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A toroidal moment can be generated spontaneously in inorganic (atom-based) ferrotoroidic materials that
breaks both time-reversal and space-inversion symmetries, attracting great attention in solid-state
chemistry and physics. In the field of molecular magnetism, it can also be achieved in lanthanide (Ln)
involved metal-organic complexes usually with a wheel-shaped topological structure. Such complexes
are called single-molecule toroics (SMTs), presenting unigue advantages in spin chirality qubits and
magnetoelectric coupling. However, to date, the synthetic strategies of SMTs have remained elusive, and
the covalently bonded three-dimensional (3D) extended SMT has not hitherto been synthesized. Here, two
luminescent Tb(i)—calixarene aggregates with architectures of 1D chain (1) and 3D network (2)

both containing the square Tb, unit have been prepared. Their SMT characteristics deriving from the
Received 1st February 2023 toroidal t of the local tic anisot f Tbin) ions in the Tb, unit have b
Accepted 5th June 2023 oroidal arrangement of the local magnetic anisotropy axes o m) ions in the Tb, unit have been
investigated experimentally with the support of ab initio calculations. To the best of our knowledge, 2 is the

DOI: 10.1039/d35c00541k first covalently bonded 3D SMT polymer. Remarkably, solvato-switching of SMT behavior has also been

rsc.li/chemical-science achieved for the first time by desolvation and solvation processes of 1.
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Introduction

Calix[n]arenes have become a charming synthetic platform in
constructing metal coordination clusters,' polyhedral coordi-
nation cages (PCCs),” inherently chiral macrocycles® and metal-
based catalysts* by virtue of their easy availability, potential
coordination sites, tunable functionalization and high crystal-
linity. To date, a plethora of calixarene-supported metal coor-
dination clusters have been synthesized involving a wide range
of transition metals,® lanthanide (Ln) ions® and mixed 3d-4f
metal ions”® combined with attractive properties and func-
tionalities, e.g. oxygen evolution reaction -catalysis, gas
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absorption and separation, fluorescent sensors and molecular
magnetism.>'® In particular, in recent years, the rapid devel-
opment of Ln compounds in white-light-emitting diodes,™
high-density information storage,'>** molecular spintronics'***
and quantum technologies'® has boosted interest in designing
and constructing multifunctional Ln-calixarene species. p-tert-
Butylthiacalix[4]arene (H,TC4A), a bowl-shaped cyclic poly-
phenol bridged by sulfur atoms, is known to capture metal ions
forming various polynuclear metal clusters, e.g., C03,," Niyg,"”
and Aggg.'® In contrast, the number of Ln-TC4A compounds
remains very small. Nevertheless, previous studies have sug-
gested that a general structural feature in these Ln compounds
is the presence of a square sandwich-like Ln, unit.*>* From the
molecular magnetism point of view, such Ln-TC4A compounds
may be Single-Molecule Toroics (SMTs), which refer to a class of
magnetic bistable molecules with a toroidal magnetic ground
state,” if the donor atoms of the peripheral ligands can induce
toroidal arrangement of ground-state magnetic anisotropy axes
of Ln ions (Scheme 1).

Since the first SMT, [Dy;(p3-OH),L;Cl(H,0)5]Cl; (where HL =
o-vanillin), was reported by Powell et al. in 2006, SMTs have
attracted intense attention in the fields of molecular magnetism
and molecule-based multiferroic materials.?** However, to
date, they have been studied in a limited number of polynuclear
4f complexes®**® and 3d-4f complexes.**** Regarding the
chemical synthesis, it is indeed not easy to prepare Ln SMTs as
Ln ions have variable coordination patterns and little

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The direction of magnetic anisotropy axes in Lns and Lny

units under the weak (left) and strong (right) crystal field (CF) provided
by peripheral ligands.

