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Abstract

Molecular nanomagnetism has witnessed a paradigm shift toward lanthanide-based polynuclear
complexes for the realization of Single-Molecule Magnet (SMM) behavior, driven by the exceptional
unquenched orbital angular momentum and large single-ion anisotropy of trivalent lanthanide ions.
Unlike mononuclear and dinuclear air-stable complexes, which suffer from zero-field quantum tunnelling
of the magnetisation (QTM) caused by transverse anisotropy components and limited exchange coupling,
air-stable polynuclear assemblies establish robust cooperative magnetic networks. Intermetallic magnetic
exchange interactions within multicenter architectures facilitate pathways to suppress QTM, thereby
elevating energy barriers and enhancing spin-lattice dynamics. Furthermore, exploring neglected
structures may enhance the comprehension of hydroxide-bridged polynuclear Ln(lll) compounds,
particularly in terms of optimizing their magnetic characteristics. Instances of two {Lns} squares coupled
with a Ln(lll) ion featuring hydroxide/oxide bridges are, nonetheless, quite restricted, despite the
intriguing magnetic phenomena noted in certain of these materials. The initial implementation of 1-
Phenyl-1,3-butanedione (HBzAc) as a ligand in 4f-metal chemistry has led to the isolation of a novel family
of Ln(lll) clusters exhibiting a distinctive diabolo-like topology series of nonanuclear lanthanide oxo-
hydroxo complexes with the general composition of [Tho(s-OH)2(p3-OH)s(u-BzAc)s(BzAc)s].NOs (1-Tb),
[Dys(ma-OH)2(s-OH)s(u-BzAc)s(BzAc)s].NOs.2MeOH.MeCN  (2-Dy), [Lno(s-O)(pa-OH)(3-OH)s(u-BzAc)s
(BzAc)s], (Ln=Ho (3-Ho) and Er (4-Er)); where two {Ln,} squares are coupled with a Ln(lll) ion via hydroxide
bridges. Direct current magnetic measurements revealed antiferromagnetic interactions for all studied
complexes. Advanced ab initio CASSCF/RASSI-SO/SINGLE_ANISO/POLY_ANISO calculations were
employed to evaluate the anisotropic magnetic parameters and exchange coupling constants, which
support the experimental predictions. Our approach varies from the previous methods where it is difficult
to regulate the parameters such as magnetic coupling and anisotropy at the same time, and is expected
to have consequences beyond the nonanuclear {Ln"'s} SMMs explored here.



Introduction

Lanthanide-based Single-Molecule Magnets (SMMs) have evolved from mononuclear[1-6] and
dinuclear[7,8] complexes toward polynuclear complexes, driven by the exceptional unquenched orbital
angular momentum and large single-ion anisotropy of lanthanide(lll) ions. Beyond their structural
diversity, the lanthanide(lll) complexes, with a broad spectrum of nuclearities, hold a remarkable promise
in fields ranging from optical technologies,[9-12] catalysis,[13] spintronics,[14-17] quantum
computing,[15,16,18] and molecular magnetism research.[19-22] Mononuclear and dinuclear air-
sensitive complexes show fascinating SMM behaviour with larger energy barrier (Uex) and blocking
temperatures (Ts) [1-8]; however, most of the air-stable mononuclear and dinuclear complexes frequently
suffer from rapid zero-field QTM caused by transverse anisotropy components and limited exchange
coupling.[23-26] Whereas the polynuclear assemblies establish robust cooperative magnetic networks
along with intermetallic magnetic exchange interactions within multi-center architectures, which facilitate
pathways to suppress QTM, thereby elevating energy barriers and enhancing spin-lattice dynamics.
Consequently, the rational design of polynuclear 4f clusters via tailored organic ligand coordination has
emerged as a premier strategy for realising advanced SMMs.[27-30] Several higher nuclearity
lanthanide(lll) clusters have been reported; a few notable nuclearity systems are {Lng}[31,32],
{Lns}[33,34], {Ln10}[35,36], {Ln11}[37,38], {Ln1:}[39-42], {Ln15}[43,44], {Ln16}[45,46], {Ln1s}{47], {Ln1o}[42,48],
{Ln20}[49], {Dy30}[50], and {Lneo}[50,51].

Investigations into wheel- or ring-shaped molecular nanomagnetic substances have accelerated recently
due to their prospective utility as functional materials in nanotechnology, particularly emphasizing SMMs,
one-dimensional chain models, and the exploration of quantum-size phenomena.[52] Several polynuclear
dysprosium-based complexes with wheel or ring shapes exhibiting single-molecule toroidal (SMT)
behavior and slow magnetic relaxation have been reported in the literature.[34,53-56] For instance,
trinuclear {Dy3} SMMS, such as [DY3LRRRRRR/555555(L[3-OH)2(H20)2(SCN)4]'6CH30H with an Uess of 37
K,[57] while the complex (Cs'Prs)sLnsHsl; has a Uess of 39 K.[58] Powell and colleagues have prepared the
foundational triangular {Dys} SMT with the formula of [DysLs(us-OH),CI(H20)].Cl possesses remarkable
toroidal moments and an effective barrier of 61.7 K.[59,60] Among various nuclearities, tetranuclear {Dya}
cores-particularly those adopting tetrahedral and square planar topologies represent a critical structural
juncture. Similarly tetranuclear {Dya} systems including [Dya(Bppd)a(p3-OH)s(Pa)s(H20)4]-0.333 H,0 (where
BppdH=1,3-Bis(pyridin-4-yl)propane-1,3-dione and PaH = 2-Picolinic acid),[61] and [Dya(uz-OH),(p-
OH)3(2,2-bpt)s(NOs)4(EtOH),;] [2,2-bptH = 3,5-bis(pyridin-2-yl)-1,2,4-triazole] have been reported to
exhibit Uet up to 80 K, and at the same time they show SMT behavior.[53,62] Apart from these, various
complexes with more dysprosium nuclearity, such as square-pyramidal {Dys} assemblies, have also shown
remarkable magnetic anisotropy and large relaxation barriers.[63,64] In particular, [DysO(OiPr)i3] showed
a high Ues value of 530 K, but no SMT studies have been conducted on it.

