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The bigger picture

Single-molecule magnets are

molecules that act as nanoscopic

analogs to classical magnets and

have garnered substantial interest

due to their potential applications

in high-density information

storage, magnetic refrigeration,

spin-based electronics, and

quantum computation. To realize

such applications, memory loss

needs to be prevented, which

requires judicious design of

coordination complexes. Herein,

we developed a strategy to

unprecedented organometallic

SMMs comprising lanthanide and

bismuth ions that exhibit

magnetic memory. The core

heterometallocubane includes

bismuth and lanthanides and was

hitherto unknown. Despite the

contracted nature of the

lanthanide 4f-orbitals, the

bismuth cluster allows significant

magnetic superexchange, thus

defining a new platform for SMM

design. This peerless class of

compounds leads also to new

prospects in physics and synthetic

chemistry.
SUMMARY

Single-molecule magnets (SMMs) are molecules that can retain mag-
netic polarization in the absence of an external magnetic field and
embody the ultimate size limit for spin-based information storage
and processing. Multimetallic lanthanide complexes lacking mag-
netic exchange coupling enable fast relaxation pathways that atten-
uate the full potential of these species. Employment of diamagnetic
heavymain group elements with diffuse orbitals may lead to unprec-
edented strong coupling. Herein, two bismuth-cluster-bridged
lanthanide complexes, [K(THF)4]2[Cp*2Ln2Bi6] (Cp* = pentamethyl-
cyclopentadienyl; 1-Ln, Ln = Tb, Dy), were synthesized via a
solution organometallic approach. The neutral [Ln2Bi6] heterometal-
locubane core features lanthanide centers that are bridged by a rare
Bi6

6� Zintl ion, which supports strong ferromagnetic interactions be-
tween lanthanides. This affords the rare observation of magnetic
blocking and open hysteresis loops for superexchange-coupled
SMMs comprising solely lanthanide ions. Both compounds consti-
tute the first SMMs containing bismuth donors paving the way for
promising synthetic targets for quantum computation.

INTRODUCTION

Molecular magnetism is a textbook example of synergetic effects arising from the

interplay of chemistry and physics that composes a vibrant, multidisciplinary, and es-

tablished research field.1 The development of the field relies on the design and

synthesis of new molecules, followed by thorough magnetic, spectroscopic, and

theoretical investigations.2 In particular, synthetic inorganic chemistry enables ac-

cess to a wide range of organic, coordination, and organometallic compounds

bearing signatures of interesting single-molecule magnet (SMM) behavior.3 Lantha-

nides (Ln) are especially well suited for the design of SMMs due to their large mag-

netic anisotropy originating from near-unquenched orbital angular momentum and

strong spin-orbit coupling.4 Recently, the judicious optimization of crystal field

resulted in magnetic bistability persisting up to liquid nitrogen temperature in a

mononuclear Dy-based metallocene complex, representing the current perfor-

mance record for a SMM.5 A parallel strategy exploits the synthesis of multimetallic

systems, where in addition to tailored crystal fields, the magnetic communication

between highly anisotropic lanthanide centers is of utmost importance. However,

multimetallic lanthanide complexes with requisite large spin ground states pose a

synthetic challenge since the contracted 4f-orbitals of the metal centers only

engender weak magnetic exchange.6 Here, several viable strategies have resulted

in significant breakthroughs in the design of high-performance SMMs via enhancing

magnetic coupling to lanthanide ions, which includes, but is not limited to,

the coupling through nd metal ions, radical ligands, and single-electron Ln–Ln

bonds stabilized as endohedral metallofullerenes (EMFs).7–12 Albeit synthetically
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challenging, the implementation of radical-bridging ligands has proven to be a

particularly successful approach, which is attributed to the diffuse radical spin or-

bitals that are able to penetrate the core electron density of the 4f-orbitals resulting

in enhanced magnetic exchange coupling to lanthanide centers. The successful sta-

bilization, isolation, and purification of lanthanide radical SMMs occurred with

bridging radicals, which gave rise to open magnetic hysteresis loops comprising a

giant coercive field of approximately 8 T for a SMM.10,13,14 Although a desirable

approach, the generation of radical-bridges necessitates redox-active ligands,

which dramatically limits the number of target molecules and adds an additional

layer of sensitivity and reactivity of the compounds due to the open-shell ligands em-

ployed. A promising route to SMMs that show magnetic memory at high tempera-

tures is to enhance magnetic exchange between the lanthanide centers using

diamagnetic heavy p-block donor atoms, since their diffuse valence orbitals may

facilitate better penetration of the core electron density of the lanthanide ions and