preference in the bond direction,* making it challenging to
achieve a vortex-spin structure. Strategically, with easy modifi-
cation and stable SMT characteristics, the triangular [Dy;] motif
has become one of the most effective building blocks for Ln
SMTs.*”” Various Dys-based SMTs with different geometry
shapes, e.g. planar Dy; + Dys,*® coupled two [Dy;] units lying
above and below a 3d ion,** have been reported. Ab initio
calculations on the static electronic structure of the prototype
Dy; compound revealed that it is the strong crystal field (CF)
interaction between phenolate and the Dy(in) ion that induces
the circular arrangement of the magnetic anisotropy axis.*
Therefore, peripheral ligands are crucial for controlling the
direction of the local magnetic axis of the Ln(u) ion. Consid-
ering that the Ln(m) ions in a square Ln, unit are also connected
by phenolate bridges, it is anticipated that Ln-TC4A
compounds will most likely support SMT behavior (the inspi-
ration for this work). If so, the excellent thermal stability of Ln-
calixarene will also in turn promote the potential applications
of SMTs to quantum technologies. In addition, magnetic
coupling is also important for dictating the direction of the easy
axis, which has been unequivocally confirmed by two hetero-
metallic SMTs, [DysCug] and [TbeCug].** Compared to iso-
structural [DysZng] and [TbeZng], it is the ferromagnetic
coupling between the Ln(m) ion and paramagnetic Cu(u) ion
that induces the toroidal arrangement of magnetic moments. In
general, SMTs can exhibit S-shaped M(H) isotherm plots at low
temperature and low fields and stepped hysteresis of the
magnetization due to the presence of a nonmagnetic ground
state. However, it should be noted that S-shaped magnetization
curve signals cannot be taken as a signature of toroidal
moments as (i) a completely diamagnetic ground state with
non-toroidal arrangement of magnetic moments can also show
an S-shape, and (ii) the shape of the curve greatly depends on
the strength of antiferromagnetic coupling and the magnetic
field direction. In fact, toroidal moments might play a role when
the symmetry of the collective rotations of Hamiltonian is
broken.*” In some systems, the SMT behavior needs to be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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verified by ab initio calculations due to the absence of the above
characteristic fingerprints in the experiment.*

Herein, we report the initial syntheses, the structures, and
the SMT behavior and intrinsic mechanism of covalently
bonded one-dimensional (1D) and three dimensional (3D)
aggregates, {Tb,(TC4A),L,(CH;0H),(DMF),(14-OH)},,~ (CIAC-
267 (1), L = bzpdc®") and {Tb,(TC4A)(HTC4A)L,(CH;OH), (1t
OH)},, (CIAC-268 (2)), among which 2 is not only the first cova-
lently bonded 3D Ln-TC4A compound but also the first 3D SMT
polymer. More importantly, solvato-switching of SMT behavior
was achieved for the first time, supported by the high thermal
stability of their skeleton.

Results and discussion
Synthesis and structural characterization

Aggregates 1 and 2 were obtained from solvothermal reactions
of the mixture of Tb(OAc);-6H,0, TC4A and benzophenone-4,4"-
dicarboxylic acid (H,bzpdc) using CH;OH/DMF and CH;OH as
respective solvents, exhibiting high thermal stability with
decomposition temperatures of the skeletons beyond 400 °C
(Fig. S17). Single-crystal X-ray diffraction revealed that 1 and 2
crystallize in the space groups P1 and C2/c, respectively (Table
S1t), and both possess the sandwich-like Tb,(TC4A), unit
composed of four Tb(u) ions, a p,-OH (determined by the bond
valence calculations, Table S3f), and two tail-to-tail TC4A
molecules (Fig. 1). In each unit, these four Tb(m) ions are all
nine-coordinate and coplanar linked by the central hydroxyl
anion, occupying the four vertices of the square and possessing
partially identical coordinate atoms of four phenoxide oxygen
and two sulfur atoms from TC4A and a p,4-O atom.

As shown in Fig. S2,7 the significant difference between Tb1
and Tb2 or Tb3 and Tb4 in 1 is the remaining coordination
sites, which are occupied by two deprotonated carboxyl oxygen
atoms from H,bzpdc for Tb1 and Tb3 and solvent molecules
(one methanol and one DMF) for Tb2 and Tb4. As a comparison,

Fig. 1 Orthogonal views of Tb4 units in 1 (top) and 2 (bottom). Color
codes: Tb, green; S, yellow; O, red; N, blue; C, grey; hydrogen atoms
are omitted for clarity.