Among various nuclearities, the tetranuclear cyclic arrangement of four lanthanide ions in a wheel
topology enforces high spatial symmetry and promotes a cooperative alignment or toroidal arrangement
of local magnetic moments. These cyclic exchange interactions and local crystal field orientations can
generate orthogonal or alternating magnetic axes that disrupt transverse tunneling paths. In addition, the
study of new structures can improve the understanding of hydroxide-bridged polynuclear Ln(lll)
compounds, especially in terms of the enhancement of their magnetic properties. The linkage of two {Lns}
triangles through organic ligands and 3d ions is widely recognized.[65,66] [67] Interestingly, a set of
heterometallic {Cr''Ln"¢} complexes (Ln = Dy, Tb and Ho), comprising two triangular {Lns} wheels bridged
through a central Cr(lll) ion and/or other 3d ions, has been reported to stabilize the structure and showed
a ferrotoroidic ground state.[67-69] However, the rare reports of two {Lns} squares associated with a
Ln(ll1) ion with hydroxide/oxide bridges are somewhat limited, yet interesting magnetic phenomena have



been seen in some of these materials.[57-67] Connecting two square-planar wheels via a shared central
Ln(Ill) ion produces a three-dimensional nonanuclear sandglass/ hourglass topology (Scheme 1). Inspired
by these findings, we sought to investigate hourglass structural motifs; such an arrangement was
anticipated to favor cooperative toroidal coupling and several distinct magnetic exchange pathways to
guench QTM. Earlier findings with hourglass topology include [Lng(OH)i0(hmp)s(NO3)s(DMF)g](OH), (Ln =
Eu, Gd, Dy, and hmpH = 2-(hydroxymethyl)pyridine),[9] and [Dys(acac)is(p3-OH)s(a-OH),]OH-6H,0 where
acac = acetylacetonate,[70] [YsLi16(OH)10](OH) (L = Acac = acetylacetonate).[71] These examples have
attracted considerable attention due to their fascinating hourglass topologies and their potential
applications in areas such as luminescence and cooperative magnetic phenomena. Consequently, among
the diverse families of lanthanide clusters, nonanuclear {Lng} systems featuring an “hourglass”-type
architecture have emerged as an important platform for exploring structure-property correlations in
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Scheme 1. Schematic representation of hourglass-shaped known and new {Lng} complexes reported
here.

Motivated by the diverse functional potential of polynuclear hourglass topologies, we report herein a
series of isostructural nonanuclear lanthanide cationic clusters having the formula [Tbo(pa-OH)a(ps-
OH)s(u-BzAc)s(BzAc)s] (1-Th), [Dys(pa-OH)2(us-OH)s(u-BzAc)s(BzAc)s].NO3.2MeOH.MeCN (2-Dy), [Hos(a-
O)(pa-OH)(ps-OH)s(p-BzAc)s(BzAc)s], (3-Ho) and [Ero(ps-O)(ps-OH)(ps-OH)s(p-BzAc)s(BzAc)s] (4-Er), where
HBzAc is 1-Phenyl-1,3-butanedione, a diketone ligand widely used in 3d metal cluster chemistry for
producing high-spin molecules and SMMs. However, it has been minimally explored with homometallic
4f clusters.[82] In this work, we describe the synthesis, structural characterization, molecular magnetic
behavior, and high-level ab initio computational studies of the above four representatives from a family
of nonanuclear Ln(lll) clusters.
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Scheme 2: Synthetic protocol for the preparation of the complexes 1-Th — 4-Er.

Result and Discussion

Preparation of compounds: Nonanuclear lanthanide clusters, [Tbo(a-OH)(3-OH)s(u-BzAc)s(BzAc)s]
(1-Tb), [Dyo(pta-OH)2(p3-OH)s(u-BzAc)s(BzAc)s].NO3.2MeOH.MeCN  (2-Dy), [Hoo(pa-O)(a-OH)(ps-
OH)s(u-BzAc)s(BzAc)s], (3-Ho) and  [Ero(pa-O)(pa-OH)(ps-OH)s(p-BzAc)s(BzAc)s] (4-Er) have been
prepared from the stirring of correct stoichiometric amounts of respective hydrated Ln(lll) nitrate salts
with HbzAc and triethylamine (NEts), in a solvent mixture of MeOH and MeCN (1:1, v/v), under
ambient conditions (Scheme 2) for 24h.[72] The mixture was then filtered, and the filtrate was allowed
to stand at room temperature. Cubic-shaped colorless (for The (1-Tb), Dyy (2-Dy), and Hos (3-Ho)) and
pink (for Ere (4-Er)) crystals suitable for X-ray structural analysis were collected after 12 days by
filtration and via slow evaporation in 58—70% yield (See ESI for the detailed synthesis procedure).

Ln =Ho, Er

Figure 1. SC-XRD refined molecular structures: Molecular structure of compounds 1-Th, 2-Dy, 3-Ho
and 4-Er. Solvent molecules in the crystals and hydrogen atoms attached to carbon have been omitted
for clarity.