better energymatching, compared with themore commonly employed diamagnetic

ligands with lighter C/N/O/Cl donor atoms.15 This theory is supported by observa-

tions, such as the doubled magnetic exchange interaction in the sulfur-bridged

dinuclear dysprosium SMM, [(C5H4Me)2Dy(m-SSiPh3)]2, compared with the similar

chloride-bridged complex, [Cp2Dy(thf)(m-Cl)]2, which consequently results in

more efficient mitigation of quantum tunneling relaxation processes at low

temperatures.16

The exploration of ligands containing heavier main group elements for the construc-

tion of SMMs is scarce.15 Noteworthy is a series of Dy-based SMMs containing

DyIII–P, DyIII–As, and DyIII–Sb bonds, which demonstrated the critical role in moder-

ating the magnitude of barriers to spin relaxation (Ueff) among the different pnicto-

gen donors, showing decreasing coordination ability from P, As to Sb.17–19 Similarly,

the impact of covalent bonding onmagnetic relaxation dynamics was also illustrated

in Dy-based SMMs bearing DyIII–GeII and DyIII–SnII bonds, respectively, where the

former features stronger DyIII–GeII bonding in the equatorial position leading to a

lower effective spin-reversal barrier and faster quantum tunneling of the magnetiza-

tion.20 Notably, magnetic blocking derived from coupled states has been observed

in multinuclear systems, such as 3d-4f clusters,7 radical-bridged lanthanide

complexes,13 and EMFs,21 where each coupled system operates as a single mag-

netic unit for the reversal of magnetic moment akin to transition metal cluster com-

plexes. In contrast, such magnetic blocking remains rare for purely lanthanide-based

polynuclear SMMs containing diamagnetic bridges between lanthanide centers. In

those systems, the observed slow magnetic relaxation is ascribed to the single-ion

effect.7,8,22 Thus, we pursued the design of cluster complexes consisting of late

lanthanide ions and heavy main group element bridges. The latter will engender

strong magnetic exchange coupling between lanthanide centers to potentially

afford sufficient energy separation between exchange-coupled levels for blocking

the reversal of magnetization.

Bismuth was long thought to be the heaviest non-radioactive element of the periodic

table.23 It possesses high principle quantum number valence orbitals (6s), and fea-

tures effects arising from strong spin-orbit coupling. These characteristics create

different effects on crystal field and magnetic exchange interactions with metal cen-

ters, when compared with the properties arising for its lighter group V homologs.24

To the best of our knowledge, no SMM with a coordinating bismuth ion to one or

more anisotropic metal centers have been reported. Moreover, complexes that

contain both transition metal and bismuth ions are exceedingly rare, and magnetic

studies on these are even scarcer. In a remarkable MnII–BiIII heterobimetallic
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complex exhibiting the shortest known Mn�Bi distance, the transfer of spin-orbit

coupling effects in diamagnetic BiIII ion to the spin-bearing isotropic MnII ion was

elucidated by examining the axial zero-field splitting parameter of the MnII center,

which resembles the heavy atom effect observed in heavy halide species.25 Bismuth

is a poor coordinating donor ligand owing to unsupported hard-soft linkages and is

thus challenging to employ for f-element chemistry.26,27 Only one dinuclear complex

containing SmIII and Bi ions is known,28 along with a handful of intermetalloid cluster

complexes featuring Zintl ions.29–32

The unique electronic and physical properties associated with lanthanide and bis-

muth ions, respectively, sparked our interest to develop magnetic molecules con-

taining both highly magnetically anisotropic lanthanides and bismuth ions. If the

major synthetic challenges of their preparation can be overcome, Ln–Bi species

will enrich 4f and main group chemistry, paving the way to discoveries of new struc-

ture types and magnetic phenomena. Here, we report the isolation of the first

bismuth-cluster-bridged dilanthanide complexes, [K(THF)4]2[Cp*2Ln2Bi6] (Cp* =

pentamethylcyclopentadienyl; 1-Ln, Ln = Tb, Dy), where the two lanthanide centers

are connected through an exceptional Bi6
6� unit, forming a unique Ln2Bi6 heterome-

tallocubane. Notably, neither a metallocubane core of formula M2Bi6, nor a Bi6
6�

moiety in any organometallic compound, have yet been reported. Significantly,

ferromagnetic interactions between the two lanthanide centers mediated through

the Bi6
6� bridge led to the observation of open magnetic hysteresis at low temper-

atures in superexchange-coupled Ln-SMMs.

