fit to the Arrhenius expression affords a
much higher relaxation barrier of U, = 87.8(3) cm™, with 7, =
1.03(4) X 1077 s. Significantly, this eclipses the value of U, = 67
cm™! reported for a dinuclear Co' carbene radical-bridged
complex,"> which is the largest barrier known for an exchange-
coupled transition metal species. It should be noted that the
values of 7, for 2 and 3 are within the expected range for single-
molecule magnets.

Although large, the relaxation barriers for 2 and 3 fall short of
those observed for perhaps a dozen other molecules.”™* The
N,*" radical-bridged complexes, which represent the most
closely related species, display relaxation barriers of 227 and

123 cm™! for Tb™ and Dy™, respectively, possibly as a result of
the stronger exchange coupling. For comparison, the largest
barriers yet reported for mono- and multinuclear species are 566
cm™! for the phthalocyanine sandwich complex Tb'Pc,"*" and
367 cm™! for the square pyramidal cluster Dy;O(O'Pr),3.* In
cluster complexes such as the latter species, the single-molecule
magnet behavior is thought to originate largely from the strong
anisotropy of the Dy centers, with only weak contributions
from intramolecular exchange coupling. This can lead to
multinuclear complexes that display magnetization dynamics
corresponding to multiple slowly relaxing Dy™ centers, rather
than from a fully exchange-coupled moment.** Furthermore,
regardless of the thermal relaxation barrier obtained from ac
susceptibility measurements, which can be very high, the fact that
the slow magnetic relaxation stems largely from the moments of
individual ions allows for the occurrence of faster, tunneling
relaxation processes that shortcut the barrier. While the origins of
these processes are not necessarily fully understood for
lanthanide-based systems, some studies have suoggested that
intermolecular dipolar interactions are important.

The ultimate test for the utility of a single-molecule magnet lies
in the evaluation of its magnetic hysteresis behavior. At 2 K and
below, under an average sweep rate of 0.003 T/s, 2 displays a
waist-constricted hysteresis loop that is closed at zero field and
slightly opens at higher fields (Figure S9). This result is
consistent with the relaxation times obtained from the ac
susceptibility measurements and the presence of tunneling at
zero applied dc field. In contrast, the hysteresis loops collected
for a polycrystalline sample of 3 are open at zero field for
temperatures up to 6.5 K (Figure S). The coercive field retains its

Figure S. Variable-field magnetization (M) data for compound 3
collected from 2 to 7 K at an average sweep rate of 0.002 T/s.

maximum of H, = 0.6 T up to 3 K but then steadily decreases as
the temperature is raised. Note that the presence of a prominent
step in the hysteresis loop at H = 0 indicates that tunneling, which
was not apparent on the much faster time scale probed by the ac
susceptibility measurements, is indeed occurring in this sample.
Significantly, however, only four molecules have been shown to
have a higher maximum temperature for magnetic hysteresis
when measured under similar field sweep rates: 7 K for
Dy4(OH)2(bmh)z(msh)4C12,3b 7 K for Tb'Pc,,'*" and 8.3 and
14 K for the N, radical-bridged complexes of Dy and Tb",
respectively.®

Interestingly, the U, values and the magnetic hysteresis data
indicate that the Dy compound 3 is a better single-molecule
magnet than its Tb"™ analogue 2. This is in contrast to the
observations for the N,  radical-bridged complexes and
counters the expectation that Tb™ centers should deliver a
greater magnetic anisotropy.” We speculate that the difference
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stems from the weaker magnetic exchange coupling apparent for
2, consistent with the idea that the relaxation barrier for such
molecules is related to the amount of energy needed to
overwhelm their tendency to behave as a lar%e collective
magnetic moment (i.e., the giant spin model)."* This, with
the lack of tunneling apparent for the more strongly coupled
N, radical-bridged species,” suggests the need to enhance the
strength of the exchange coupling in organic radical-bridged
lanthanide systems. We also note that the specific coordination
environments of the Ln'™ centers in such complexes are also
likely to have a significant influence on the relaxation barrier and
tunneling probability and provide another important variable for
future study via terminal ligand modification.

The foregoing results demonstrate that strong magnetic
coupling and single-molecule magnet behavior, including
magnetic blocking, can be achieved in bipyrimidyl radical-
bridged dilanthanide complexes. In particular, the large degree of
tunability that can be envisioned for such systems is of
importance. Efforts are now underway, for example, to generate
higher-nuclearity bpym®~-bridged species with larger ground
state moments, as well as to increase the strength of the magnetic
exchange coupling through addition of electron-donating or
-withdrawing substituents to the bpym ligand. In addition, the
many various other organic radical bridging ligands that would
place a high spin density on the donor atoms coordinating to a
lanthanide ion are clearly in need of exploration.
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