Crystallographic studies: The molecular structures of the complexes 1-Th — 4-Er consist of a nonanuclear Ln(ll1)
supported by a dense network of oxygen-donor ligands, including ps-oxo/us-hydroxo/ps-hydroxo groups and
bridging ketone moieties, with bulky organic substituents occupying the periphery of the molecule (Figure 1).
Overall, all complexes 1-Tb — 4-Er follow the “diabolo” or “hourglass” architecture and exhibit a fourfold
rotational axis that runs through the center of the Lnl ions (Figure 2). Single-crystal X-ray diffraction (SCXRD)
analysis demonstrates that cluster 1-Tb crystallizes in the cubic Pn/3, space group, whereas 2-Dy, 3-Ho, and 4-
Er crystallize in the triclinic P1 space group. Complete crystal data and structure refinement parameters of 1-
Tb — 4-Er are given in Table S1. Representative bond distances and angles for these complexes are compiled in
Tables $2-S9. Owing to the structural equivalence among 2-Dy, 3-Ho and 4-Er, the structural description of 2-
Dy is discussed. As the central pa-hydroxo ligand is present in the center of the metallacyclic rim, 2-Dy serves
as a representative example for the crystallographic description and discussion. In contrast, complexes 3-Ho
and 4-Er differ slightly in their core composition, containing a ps-oxo ligand in place of the ps-hydroxo group in
one of the metallacyclic Lna rims, while retaining the same overall metal-ligand connectivity and coordination
framework, and thus are briefly discussed here. In 2-Dy, Dy(lll) ions are arranged in a three-layered topology,
comprising nine Ln(lll) ions organized in a three-layered topology in a 4:1:4 ratio. The metal framework is
composed of 16 BzAc™ ligands, eight ps-OH bridges, and two s-OH groups. An extra NO3™ anion located outside
the primary coordination sphere maintains overall charge neutrality. The lattice of homometallic 2-Dy contains
five MeOH molecules and five MeCN molecules. The complex exhibits a well-defined nonanuclear structure
composed of two distinct tetrameric Dys rims and a central Dy(lll) ion. The upper rim 1 consists of Dy2, Dy3,
Dy4, and Dy5 centers, while the lower rim 2 has Dy6, Dy7, Dy8, and Dy9 centers (Figure 1). Within each rim,
the Dy(lll) ions are further interconnected by a ps-OH unit that bridges the four basal metal ions. The Dy-O bond
lengths obtained from the crystallographic data fall within the typical range for Dy(lll)-oxygen interactions.
Distances associated with ps-oxo and p;-oxo/ps-hydroxo bridges lie between 2.25 and 2.35 A, while those
involving bridging carboxylate oxygen atoms range from 2.30 to 2.45 A. Slightly longer Dy-O distances (up to
~2.50A) are observed for terminal or weakly coordinated oxygen donors. The relatively short Dy-O separations
involving us-oxo bridges indicate strong metal-oxygen interactions that stabilize the nonanuclear Dys core. The
diagonal Dy---Dy distances in the upper rim are 5.086 A in Dy2---Dy5 and 5.100 A in Dy3---Dy4, and similarly in
the lower rim2. The two basal planes symmetrically encapsulate the central Dyl (Figure 2). Thus, 2-Dy can be
regarded as two {Dya} basal planes, each forming a pentanuclear square pyramid with the apical Dyl ion. The
triangular faces of these square pyramids are capped by us-OH ligands, reinforcing the framework. The Dy1---Dy
separations to the basal Dy atoms are 3.706 A (Dy1-Dy2) and 3.694 A (Dy1---Dy3), with comparable distances
observed for the remaining Dy centers. The vertical distance between the two basal planes is 5.852 A. The rim
Dy(lll) ions are coordinated by BzAc™ ligands, which are organized so that eight ligands bind individual Dy
centers and the remaining eight chelate one lanthanide ion while also bridging to a nearby ion via one oxygen
atom. In the solid state, the shortest intermolecular Dy---Dy separation between adjacent core Dy atoms of
rim1 and rim2 is 12.347 A, as seen in the packing diagram (Figures S1-58). Two core Dy1 ions are coupled to all
eight peripheral Dy(lll) centers through eight u3-OH bridges. The hydroxide groups also form intramolecular
hydrogen bonds, which help to enhance the cluster structure. Each Dy(lll) center is coordinated exclusively by
oxygen atoms, reflecting the strong oxophilicity of lanthanide ions. The coordination varies between eight and
nine, which is typical for Dy(lll) complexes. 3-Ho and 4-Er possess a similar structural environment and
comparable structural parameters, and a slight difference was found in the Lns rim, where the ps-0% group in
one rim and ps-OH" bridging the other rim. SHAPE analysis was performed using SHAPE 2.1 to accurately analyze
the geometry surrounding non-equivalent Dy(lll) centers (Table S10). The central Lnl center in all four



complexes has a square-antiprismatic geometry having CShM values of 0.058 (1-Th), 0.028 (2-Dy), 0.033 (3-
Ho), and 0.028 (4-Er). The remaining Ln(lll) ions of both the basal planes have biaugmented trigonal-prismatic
geometries. These assignments are corroborated by CShM values of 1.610 (1-Tb), 1.623 (2-Dy), 1.889 (3-Ho),
and 1.497 (4-Er) (Figure 2b,c for visual representations of coordination polyhedra). The powder X-ray diffraction
(PXRD) was used to test the bulk purity of the synthesized 1-Th—4-Er multiple times (Figure S9-512).

(a)
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Figure 2. Structural cores, planes, and their descriptions. (a) Representation of the basal plane
connecting four Dy(lll) centers at the top and four Dy(lll) centers at the bottom in compound 2-Dy.
Polyhedra of (b) center lanthanide and (c) the peripheral lanthanides. (d) Bond lengths (A) of the
respective lanthanide centers in the core.