RESULTS AND DISCUSSION
Synthetic considerations

Among the few reported, primarily solid-state compounds that contain Ln–Bi frag-

ments, intermetalloid clusters involving Zintl ions are most relevant to this study.

These clusters exhibit stronger coordinating ability to metal centers via p-orbital

bonding electrons than do single-site bismuthine ligands (BiR3 or BiR2
�).29–32 The

general synthetic route for intermetalloid clusters comprising heavy main group

and d- or f-elements starts with an intermetallic Zintl complex, which is prepared

via a solid-state reaction involving alkali metals and heavy main group elements.33,34

The synthetic protocol then requires highly polar solvents, such as ethylenediamine,

in order to dissolve the starting materials and products.

Drawbacks of these synthetic routes include low yields of the desired products and

unavoidable byproducts, which precludes scalable syntheses of pure intermetalloid

cluster compounds and, as a result, prevents studies of their chemical and physical

properties.35 Modification of Zintl ions or intermetalloid clusters through the coordi-

nation of organic or organometallic ligands shows great promise for improving the

solubility, stability, reactivity, and purification of these products.36 Therefore, the

development of a facile solution synthetic route to cluster complexes, which readily

allows product isolation and purification is highly desirable and demands judicious

selection of suitable bismuth and lanthanide starting materials.

Decamethylsamarocene, containing highly reducing SmII, produced in solution the

only known lanthanide bismuth molecule.28 Its formation hints at redoxchemistry be-

ing generally crucial for the generation of lanthanide bismuth complexes. Impor-

tantly, due to their unfavorable reduction potentials, an analogous soluble divalent

precursor reagent is not available for the highly anisotropic metals Tb and Dy, which

are prevalent in molecular magnetism owing to their large magnetic anisotropy.37 In

addition, the construction of Bi–Bi bonded compounds containing single or multiple
Chem 8, 717–730, March 10, 2022 719



Figure 1. Synthesis and structure of the cluster complexes

(Top) Synthetic scheme for 1-Ln (Ln = Tb, Dy). (Bottom, left) Thermal ellipsoid plot of the

organometallic lanthanide bismuth cube dianion in a crystal of 1-Dy, drawn at the 50% probability

level. (Bottom, right) Neutral (Ln2Bi6) cube-shaped core enlarged. Green, purple, and gray spheres

represent Ln, Bi, and C atoms, respectively. H atoms have been omitted for clarity. 1-Tb is

isostructural with 1-Dy.
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bonds via direct reductive coupling of organobismuth compounds (BiR3, BiR2X,

BiRX2, and BiCl3) is possible in solution.38

The complexes [K(THF)4]2[Cp*2Ln2Bi6], 1-Ln, were synthesized by mixing

Cp*2Ln(BPh4) (Ln = Tb, Dy)39 and triphenylbismuth in THF and subsequent reduction

with potassium graphite at 45�C (Figure 1; Tables S1 and S2). The addition of KC8

generates highly reducing species that reduce BiIII to Bi�I, enabling the formation

of the cluster complexes 1-Ln. The byproducts are hexane-soluble Cp*2LnPh(THF),

2-Ln (Figure S1; Tables S3 and S4) and poorly soluble KBPh4, which precipitates

along with graphite.

Diffusion of diethyl ether into THF solutions of the products at �35�C afforded crys-

tals of 1-Tb and 1-Dy suitable for X-ray analysis (Figure 1; Tables S1 and S2). The

formation and stabilization of an unexpected cyclo-Bi6
6� unit is supported by obser-

vations made in organobismuth chemistry. Organobismuth compounds with non-

bulky substituents can rearrange to give flexible Bi homocycles, with equilibria

between rings of different size or polymers in solution.38,40 These compounds are

the first examples of a cyclic Bi hexamer in an organometallic complex with any

metal. The closest structural moiety that contains six bismuth ions is an icosahedral

intermetalloid cluster containing nickel ions.33
Solid-state structural characterization

Complexes 1-Tb and 1-Dy are isostructural and crystallize in the monoclinic space

group P21/n. As is shown in Figure 1, the two LnIII centers are bridged by a Bi6
6� Zintl

unit with the chair confirmation observed for cyclohexane, with the metal centers

forming a distorted cube. Each LnIII center is coordinated by one Cp* ligand, with
720 Chem 8, 717–730, March 10, 2022
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a Ln–Cp* ring centroid distance of 2.338(1) and 2.365(1) Å for 1-Tb and 1-Dy, respec-

tively, and has three close Bi neighbors (see Figure 1). The edges of the Ln2Bi6 cube

exhibit similar lengths. The Bi–Bi distances of 3.029(1)–3.042(1) Å and 3.027(1)–

3.036(1) Å for 1-Tb and 1-Dy, respectively, are significantly longer than multiple

Bi–Bi bonds (2.82–2.87 Å), and are comparable with Bi–Bi single bonds

(>2.99 Å).41 This observation suggests that the linkages between the Bi centers in

1-Ln may be described as single bonds, as would be expected stereochemically

given the chair conformation of the Bi6
6� unit.