Chem. Sci., 2023, 14, 7208-7214 | 7209
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in 2, two types of Tby(TC4A),, unitl and unit2, are observed
(Fig. S31). The remaining positions are filled by one deproto-
nated carboxyl oxygen atom and one CH;OH oxygen atom for
Tb1 and Tb2, two deprotonated carboxyl oxygen atoms for Tb3
and Tb5, and two CH3O0H oxygen atoms for Tb4. In a Tb,(TC4A),
unit, the Tb-Oppen bond lengths range from 2.362(6) to 2.422(6)
A for 1 and 2.346(5) to 2.376(5) A for 2 (Table S21). The distances
between Tb(m) ions and the central hydroxyl anion range from
2.4606(5) to 2.6533(5) A for 1 and 2.4265(5) to 2.667(6) A for 2.
The Tb-S bond lengths in both aggregates are comparable,
averaging to 2.9395 A and 2.9266 A for 1 and 2, respectively. The
average distance between two adjacent Tb(wm) ions is 3.6136 A
for 1 and 3.6026 A for 2, respectively. Note that each edge of the
square is bridged by two phenoxide oxygen atoms, implying
a strong CF interaction between them.**** In 1, every two adja-
cent Tb,(TC4A), units are connected by two deprotonated
H,bzpdc ligands forming an infinite 1D chain structure with the
distance of the adjacent central p,-O atom being 19.660 A
(Fig. 2a, c and S4t). For 2, unitl and unit2 are bridged by one
deprotonated H,bzpdc ligand, achieving a 3D extended network
(Fig. 2d). Interestingly, each unit1 is connected by four unit2 in
a distorted tetrahedral manner, while unit2 is covalently
bonded to four unitl presenting the appearance of a lounge
chair (Fig. 2b).

Magnetic measurements

Their static magnetic properties were measured to explore the
potential presence of SMT behavior. At room temperature, 1 and
2 exhibit x,T (xa is molar magnetic susceptibility) values of 46.14
and 47.75 cm® K mol ', which are both in good agreement with
the theoretical value of 47.28 cm® K mol " for four isolated Tb(im)
ions ("F, S = 3, L = 3, g = 3/2) (Fig. 3). In the high-temperature
regime, the decrease of x\7 values for both compounds is very
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Fig. 3 Temperature-dependent xmT values for 1 (top) and 2 (bottom)
with the best calculated curve in red line (inset: xm vs. T plots, pink lines
represent the fitting results).

similar due to the gradual thermal depopulation of Stark
sublevels of Th(m) ions. At low temperatures, a sudden drop was
observed reaching the values of 8.08 and 8.65 cm® K mol " at 2.0
K for 1 and 2, respectively. From the xy vs. T plots (Fig. 3, inset),
an obvious peak at ca. 5 K was observed in the applied field of
1000 Oe indicating the presence of overall antiferromagnetic

Fig.2 Bowl diagrams of connection modes of Th4 units in 1 (a) and 2 (b); (c) 1D chain structure and layered adjacent chains displayed in red and
green for 1; (d) 3D extended network viewed in the crystallographic a axis and the corresponding topology simulation diagrams for 2.
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Fig. 4 Magnetic hysteresis at 1.9 K with the average sweep rate of 31
Oe s7! for 1 (left) and 2 (right). The red lines represent the best
calculated results with Jit, of 2.6 and 2.5 cm™?, respectively.

coupling. The isothermal field-dependent magnetization curves
at different temperatures were also measured (Fig. S5 and S67),
and the results at 1.9 K showcase a slow increase of magnetiza-
tion at low fields, followed by a fast increase but not reaching the
saturated value. The stepped hysteresis profiles at 1.9 K for these
two aggregates were also observed (Fig. 4). All these magnetic
characteristics are similar to those of prototype Dy;,* implying
the toroidal moment in the ground state.

Ab initio calculations

In order to investigate their magnetic properties, ab initio
calculations have been performed at the SA-CASSCF/RASSI-SO
level on models extracted from the crystal structures for each
individual inequivalent Tb(u) center, by replacing the other
centers by diamagnetic Y(m) ions (Fig. S7, S8 and computational
details in the ESIT). The overall splitting of the 2] + 1 states of the
inequivalent Tb(m) centers in these two aggregates is about
600 cm ' and the doubly degenerate ground states present
strong axial magnetic anisotropies (Tables S4-S77). The ground
doublets are almost pure m; = £6 for all centers, around 99%,
while the first excited states (~150 cm ') are more mixed but
dominated by m; = £5. In the effective spin 1 framework the
largest g-tensor component of the ground state doublets is
between 17.8 and 17.9 for all Tb(m), very close to 18 expected for
Ising anisotropy. Easy magnetic axes of adjacent Tb(u) are nearly
orthogonal (about 91° in both compounds) and are arranged
almost in a four-fold symmetry. The angles between each easy
magnetic axis and the plane formed by the four Tb(u) ions are
about 0.3° and 1.6° for 1 and 1.7° and 3.3° for 2. This orientation
of the easy axis of the magnetisation can be understood by the
organization of the first coordination sphere around the Tb
centres. To support this, we thus calculated the molecular elec-
trostatic potential around one of the Tb(u) ion of 1. As presented
in Fig. 5 and S11, the orientation of the g tensor is driven by the
four phenoxide oxygen atoms and the two oxygen atoms from
DMF and H,bzpdc ligands. The positive electrostatic potentials
on the sulfur atoms and the negative potentials on the central p,-
O atom and the 6 oxygen atoms above-mentioned contribute to
the orientation of the main component of the g tensor almost
within the plane of the four Tb(im) ions. At the ground state level,
these axes form a circular pattern in the four Tb(um) plane, for
both compounds (Fig. S12, Tables 1 and S8t). This organization