Magnetic Measurements

Variable-temperature magnetic susceptibility measurements for complexes 1-Tb — 4-Er were carried
out on the polycrystalline samples under an applied direct current (dc) field of 0.1 T in the temperature
range of 2-300 K (Figure 3). At 300 K, the xmT (xm = molar magnetic susceptibility) values are 104.89,
127.59, 125.99, and 104.25 cm?® K mol™ for complexes 1-Tb, 2-Dy, 3-Ho, and 4-Er, respectively with the
expected theoretical values of 106 cm? K mol™ for nine isolated /noninteracting Th(lll) ions (“Fe, S = 3,
L=3,g=3/2)in 1-Tb, 127.53 cm? K mol™ for nine isolated Dy(lll) ions (°His/2, S = 5/2, L=5, g = 4/3) in
2-Dy, 126.4 cm?® K mol™ for nine isolated Ho(lll) ions (°lsS =2, L =6, g = 5/4) in 3-Ho, 103.3 cm* K mol™?
for nine isolated Er(lll) ions (*l1s2S =4, L = 6, g = 6/5) in 4-Er. The xmT values for all four complexes
gradually decrease upon cooling from 300 K until around 120 K, revealing the antiferromagnetic
exchange interactions within these complexes. After 120 K, a significant decrease in the magnetic
susceptibility values is observed, which is further, i.e., from 104.89 to 71.16 cm® K mol™ in 1-Tb, 127.59
t0 68.17 cm3® K mol™ in 2-Dy, 125.99 to 51.31 cm3 K mol™* in 3-Ho, and 104.25 to 49.0 cm® K mol™t in 4-
Er, which may be due to the intermolecular magnetic exchange/depopulation of the Stark sublevels.
The nonzero xuT value at 5.0 K is consistent with a S # 0 spin ground state; however, in all complexes,
where contributions from the orbital angular momentum and anisotropic effects do need to be taken
into account, the decrease of the xuT values at T < 100 K could be attributed to the presence of weak
antiferromagnetic interactions between the nine Ln(lll) centers.
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Figure 3. Magnetic Susceptibility plots. Temperature dependence of xuT for 1-Tb — 4-Er clusters at 0.1

T. The simulation of the susceptibility was performed using computed J values from POLY_ANISO

simulations.

Field-dependent magnetization measurements for complexes 1-Tb — 4-Er, recorded in the 0-5 T field range
over 2 - 10 K, reveal characteristic features for anisotropic, exchange-coupled lanthanide clusters (Figure
$13). Complexes 1-Th, 2-Dy, and 4-Er show similar profiles with the rapid increase of M values at 2 T without
saturating at 37.1 (1-Tb), 45.7 (2-Dy), 37.1 (3-Ho), and 36.4 (4-Er) NS till 5T; indicating the presence of
several low-lying thermally populated states which in turn lead to strong magnetic anisotropy and
possibility of observing SMM characteristics. In all cases, the magnetization increases steeply at low applied
fields, reflecting the presence of large magnetic moments and efficient alignment of the ground-state m,
levels under an external field. However, none of the complexes reach complete saturation even at 5 T,
indicating the presence of significant crystal-field-induced magnetic anisotropy that hinders full spin
alignment. The progressive decrease in magnetization with increasing temperatures further supports the
thermal depopulation of the ground Kramers or quasi-doublet states, consistent with well-isolated but



thermally accessible excited states. Fitting the magnetization versus field data, presuming that the ground
state is the only one populated in the lowest T and field ranges, all failed, and we consequently conducted
investigations on ac susceptibility, which is a potent supplement to the DC investigations to ascertain the
ground state of a system since they prevent any issues due to the existence of a DC field. The simulated
magnetic susceptibility (ymT vs. T) and field-dependent magnetization (M vs. H) data from ab initio
calculations (see later) show excellent agreement with the experimental results, confirming the reliability
of the extracted exchange parameters.

Alternating current (ac) susceptibility measurements with a 5 Oe oscillating ac field were also performed
for complexes 1-Tbh — 4-Er, both in the absence and presence of the applied dc field. However, no out-of-
phase component of ac susceptibility (ym”) was observed at zero dc field, signifying the absence of slow
relaxation of magnetizations in all these clusters. For 1-Th and 3-Ho, no SMM behavior was seen above 1.8
K since there were no frequency- or temperature-dependent out-of-phase (xm"”) signals with various applied
dc fields (Figures S14 and S15). For 2-Dy and 4-Er, a non-zero out-of-phase susceptibility component is seen;
nevertheless, the peak maxima fall below the magnetometer's working temperature (Figure 4), indicating
SMM behavior with fast magnetic relaxation times. It is interesting to note that applying a 2000 Oe static
dc field produced the same susceptibility profile for both 2-Dy and 4-Er (Figure S17). With these
experimental findings, it is critical to clarify the causes of the faster relaxation times seen in nearly all these
complexes. In order to ascertain these parameters, we have conducted ab initio CASSCF calculations on all
the complexes.
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Figure 4. AC susceptibility Plots. Plots of ym” versus T at various dc fields for a) 2-Dy and (b) 4-Er, to predict
the optimum dc field.
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Computational Studies

Ab initio Complete Active Space Self-Consistent Field (CASSCF) computational calculations using MOLCAS
8.2[83] were performed to comprehend the observed magnetic characteristics of the nonanuclear clusters
(See computational details in the ESI), a successful method for interpreting the magnetism of lanthanide
complexes.[26,70,84-86] First, a relaxation process associated with the single-ion anisotropy of lanthanide
ions is examined, followed by an evaluation of the exchange-coupled state mechanism of the full
nonanuclear structure, which includes all the magnetic exchange interactions between the Ln(lll) centers.
Single-ion calculations of each Ln(lll) ion in complexes 1-Th-4-Er were carried out using their X-ray
structures by substituting the neighbouring Ln(lll) center with the diamagnetic Lu(lll) ions at the RASSI-
SO/SINGLE_ANISO routine to isolate and evaluate their magnetic anisotropy and the crystal-field splitting.