The Ln–Bi distances are 3.055(1)–3.070(1) and 3.042(1)–3.060(1) Å for 1-Tb and 1-Dy,

respectively, approximately 0.2 Å shorter than the 3.287 Å Sm–Bi bonds.28 This dif-

ference may be explained by three factors. First, the shorter Ln–Bi bonds are a direct

result of the smaller radii of the TbIII and DyIII ions as compared with SmIII owing to

the lanthanide contraction.42 Second, the Bi unit in the Sm complex has a higher

bond order, and the greater electron density localized in multiply bonded Bi units

leads to relatively weaker donating ability to Ln centers, in contrast with the situation

in 1-Ln. Third, the TbIII and DyIII ions in 1-Ln are hexacoordinate, allowing the lantha-

nides closer to the bismuth core than may be possible in the dinuclear Sm complex,

which features an eight-coordinate SmIII ion. The Ln–Bi distances are shorter than the

sum of the covalent radii of Ln and Bi, 3.42 and 3.40 Å for Tb and Dy, respectively.42

This shortness indicates significant bonding interactions between Ln and Bi ions and

possibly signals strong covalency (although unlikely involving the 4f-orbitals).

Indeed, a few organometallic and intermetalloid endohedral lanthanide compounds

are inferred to involve increased covalency of the lanthanide centers when sup-

ported with donor ligands that consist of heavy main group elements.20,32 For

example, calculations on [Ln@Sn4Bi9]
4� (Ln = La, Ce) indicated a delocalization of

the free electron pair on one Bi site to the empty dz
2-orbital of the Ln center.32

The Ln2Bi6 core is compressed along the body diagonal between the two Ln centers,

with distances of 4.043(1) and 4.034(1) Å between Tb and Dy centers, respectively,

compared with an average distance of 5.632(1) and 5.617(1) Å between the corre-

sponding diagonally opposite Bi centers. The Bi–Ln–Bi angles range from

101.02(2)�–102.19(2)� and 101.06(2)�–102.45(2)� for 1-Tb and 1-Dy, respectively,

larger than the 90� angle for an ideal cube. The Ln2Bi6 core represents the first

example of a heterometallocubane containing bismuth and f-block metal ions. The

chair conformation adopted by the Bi6 moiety, with a 6-fold negative charge, is un-

precedented. The only other compound known to contain a cyclic Bi6 unit occurs in

[Nix@Bi6Ni6(CO)8]
4� in which the Bi6 unit carries a 4� charge.33 In the complexes

1-Ln, the large negative charge of the Bi6
6� anion is stabilized by the coordination

of two dicationic [Cp*LnIII]2+ moieties. The closest structural analog to 1-Ln of which

we are aware is a bimetallic niobium complex [(h6-C6H5Me)2Nb2Sn6]
2�, featuring h6-

coordinated toluene and a cyclohexane-like Zintl ion Sn6
12�, which is stabilized by

two NbV centers.43 The crystal structures of 1-Tb and 1-Dy feature dianionic

[Cp*2Ln2Bi6]
2� units, each of which is surrounded by four K+ counterions coordinated

by four THFmolecules in equatorial positions (Figure S2). TheK+ ions reside 3.851(4)–

3.931(4) and 3.851(5)–3.955(5) Å from the Bi sites of 1-Tb and 1-Dy, respectively, well

outside of bonding distance. The intermolecular Ln.Ln distances are also large, with

more than 10 Å between adjacent [Cp*2Ln2Bi6]
2� fragments (Figure S2).