© 2023 The Author(s). Published by the Royal Society of Chemistry
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-0.92

-1.85

Fig. 5 Calculated total electrostatic potential (expressed in e~ bohr™?)
at 3 A around one Tb(i) ion, with the g, direction in blue arrow for 1.
Color code: white = H; gray = C; blue = N; red = O; yellow = S; and
green = Th.

of the local magnetic moments is found favourable to a strong
toroidal magnetic moment.

Intermolecular dipolar interactions can be neglected
because of the large Tb(m)-Tb(m) distances of about 11.46 A and
8.21 A for 1 and 2, respectively. However, intramolecular dipolar
and superexchange interactions are expected in both
compounds because of the relatively short intermetallic
distances of about 3.6 A (Table S21). To characterize the
magnetic exchange and to highlight the presence of a toroidal
magnetic moment, calculations were done by using the
following spin Hamiltonian:

H= _Jdip(*§1S~2 + S~2A§’§ + 5354 + 5451)
—Joen(S182 + 8585 + S3S4 + S4S))

with Jq;, representing the computed dipolar coupling (see ESIt)
and J%, standing for the fitted exchange parameter. For
simplicity, the same coupling constants are used between
neighboring Tb(m) centers. The exchange parameters Jit, are
adjusted by comparing the experimental and simulated thermal
variations of xy for 1 and 2. With calculated J4;, at —4.31 cm ™"
and —4.23 cm™* for 1 and 2, the best fitted Jit;, values are found
at 2.6 cm™ ' and 2.5 cm™ " (Fig. 3, S9, S10 and Table S9t). The
procedure leads to a reasonable agreement with the experiment,
especially by looking at the maximum on the xy, vs. T curve. The
M vs. H curves simulated with previous values reproduce the
inflexion points that appear at 6000 Oe (Fig. S5 and S67). The
deviation from the experimental susceptibility curve at low
temperature may be due to the presence of a small dipolar
coupling between nonadjacent Tb(m) ions that is not included
in our current spin Hamiltonian.

Chem. Sci., 2023, 14, 7208-7214 | 7211
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Table 1 Low-lying exchange state energies, global g values and
orientations in pseudospin % local g, orientations and toroidal moment
7 calculated in 1

E Global g

(em™) value Global g orientation Local g, orientation 7 (ug A)

0.00
0.00

0.0

10.21

6.05
6.05

0.00

6.12
6.13
6.13
6.13
6.13
6.13
6.13
6.15
6.22
6.22

5.27

0.00

12.27
12.27

0.0 0.00

SISRSISIS,

! cm>mol™!
»
.

The resulting low-lying exchange states are presented in
Tables 1 and S8,} for 1 and 2 respectively and almost identical
as expected. In both compounds, the ground states are degen-
erate and have a zero total magnetic moment due to the circular
organization of the local easy axes (Fig. S127). The degeneracy of
the first excited state at +6.05 cm ™" for 1 is not equal to four as
expected in perfect fourfold symmetry, but to two due to slight
distortion. Its counterpart is located at 6.22 cm* but still above
an almost eightfold degenerated state at ~6.13 cm ™. Exactly
the same energy ladder can be drawn for 2 (Table S87). In order
to elucidate the SMT character of those compounds, the
toroidal magnetic moment t was calculated with respect to the
center of mass of the four Tb(m) ions, by using the Spaldin et al.
equation:*

¢~ 20, YR % S,

with g = 17.8, up the Bohr magneton, 7; the position vector of
the i-th Th(u) center to the center of mass, and S; the i-th

7212 | Chem. Sci., 2023, 14, 7208-7214
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effective spin vector. As presented in Tables 1 and S8,T the
ground state and the second excited state show a non-zero
toroidal moment, with a particularly high value for the
ground state, which was expected given the circular organiza-
tion of the easy magnetic axes.