Non-Kramers ion complexes (1-Tb and 3-Ho): For complex 1-Tb, the low-lying RASSI states associated
with all nine Th(lll) are well separated; among these, eight peripheral Tb(lll) exhibit similar crystal-field
splitting in the range of 419.7 —421.1 cm™, whereas the central Tb(Ill) ion shows a significantly larger
splitting up to 700.2 cm™, which can be attributed to the higher local symmetry around this metal
center (Table 1). The ground-first excited state gaps of these non-Kramers Tb(lll) ions; Tb1, Tb2, Tb3,
Tb4, Tb5, Tb6, Tb7, Tb8, and Tb9 centers are 53.9cm™, 30.4cm™3,34.2cm™,30.4cm™, 34.2cm™, 34.1
cm™,34.2ecm™, 30.3 cm™, and 30.4 cm™, respectively (Table 1 and Figure S18). The computed ground-
state g-tensors for all nine Tb(lll) centers, with pronounced Ising anisotropy g, values are 15.6753,
15.3900, 16.0329, 15.3720, 16.0425, 15.9399, 15.9526, 15.2836, and 15.2848, respectively (Table S11)
which are lower than the expected g, value of 18.0 for pure m, = + 6 states and indicate weak axial
anisotropy for all centers. The weak anisotropic nature of each of these Th(lll) ions led large tunnelling
(Atwn) gap in the ground-state Ising doublets (IDs), i.e., 22.38, 5.38, 4.27, 5.38, 4.28, 4.29, 4.29, 5.39,
and 5.38 cm™ for Tb1, Tb2, Tb3, Th4, Tb5, Tb6, Tb7, Tb8, and Th9, respectively, and allow for the
blockade of the magnetisation in the ground states itself. A similar crystal-field splitting was observed
for all nine Ho(lll) centers in complex 3-Ho, where the eight peripheral Ho(lll) ions’ IDs split, ranging
from 301.9 to 381.3 cm™(Tables S13-14). Notably, the central Ho(lll) ion also shows similar splitting as
the peripheral Ho(lll) ions, which can be attributed to the higher local symmetry (C4) around this metal
center.[70] The ground-first excited state gaps of the non-Kramers Ho(lll) ions of Ho1, Ho2, Ho3, Ho4,
Ho5, Ho6, Ho7, Ho8, and Ho9 are 8.15 cm™, 40.6 cm™3, 39.3 cm™, 42.0cm™, 39.8 cm™,43.6 cm™, 39.9
cm™, 42.8 cm™, and 41.5 cm™, respectively (Figure S20) which are in the similar range observed for
the Tb(lll) ions in 1-Th. The computed ground state g-tensors for all nine Ho(lll) centers (Ho1l to Ho9),
with pronounced Ising anisotropy g, values of 10.7393, 16.1864, 16.1030, 16.6563, 16.3220, 17.0168,
16.8930, 16.8930, and 16.5417, respectively, are lower than the expected g, value of 20.0 for pure m,
= + 8 states and indicate weak axial anisotropy for all centers The weak anisotropic nature of Ho(lll)
ions led large tunnelling (Awn) gap between the ground-state IDs, ranging from 0.8 — 1.8 cm™; allow for
the blockade of the magnetisation in the ground states itself for all Ho(lll) ions.



Table 1. Ab initio computed energies of low-lying Ising doublets (in cm™) of all Tb(Ill) centers in 1-Th
and their ground state g-tensor values.

IDs Energy (cm?)
Tbl Th2 Tb3 Tha Th5 Tbe Tb7 Th8 Th9

1 11.2 2.1 2.1 2.6 2.1 2.1 2.1 2.7 2.7

2 53.9 304 34.2 304 34.2 34.1 34.2 30.3 304
3 103.5 89.2 87.9 89.2 87.9 87.8 87.9 89.1 89.2
4 223.5 116.9 115.1 116.9 115.1 115.0 115.1 116.8 116.9
5 223.7 149.7 151.1 149.7 151.1 151.0 151.1 149.6 149.7
6 417.5 222.8 223.4 222.8 223.4 223.6 223.4 222.9 222.8
7 532.6 253.2 251.1 253.2 251.1 251.2 251.1 253.3 253.2
8 646.9 275.7 273.9 275.7 273.9 274.0 273.9 275.8 275.7
9 700.2 420.9 419.7 420.9 419.8 419.9 419.7 421.1 420.9

g-tensors

gx | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000
gy | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000

g. | 15.6753| 15.3900| 16.0329| 15.3720| 16.0425 | 15.9399| 15.9526 | 15.2836| 15.2848

Kramers ion complexes (2-Dy and 4-Er): For the nine Dy centers in complex 2-Dy, the calculated ground
state g-anisotropies possess high transverse components (gx and g,) with weak axial anisotropies of g,
= 17.1996, 18.3318, 17.9583, 15.2152, 15.6753, 18.1442, 15.0608, 18.7465, and 16.5888 in centers
Dy1, Dy2, Dy3, Dy4, Dy5, Dy6, Dy7, Dy8, and Dy9, respectively, which are far from the g,value of 20.0
expected for the pure m; = + 15/2 states, and indicate that the ground Kramers Doublets (KDs) of each
Dy(lll) ion is highly mixed with other m; states. Though each Dy(lll) ion possesses weak anisotropy at
the ground KDs, the eight low-lying KDs of all nine Dy(lIl) centers are well isolated. The eight low-lying
KDs of eight peripheral Dy(lll) ions display comparable total crystal-field splittings, falling within the
range of 410.1 — 448.3 cm™. The ground-first excited KDs gaps of the nine Kramers Dy(lll) ions were
26.1cm™, 32.6 cm™, 27.6 cm™, 17.0 cm™, 21.8 cm™, 30.5 cm™, 20.7 cm™, 37.2cm™, and 24.4 cm™,
for Dy1, Dy2, Dy3, Dy4, Dy5, Dy6, Dy7, Dy8, and Dy9 centers, respectively (Tables 2 and S12). It is
observed that due to the presence of significant QTM between the ground KDs, ranging from 0.16 —
0.72 pgin each of the Dy(lll) ions, the magnetisation of all the Dy(lll) centers is relaxing in the ground
state itself. The computed energy barrier diagrams of each Dy(lll) ion were plotted and are shown in
Figures 6 and S19. Similarly, in complex 4-Er, all nine Er(lll) centers’ KDs were well-separated, where
the energies of the low-lying eight KDs span the range of 410.1 — 448.3 cm™ (see Tables S15-16 for the
g--tensor values for the higher excited states). Interestingly, the central Er(lll) ion shows similar
splitting as the peripheral Er(lll) ion values, which can be attributed to the minimum perturbation of
its inherently prolate electron density distribution.[87] Consequently, the energy gap of ground to first
excited states of Er(lll) ions in 4-Er remain similar across all metal centers, i.e., for Erl, Er2, Er3, Er4,
Er5, Er6, Er7, Er8, and Er9 are 103.7 cm™?, 31.2 cm™, 34.8 cm™, 29.2 cm™, 30.0cm™, 28.9 cm™, 34.0
cm™, 35.1 cm™, and 34.6 cm™, respectively (see Figure S21). Though the gaps are sufficient to yield,
reasonable barrier, the presence of weak axial anisotropy g, of 15.3900, 16.0329, 15.3720, 16.0425,