Computational studies

To probe the electronic structure at the Ln ions in 1-Tb and 1-Dy, we have performed

complete active space self-consistent field spin-orbit (CASSCF-SO) calculations on

[Cp*2Ln2Bi6]
2� fragments. All calculations were performed using OpenMolcas
Chem 8, 717–730, March 10, 2022 721



Figure 2. Dc magnetic susceptibility data for 1-Dy (red circles) and 1-Tb (blue squares) collected

under a 1 kOe applied dc field

The black solid lines represent simulations using Hamiltonian 1 in the main text, with parameters

gJ = 1.30 and Jx = Jy = Jz = 1.0 cm�1 for 1-Dy, and gJ = 1.46, Jx = Jy = �0.07 cm�1 and Jz = 2.77 cm�1

for 1-Tb.
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21.0644 with unoptimized structures from single-crystal X-ray diffraction (XRD),

where only one LnIII ion was considered using an 8 in 7 or 9 in 7 active space (for

1-Tb and 1-Dy, respectively), whereas the other ion was computationally replaced

with diamagnetic LuIII (see supplemental information for details). We find that, in

both compounds, the crystal field experienced by the LnIII ions is very small, with a

total splitting of 64 and 128 cm�1 for 1-Tb and 1-Dy, respectively (Tables S5 and

S6); this is in stark contrast to the large crystal field splitting known for bis-CpR LnIII

complexes of TbIII and DyIII.5,45 Thus, the Bi6
6� Zintl ion is clearly providing a signif-

icant effectively equatorial crystal field potential that counteracts the large axial crys-

tal field potential generated by the Cp* ligand. Indeed, the easy magnetic axis of the

ground (pseudo-)doublets are perpendicular to the Ln–Cp centroids in both cases

(Figure S3), showing that the magnetic anisotropy at the metal is not dominated

by the Cp* ligand and that the Bi6
6� Zintl ion has a significant influence. Given the

small crystal field splitting, it is unsurprising that there is considerable mixing of all

the mJ functions and substantial rhombic character to the states (Tables S5 and

S6). The equatorial nature of the crystal field potential generated by the Bi6
6� Zintl

ion appears to be a simple case of geometry: compared with the charge-dense

anionic Cp* ligand, which generates a strong axial potential, the LnIII ion sits just

above a set of three formally Bi1� anions with a local piano-stool geometry (Figure 1,

bottom). The Cp*centroid-Dy–Bi angles for these three nearest atoms are between

116� and 117�, which fall on the equatorial side of the ‘‘magic angle’’ of 125� for

the axially symmetric crystal field parameter B0
2 in point-charge crystal field theory,46

where the influence of the ligand switches from axial to equatorial; hence, even from

simple models, the Bi6
6� Zintl ion would be expected to compete with the Cp*

ligand.
Magnetic susceptibility measurements

Direct current (dc) magnetic susceptibility measurements were carried out on poly-

crystalline samples of 1-Ln in an applied dc magnetic field of 1 kOe in 2 to 300 K (Fig-

ure 2). The cMT values at 300 K for 1-Dy and 1-Tb are 27.39 and 23.02 cm3 K mol�1,
722 Chem 8, 717–730, March 10, 2022
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which are slightly lower than those expected for two non-interacting LnIII ions (28.34

and 23.64 cm3 K mol�1 for DyIII and TbIII, respectively).47 As the temperature was

lowered, an increase in cMT is observed with maxima of 33.49 cm3 K mol�1 at 12

K and 24.18 cm3 K mol�1 at 19 K for 1-Dy and 1-Tb, respectively. This significant in-

crease in cMT is surprising, given the lack of radical-bridging ligands, and indicates

that our strategy to engender strong superexchange coupling between the two Ln

centers through the Bi6
6� Zintl ion has been successful. Ferromagnetic interactions

were confirmed by field-dependent magnetization measurements below 10 K (Fig-

ure S4), which demonstrate a rapid increase at low magnetic fields, whereas at the

highest magnetic field of 7 T the magnetization remains unsaturated suggesting

the presence of significant magnetic anisotropy and/or low-lying excited states.48

The theory of magnetic coupling between ions with unquenched orbital angular mo-

mentum is non-trivial,49 but a simplified model proposed by Lines,50 where only the

spin-dependent part of the exchange is included (Equation 1), can be used to pro-

vide an order-of-magnitude estimate for the exchange coupling. Although this

approach is a vast oversimplification,51 and indeed, spectroscopic techniques,

such as cryogenic multi-frequency electron paramagnetic resonance, are needed

to obtain the details of the anisotropic exchange tensor,2,52,53 it is useful for

comparing the strength of magnetic coupling between different systems in a simple

manner.

H =
X
i = 1;2

X
k = 2;4;6

Xk

q=�k

Bq
k
bOq

ki
+ mBgJðbJ1 + bJ2Þ , B

!