Dynamical control and luminescence

The high thermal stability of the skeleton and the presence of
terminal coordinated solvents inspire us to investigate the effects
of desolvation and solvation processes on SMT properties.*®
Previous studies have shown that thermal treatment is an effec-
tive way for dynamically modulating the magnetic behavior in
thermally stable compounds, e.g. metal-organic framework
(MOF) single-molecule magnets (SMMs).* Therefore, we moved
our attention to testing the possible solvato-switching of
magnetic behavior in these two aggregates. We selected 1 as the
model for this purpose, as it can be obtained with a higher yield
than 2. When 1 was heated at 180 °C under vacuum for 18 h, the
color of the sample changed from colorless to yellow, as terminal
coordinated solvent molecules were completely removed
according to the GC-MS analysis (Fig. S131). Magnetic measure-
ments suggested that the SMT behavior of the desolvated sample
(abbreviated as 1-180) was strongly weakened, as evidenced by
the disappearance of the peak and the step in respective xn(7)
and M(H) plots (Fig. 6). Interestingly, when 1-180 was added to
CH3OH or water, the initial SMT characteristics were observed
again with the color returning to colorless (Fig. 6, inset), which

0 10 20 30 40 50
TIK

-30 -20 -10 0 10 20 30
H/kOe

Fig. 6 Temperature-dependent xu values (top) and M/M,, vs. H plots
at 1.9 K (bottom) for 1 (green line), 1-180. (black line), 1-180-CH3zOH
(blue line) and 1-180-H,O (orange line). Inset: the photos of powder
samples of 1 (left), 1-180 (middle) and 1-180-CHzOH (right).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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indicates the recovery of the first coordination sphere of the
Tb(m) center (note: if it was immersed in the mixture of CH;0H
and DMF, it gradually dissolved).

In addition, the luminescence properties of 1 and 2 were also
investigated at room temperature. When the samples were
excited by 365 nm, all characteristic emission bands of Tb(u)
ions at 494, 549, 589, 625, 650, 668 and 678 nm, which are
ascribed to the f-f transitions of °D, — “F¢, states, were clearly
observed both in the solid state and solution (Fig. S14t). The
dominant bands at 549 nm are responsible for the strong green
emission in the solid state with similar calculated Commission
Internationale de I'Eclairage (CIE) coordinates for 1 (x = 0.2667,
y = 0.5751) and 2 (x = 0.2672, y = 0.55). Luminescence prop-
erties of lanthanide compounds (e.g. luminescence lifetime and
quantum yield) greatly depend on the proximity of high-energy
oscillator groups that can non-radiatively deactivate the excited
state of lanthanide ions. Here, it is evident that the emission
intensities of 1 are much stronger than those of 2 under the
same test conditions as 1 possesses less nonradiative O-H
oscillators coordinated to Tb(m) ions. The overall quantum
yields recorded for 1 and 2 in the solid state/DMF solution were
determined to be 7.7%/5.8% and 4.5%/3.5%, respectively
(Fig. S15 and S167), with the corresponding luminescence life-
times of 0.60/0.38 ms and 0.33/0.20 ms (Fig. S17 and S18%).

Conclusions

This work describes the initial syntheses, structures and
magnetism of two luminescent covalently bonded 1D chain (1)
and 3D network (2) based on the Tb,-TC4A aggregate. The strong
CF interaction between phenoxide oxygen atoms that lie above
and below the Tb, square and Tb(wm) ions induces the perfect
toroidal arrangement of the ground state magnetic anisotropy
axes, i.e. SMT behavior, as unequivocally evidenced by the
detailed magnetometry measurements and state-of-the-art ab
initio calculations. More importantly, the high thermal stability
of their skeleton system endows the possibility of dynamically
modulating SMT behavior, which was implemented for the first
time by desolvation and solvation processes of 1. Additionally, it
is worth noting that 2 is not only the first covalently bonded 3D
Ln-TC4A but also the first SMT 3D polymers, a new member in
the SMT family. In the future, how to construct multifunctional
SMTs based on the TC4A ligand, e.g. chiral/polar and photo-
responsible SMTs will be one of the focused studies in our group.

Data availability
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