15.6753, 15.9399, 15.9526, 15.2836, and 15.2848, (the g, value of 20.0 expected for the pure m; =
15/2 states of Er(lll) ions), led to mixing of m, = £ 15/2 states with other smaller m, states and large
QTM in the ground state itself for the magnetisation blockade. The SINGLE_ANISO computed
anisotropy barrier diagrams for each Er(lll) ion in the 4-Er are shown in Figure S21.

Table 2. Ab initio computed energies of low-lying Kramers doublets (in cm™) of all Dy(lll) centers in 2-
Dy complexes and their ground state g-tensor values.

KDs Energy (cm™)

Dyl Dy2 Dy3 Dy4 Dy5 Dy6 Dy7 Dy8 Dy9
1 0 0 0 0 0 0 0 0 0
2 26.1 32.6 27.6 17.0 21.8 30.5 20.7 37.2 24.4
3 106.9 | 99.2 97.8 100.0 | 108.2 111.2 103.2 127.4 112.8
4 191.6 | 176.5 1733 | 172.5 189.3 189.0 188.7 203.2 194.9
5 264.5 | 2345 |228.6 |234.1 |264.5 262.1 259.5 278.2 267.2
6 306.7 | 265.8 |264.0 |261.7 |311.2 319.2 314.1 329.8 312.7
7 400.5 |3879 |3745 |376.9 |3915 389.8 395.0 416.2 403.7
8 433.2 | 420.3 | 419.7 |410.1 | 4231 437.6 440.9 448.3 434.7

g-tensors

gx | 0.3909 | 0.2580 | 0.4088 | 0.6279 | 0.5245 | 0.3130 | 0.6337 | 0.2291 | 0.5072
gy | 1.6733 | 0.9447 | 1.5064 | 3.6955 | 2.6147 | 1.1394 | 3.5794 | 0.7457 | 2.2873
g. | 17.1996| 18.3318| 17.9583| 15.2152| 15.6753 | 18.1442| 15.0608 | 18.7465| 16.5888
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Figure 5. Ab initio computed energy barrier. (a) Dyl, (b) Dy2, and (c) Dy6 centers in 2-Dy. The black
bolded lines represent the m, states. The red arrows show the QTM, green arrows represent the TA-
QTM, and the purple and blue arrows show the possible spin-phonon transitions.

The g,; axes of Ln(lll) ions in both {Ln4} square units were seen to align in the plane of the square in 1-
Tb, 2-Dy, and 3-Ho, and aligned between the ps-bridging OH7/0?" ligands and the terminal oxygen
atom of the diketone ligand, and this can be attributed to the oblate electron density nature of Th, Dy,
and Ho ions.[68,88] Though the g,, axes are in the plane of the square, they do not form any circular
pattern; therefore, lacking any anticipated torodicity.[34,53-56] Whereas the g., axes of Er(lll) ions in
both {Ers} square units are perpendicular to the plane of the square in 4-Er, and this can be attributed
to the prolate nature of Er(lll) ions’ electron density. The axial magnetic anisotropy axes (g.;) of the



central Ln(lll) ions in the complexes are found to deviate from the principal symmetry axis (C4) passing
through ps-0%/OH and the central Ln in a systematic manner. Such deviation angles are observed to
be maximum for 1-Tb (90°), followed by 2-Dy (65.5°), and 3-Ho (25.3°). While 4-Er is nearly collinear
with the principal axis, showing only a minimal deviation of 0.4°. This trend can be rationalized based
on the variation in electron density distribution across the lanthanide series. The highly oblate Tb (lll)
ion exhibits the maximum deviation due to its strong sensitivity to the equatorial ligand field imposed
by the surrounding oxygen donors. Dy(lll), also oblate in nature, shows significant but comparatively
lower deviation. Ho(lll), being less oblate, experiences reduced equatorial repulsion and thus displays
a smaller inclination toward the principal axis. In contrast, Er(lll), characterized by a prolate electron
density distribution, is less influenced by the negatively charged oxygen environment, resulting in an
anisotropy axis that remains nearly aligned with the principal symmetry axis.

(@

Figure 6. Orientation of the magnetic anisotropy axes. SINGLE_ANISO computed orientations of the
magnetic anisotropy axes of each Ln(lll) ion in complexes (a) 1-Th, (b) 2-Dy, (c) 3-Ho, and (d) 4-Er.