� 2
�
Jx bS1;x

bS2;x + Jy bS1;y
bS2;y + Jz bS1;z

bS2;z

�
(Equation 1)

Here, the first term is the crystal field potential for each LnIII ion (simplified due to the

inversion symmetry), the second term is the effect of the magnetic field (Zeeman

term), and the third term is the spin-spin exchange between the true-spins of the LnIII

ions; the z axis is defined along the LnIII-Cp*centroid direction, which coincides with

the crystal field quantization axis. Simulations of the magnetic susceptibility data us-

ing PHI,54 with B
q
k values fixed from CASSCF-SO calculations, suggest that gJz 1.30

and Jx = Jy = Jzz 1.0 cm�1 for 1-Dy, whereas gJz 1.46, Jx = Jyz �0.07 cm�1 and

Jzz 2.77 cm�1 for 1-Tb (Figure 2). The fitted values of gJ are lower than expected

for the free-ion Landé g-values of 4/3 and 3/2 for DyIII and TbIII, respectively, which

is likely a consequence of a small uncertainty in sample mass (ca. 3%–5%) rather than

a real effect. Interestingly, although an isotropic exchange coupling provides a suf-

ficient simulation of the data for 1-Dy, the exchangemust be significantly anisotropic

to approach the shape observed for 1-Tb; an anisotropic model is also possible for 1-

Dy with parameters Jx = Jyz �0.6 cm�1 and Jzz 1.5 cm�1, which shows very similar

agreement to the data (Figure S5) as the isotropic model (Figure 2). Given the highly

mixed crystal field states of the LnIII ions obtained from CASSCF-SO, it is not fruitful

to describe the coupled states in terms of mJ composition. However, both the

isotropic and anisotropic models of 1-Dy lead to an easy-axis ground pseudo-

doublet with effective g-value of ca. 32 along the z axis of the compound, explaining

the increase in cMT at low temperatures. The spectrum of excited states consists of

many low-lying singlets, with the lowest group of four between 12–18 cm�1 (Fig-

ure S6). The case of 1-Tb is more complicated; here, there is a manifold of six low-

lying states within 5 cm�1 that lead to rhombic anisotropy where the x axis is the

easy axis, the z axis is the intermediate axis and the y axis is the hard axis (Figure S7),

explaining the less-significant rise in cMT compared with 1-Dy. This likely occurs for
Chem 8, 717–730, March 10, 2022 723
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1-Tb due to the smaller crystal field splitting than in 1-Dy. Due to the presence of

low-lying excited states in the crystal field spectra of both compounds, it is inappro-

priate to use a dipolar model of magnetic interaction; therefore, we do not separate

these simulated J values into superexchange and dipolar contributions. However,

given the reasonably large distance between the LnIII ions and the lack of strong uni-

axial magnetic anisotropy in the ground crystal field states in either case, we suspect

that the dipolar contribution is small and that the overall interaction is dominated by

superexchange; this is supported by the observation of an easy-axis-type ground

state for 1-Dy along the z axis, despite the local main anisotropy directions for the

ground Kramers doublet lying in the xy-plane.

The magnetic relaxation dynamics of 1-Dy and 1-Tb were probed by variable-fre-

quency and variable-temperature alternating current (ac) magnetic susceptibility

measurements under a 3 Oe oscillating ac field at zero dc field. The collected ac

data for both compounds show frequency- and temperature-dependent out-of-

phase susceptibility (cM
00) signals (Figures 3 and S8), implying slow magnetic relaxa-

tion, typical for SMM behavior. Under ac frequencies ranging from 0.1 to 941 Hz at

temperatures between 2 and 16 K for 1-Dy, the cM
00 peakmaxima changes frequency

over the entire investigated temperature range. The ac magnetic susceptibility data

were used to generate Cole-Cole plots at each temperature (Figure S9), which were

fitted to a generalized Debye model to extract the magnetic relaxation times (t) dis-

tribution parameters (0.02 < a < 0.13, revealing a narrow distribution of relaxation

processes1). The relaxation times were employed to construct Arrhenius plots

(lnt versus 1/T, Figure 4). A satisfactory fit of the data requires twoOrbach processes,

affording barriers to spin relaxation of Ueff,1 = 16.9(1) cm�1 with t0,1 = 7.2(1)3 10�5 s

and Ueff,2 = 43(2) cm�1 with t0,2 = 9(3) 3 10�6 s. The smaller spin-reversal barrier,

which dictates relaxation dynamics in the < 20 K regime, almost certainly arises

from the exchange-coupled manifold of low-lying states and is in good agreement

with breaks among the low-lying set of exchange states in 1-Dy (for both exchange

models, Figure S6). The larger barrier is harder to define owing to the small crystal

field splitting and non-negligible exchange interactions. However, as this relaxation

process dominates in the higher temperature regime > 20 K and its energy is quite

close to the second excited state in the crystal field manifold of the individual ions

(which is the first one having its main magnetic axis perpendicular to that of the

ground state, Table S5), we suspect that this relaxation pathway arises from the in-

dividual DyIII ions behaving as if uncoupled.