The LoProp charge distribution shown in Figure S22 provides direct insight into how the nature of the
central ps-bridging OH™/0?%" ligands modulates the electrostatic environment within the {Lns} core and,
consequently, the magnetic behavior. In 2-Dy, the oxygen atoms of the central p,-OH™ unit exhibit
LoProp charges around —0.90 to —0.92, while the peripheral oxygen donors of HBzAc ligands display a
broader distribution (—0.66 to —1.01). This comparatively less negative charge on the ps-OH™ oxygen
atoms reflects partial protonation and a reduced ability to concentrate electron density at the cluster
centre. The large negative LoProp charges of the u-O(HBzAc) bridged cause the Dy(lll) ion’s B-electron
to deviate from them, reducing the electrostatic repulsion and allowing all four g, axes to align
between the ps-OH~ligand and the p-O(HBzAc) ligands. It is found that the electrostatic field generated
by the ps-OH ligand along the pseudo-axial directions of the Dy(lll) ions is weakened; for Dy(lll), which
possesses an oblate 4f electron density, optimal stabilization of the highest m, states requires a strong



and highly localized axial negative charge density. Thus, the anisotropic directions do not follow each
other, and this arrangement does not form any circular pattern to enable toroidal behavior in 2-Dy. In
complexes 1-Tb and 3-Ho, similar LoProp charges are observed around the coordinated atoms;
therefore, orientations of g-anisotropic directions are also similarly aligned for the oblate Th and Ho
ions, thus no possibility to observe toroidal moments. In contrast, 4-Er incorporates a ps-oxide ligand,
which carries a significantly more negative LoProp charge (—0.90), and the surrounding oxygen donors
show a more symmetric charge distribution (—0.84 to —0.90) like in other complexes, indicating a more
balanced redistribution of electron density throughout the coordination environment. Since the Er(lll)
ion has a prolate 4f electron density, magnetic anisotropy is intrinsically less sensitive to strong axial
negative charge concentration and is instead more tolerant of equatorial electrostatic contributions,
and the g, axes are perpendicular to the plane of the {Ers} squares.

To elucidate the role of magnetic exchange interactions (Js) between the 4f ions in governing the
relaxation dynamics, the magnetic coupling constants in complexes 1-Tbh — 4-Er were investigated using
the POLY_ANISO module.[89,90] The possible magnetic exchange pathways in 1-Th — 4-Er are shown
in Figure 7. There are three types of magnetic exchange interactions for each complex: (i) eight J;
exchange interactions (Dy2-Dy3, Dy3-Dy5, Dy4-Dy5, Dy2-Dy4, Dy6-Dy7, Dy7-Dy8, Dy8-Dy9, Dy6-Dy9),
(i) eight J> exchange interactions (Dy1-Dy2, Dy1-Dy3, Dy1-Dy4, Dy1-Dy5, Dy1-Dy6, Dy1-Dy7, Dy1-Dys,
Dy1-Dy9). (iii) four J5 exchange interactions (Dy3-Dy4, Dy2-Dy5, Dy6-Dy8, Dy7-Dy9). All four complexes
exhibit moderate antiferromagnetic J;, /2, and Js interactions and weak intermolecular interactions (zJ),
as indicated by the decrease in ymT at the lowest temperatures. 1-Th, the fitted exchange constants (/1
= -0.002, J, = —-0.001, J3 = —0.001, zJ = —0.005 cm™) indicate very weak antiferromagnetic coupling
between the Tb(lll) centres.

Figure 7. Exchange pathways. Magnetic exchange pathways (J;—/3) for 1-Th — 4-Er.

In 2-Dy, the exchange interactions are comparatively stronger (J; =-0.12, J, =-0.07, /3 =-0.13, zJ = —
0.005 cm™), yet remain within the weak coupling regime typical of Dy-based clusters. The extracted
exchange constants for complex 3-Ho (J; = -0.18, J, =-0.17, J3=-0.16, zJ =—0.005 cm™), the extracted
exchange constants indicate comparatively strong exchange. For 4-Er, the extracted exchange
constants (J; = —0.12, J, = -0.12, J3 = -0.12, zJ = —0.001 cm™) again indicate weak magnetic coupling
between the Er(lll) centres. The fitted exchange parameters obtained from the POLY_ANISO analysis



indicate that the Ln(lll)-Ln(Ill) interactions in complexes 1-Tbh — 4-Er are uniformly weak, with J values
well below 0.2 cm™. Such small exchange constants are characteristic of 4f-4f coupling, where the
strongly shielded 4f orbitals limit direct overlap and restrict magnetic communication to inefficient
superexchange pathways mediated by bridging oxygen atoms.[68,88] All the J values are found to be
antiferromagnetic despite the difference in oblate electron density of m, = 6 for Tb(lll) and £15/2 for
Dy(lll) ions, £8 for Ho(lll) ions, and +£15/2 for Er(lll) ions, respectively. As a result, these weak exchange
interactions cannot effectively suppress QTM in all four complexes. The weak exchange interactions,
therefore, act only as a secondary perturbation, unable to compensate for the transverse crystal-field
components introduced by the p,-OH-centred core.