For1-Tb, from2 to2.4K,under ac frequencies ranging from0.1 to941Hz, thecM00 peak is
temperature independent, indicating the occurrence of a QTM relaxation process in this

temperature regime. Above 2.4 K and until 10 K, the cM
00 becomes temperature depen-

dent, hinting at an approach to an Orbach relaxation mechanism (Figure S8). Tempera-

ture-independent regimes can be effectively eliminated by application of dc fields,

and ac susceptibility measurements for 1-Tb with dc fields of 500 to 2,000 Oe resulted

in differing shapes and positions of cM00 signals (Figure S10). With increasing dc field,

the cM
00 peak shifted to lower frequencies, which for fields higher than 1,000 Oe the

cM
00 peak maximum decreases in intensity, thus giving an optimal dc field of 1,000 Oe.

Variable-temperature acmagnetic susceptibilitymeasurements at 1,000Oe show stron-

ger temperature- and frequency-dependent cM00 peaks, especially at lower tempera-

tures, showing effective suppression of QTM relaxation pathways (Figure S11). Fitting

the Cole-Cole plots (Figure S12) to a generalized Debye model allows us to extract the

relaxation times but highlights that the distribution parameters are very large at low tem-

peratures (0.2<a<0.6 forT<4K) for both0 and 1,000Oedata,whereas thedistribution

is much smaller (a < 0.17) at higher temperatures. Here, a satisfactory fit to the
724 Chem 8, 717–730, March 10, 2022



Figure 3. Variable-temperature, variable-frequency in-phase (cM
0) (top) and out-of-phase (cM

00)
(bottom) ac magnetic susceptibility data collected for 1-Dy under a zero applied dc field from 2 to

16 K

A non-zero cM
00 out-of-phase signal indicates the presence of an energy barrier to spin reversal.

ll
Article
temperature-dependent relaxation times derived from zeroOe dc data required consid-

erationof the sumofaquantumtunneling termandOrbachprocesses togiveaneffective

relaxationbarrier ofUeff = 18.0(8) cm�1with t0=1.2(5)310�5 s, andaquantum tunneling

relaxation time of t = 0.13 s (Figure 4); similar Orbach parameters of Ueff = 19.4(1) cm�1

and t0=1.0(1)310�5 swereobtained fromthe 1,000Oedcfielddata (no tunneling term

required).

The performance of SMMs in high-density storage applications requires magnetiza-

tion retention in the absence of dc fields. Thus, variable-field magnetization mea-

surements were performed on polycrystalline samples of 1-Tb and 1-Dy at an

average sweep rate of 100 Oe/s. Below 3 K, 1-Tb exhibits waist-restricted magnetic

hysteresis loops (Figure S13), consistent with the relaxation times obtained under

zero dc field from ac magnetic susceptibility measurements. These loops are consis-

tent with the presence of QTM relaxation processes. By contrast, open magnetic

hysteresis loops were observed up to 4.5 K for 1-Dy (Figure 5), with a maximum Hc

of 0.271 T (Figures S14 and S15), which is remarkable due to the moderate value
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Figure 4. Plots of magnetic relaxation time (t, log scale) versus temperature (T, inverse scale) for

polycrystalline samples of 1-Dy (top) and 1-Tb (bottom)

For 1-Dy, the black solid line represents the best fit to a sum of two Orbach processes, t�1 =

t0,1
�1exp(�Ueff,1/T) + t0,2

�1exp(�Ueff,2/T); for 1-Tb, the black solid lines represent the best fit of the

Oe data (orange circles) to a sum of QTM and Orbach processes, t�1= tQTM
�1 + t0

�1exp(�Ueff/T),

and of the 1,000 Oe data (blue circles) to only one Orbach process, t�1= t0
�1exp(�Ueff/T),

respectively. Standard deviations of the relaxation times were determined from a nonlinear least-

squares analysis employing the program SolverAid (Version 7) by R. de Levie (Microsoft Excel

Macro, 2007).

ll
Article
for the effective spin relaxation barrier Ueff. Notably, there are no prominent steplike

features present at H = 0 Oe, where such steps in hysteresis loops are generally

occurring for lanthanide-based SMMs. The absence of steps indicates an effective

suppression of QTM relaxation processes2 and is attributed to presence of superex-

change interactions.

Our results show that significant superexchange with contracted 4f-orbitals, SMM

behavior and magnetic blocking can be attained in the first series of bimetallic

lanthanide molecules with an unprecedented bridging bismuth cluster. The prepa-

ration of these unique compounds proceeded via an organometallic approach in
726 Chem 8, 717–730, March 10, 2022



Figure 5. Variable-field magnetization data for 1-Dy collected from 1.8 to 4.5 K at an average

sweep rate of 100 Oe/s

See also Figures S14 and S15.

ll
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solution. The extraordinary core unit represents a distorted [Ln2Bi6] cuboid. The

Bi6
6� Zintl bridge fosters ferromagnetic interactions between the two LnIII centers

through a superexchange mechanism, leading to molecular exchange-based mag-

netic blocking and open magnetic hysteresis at low temperatures for the Dy

congener. These results highlight the potential of heavy main group elements in

mediating magnetic exchange interactions between LnIII centers and open up new

ways to construct exchange-coupled SMMs that show magnetic blocking.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Selvan Demir (sdemir@chemistry.msu.edu).

Materials availability

This study did not generate new reagents.

Data and code availability

The accession numbers for the crystallographic data reported in this paper are

CCDC: 2074919, 2074923, 2074924, 2074925. Copies of these data can be ob-

tained free of charge from the Cambridge Crystallographic Data Centre via www.

ccdc.cam.ac.uk/data_request/cif. Correspondence and requests for materials

should be addressed to Selvan Demir.

All manipulations were carried out under an inert atmosphere of dry nitrogen using

Schlenk or glove box techniques. Compounds were characterized by single-crystal

X-ray diffraction, elemental analysis, IR spectroscopy, and variable-temperature

SQUID magnetometry.
Preparation of [K(THF)4]2[Cp*2Dy2Bi6], 1-Dy

In an argon-filled glovebox, 23.5 mg (0.053 mmol) BiPh3 and 134.8 mg (0.179 mmol)

Cp*2Dy(BPh4)
35 were weighed into a 20 mL scintillation vial and dissolved in 4 mL
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THF. The solution was heated to 45�C and stirred for 5 min to dissolve all solid ma-

terials. 29.4 mg (0.217 mmol) KC8 were added and stirred for 15 min. After filtration,

a clear dark red solution was obtained. The solvent was removed under vacuum to

afford a dark solid, which was washed twice with 5 mL of hexane and once with

3 mL of toluene to remove the byproduct Cp*2DyPh(THF). The residual solid was dis-

solved in 5 mL of THF and filtered to obtain a brown solution, which was subse-

quently evaporated to dryness. The remaining brown solids (�15mg) were dissolved

in 1 mL of THF, and 1-Dy (3.5 mg) was crystallized from the THF solution through di-

ethyl ether diffusion at �35�C in 20% yield based on BiPh3. The reactions were

repeated multiple times and the product collected and confirmed through

elemental analysis before conducting magnetic measurements. The black crystals

were suitable for X-ray analysis. Anal. Calc. for Dy2Bi6C20H30K2‧1THF: C, 14.47; H,

1.92; N, 0. Found: C, 14.10; H, 2.07; N, 0.08. IR (ATR, cm�1): 2,839 (br), 1,487 (w),

1,427 (m), 1,414 (m), 1,367 (s), 1,284 (w), 1,147 (s), 1,086 (s), 1,045 (s), 1,017 (s),

930 (s), 954 (w), 842 (s), 800 (s), 744 (w), 714 (w).
Preparation of [K(THF)4]2[Cp*2Tb2Bi6], 1-Tb

Following the synthetic procedure for 1-Dy, 1-Tb (2.0 mg) was crystallized from THF

solution through diffusion with diethyl ether at �35�C in 11% yield based on BiPh3.

Used masses: BiPh3 (23.5 mg, 0.053 mmol), Cp*2Tb(BPh4) (134.2 mg, 0.179 mmol),

and KC8 (29.4 mg, 0.217 mmol). The black crystals were suitable for X-ray analysis.

Anal. Calc. for Tb2Bi6C20H30K2‧4THF: C, 19.58; H, 2.83; N, 0. Found: C, 19.93; H,

2.61; N, 0.20.
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Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
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