POLY_ANISO-derived exchange-coupled state diagrams were derived based on the above calculated J
values (Figures 9 and S23). In complex 1-Tb and 3-Ho, none of the metal centres exhibit strong
magnetic anisotropy; as a consequence, significant mixing of the tm, states occurs, leading to
enhanced tunneling. Furthermore, the weak Js between these Tb-Tb and Ho-Ho ions are not sufficient
to quench the QTM, and this is reflected in the large tunneling gaps with Awn=3.94 cm™in 1-Tb and
Awn=0.23 cm in 3-Ho (Tables S18-19) in their ground exchange-coupled states, which facilitate rapid
magnetic relaxation and ultimately preclude SMM behaviour as observed in experimental
characterisation. In contrast, complexes 2-Dy and 4-Er are composed of Kramers ions, for which time-
reversal symmetry ensures degeneracy between im, states, theoretically suppressing QTM and
favouring slow magnetic relaxation. In 2-Dy, although individual Dy(lll) centres do not favour slow
magnetic relaxation due to significant QTM, the weak AF exchange slightly quenches the QTM in the
ground state (4.2*107® ), and the thermally assisted QTM (TA-QTM) at low-lying excited states
persists up to the 19" excited exchange state. Beyond this, at the 20" excited state, the TA-QTM
becomes operative, and these low-lying states are in very close proximity, providing an effective
relaxation pathway with the relatively small energy barrier (~2.3 cm™). A similar trend is observed in
4-Er, where efficient suppression of quantum tunneling is achieved in the ground state (4.5*107%) due
to these weak Js and is maintained up to the 9% excited exchange-coupled states, and the relaxation
occurs between the 10™ excited states despite this partial quenching of QTM, yielding a negligible
barrier; therefore, the system does not exhibit SMM behavior. These results highlight that while
exchange interactions can partially quench QTM, their magnitude is too small to dominate the
relaxation dynamics. The primary role is governed predominantly by single-ion anisotropy and the local
electrostatic environment, with weak Ln-Ln exchange interactions providing only limited stabilization
of the magnetic ground state across the series. These findings indicate that, despite the Kramers nature
of the Dy and Er ions and the presence of weak axial anisotropy, significant transverse anisotropy and
low-energy relaxation pathways remain sufficiently strong to override the expected suppression of
QTM, ultimately resulting in the absence of magnetically blocked states at zero applied dc field or weak
tail plots at 2000 Oe for both 2-Dy and 4-Er complexes.
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Figure 8. Exchange-coupled states spectra. In (a) 2-Dy and (b) 4-Er. The exchange states are placed on
the diagram according to their magnetic moments (bold block lines). The red arrows show the
tunnelling gaps (Awn) between each doublet state, while the purple arrows show the possible pathway
through spin-phonon transitions.

Finally, it could be informative to attempt direct comparisons between {Lns} systems and those with
magnetic characterisation. These {Lng} complexes have advanced in architectural platform by having the
bulky ligand, which offers rigidity and thereby enhances the cooperative exchange coupling J between the
central apex and the peripheral square-pyramidal rims, leading to better isolated ground states.[9,70-81]
In particular, for the {Dys} analogs, the reported magnetic relaxations are quite comparable and only make
tiny contributions to the energy barriers. It is observed that the studied {Dys} analog, as well as earlier
reported {Dys} complexes, lack the zero-field SMM behavior; however, our {Dys} complex showed tail plots
in the applied dc field of 2000 Oe, which is a consequence of moderate exchange (> —0.1 cm™) combined
with better crystal-field effects. It was observed in the complex [Dys(acac)ie(s-OH)s(a-OH),]OH-6H,0,
where acac = acetylacetonate,[70] which is similar to our peripheral coordination sphere, where the
bulkiness of the organic ligand is increased. However, no impact on the SMM behavior has been observed.
contrast, the hmpH-based [Dys(OH)10(hmp)s(NOs)s(DMF)s](OH) (hmpH 2-
(hydroxymethyl)pyridine),[9] does show tail plots, suggesting the hmpH/NOs/DMF coordination
environment creates a better ligand field for slow relaxation similar to the studied {Dys}. The heterodonor
character likely contributes to the distinct coordination geometry around the Ln ions in hmpH-based {Dys}
clusters. Our {Dys} analog also possesses asymmetry due to the organic HBzAc™ ligand. The bulky phenyl

In

substitution in HBzAc™ successfully constructs the high-symmetry nonanuclear framework, but its steric



and electronic profile inadvertently weakens intermetallic exchange. The J values (>0.1 cm™) were
sufficient to partially lift the crystal fields of individual Dy(lll) ions, demonstrating that even weak magnetic
exchange can enhance the barrier from a zero value at the single-ion level to (~2.3 cm™) at the
POLY_ANISO calculations. The local easy g, axes of the nine Dy(lll) ions lack the requisite cooperative
alignment or orthogonal restraint to prevent zero-field tunneling, causing the relaxation to bypass the
thermal barrier. We suggest that to transition from weak SMM toward robust zero-field SMM
performance in {Dys} systems, future synthetic efforts can focus on replacing B-diketonate co-ligands with
heterodonor chelates or redox-active bridging ligands that mediate stronger exchange coupling to
effectively quench QTM.

Conclusion

In this paper, we report four hourglass-shaped nonanuclear complexes, {Lno} (Ln = Tb (1-Th), Dy (2-Dy),
Ho (3-Ho), and Er (4-Er)), which are synthesised using the 1-Phenyl-1,3-butanedione ligand. These
complexes were characterised using single-crystal X-ray diffraction (SC-XRD), Powder X-ray diffraction
(PXRD), IR spectroscopy, and SQUID magnetometry. DC magnetic studies reveal that all complexes are
antiferromagnetic in nature. The ac susceptibility measurements indicated the absence of magnetic
relaxation for all complexes, which is an indication of fast QTM. For the 2-Dy and 4-Er analogs, the
characteristic SMM behavior is observed with a dc field of 2000 Oe. The ab initio-based
CASSCF/RASSI/SINGLE_ANISO calculations revealed that although the nonanuclear {Lns} complex was
expected to show net magnetic behavior, it unfortunately does not show due to weak Ln—Ln coupling and
unfavourable Ln(lll) anisotropy, which explain the quick magnetic relaxation. This can be attributed to the
oblate electron density of the Dy (lll) being incompetent to the easy g, axes, canceling the overall SMM
behavior and the possibility to observe toroidal behaviour. Though notable hourglass {Dys} clusters have
been reported, it was uncovered that the symmetry in the first coordination sphere influences the
anisotropy axes of the metal centers more highly compared to the bulk asymmetry in the HBzAc" ligand,
which was explained in detail in this work.
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