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Terbium-based complexes are passable in the study of single molecule toroics (SMTs). Herein, the synth-

eses and characterizations of a series of Th, SMTs isolated from reduced or dimerized Schiff base ligands

are presented. These complexes share a similar u4-O bridged Tb, square core and show diamagneticf

ground states. Micro-SQUID technique was carried out on a single-crystal sample and the results suggest

that there is a toroidal arrangement of the magnetic moments. Ab initio calculations are performed on

these complexes and confirm the mixed-moment SMT properties. This allowed us to access a new strat-

egy for generating single molecule toroics in terbium-based molecules.

Introduction

The toroidal magnetic moment is chagacterized by a vortex
arrangement of magnetic dipoles T =) r; xs; (N > 2 spins
per unit cell) and has long been discusded in the context of
particle physics." Due to the existence of ferrotoroidic order
(Scheme 1, left),> this multi-spin object breaks both space
inversion and time-reversal symmetries.®> Therefore, the toroi-
dal magnetic moment is regarded as a potential candidate for
various applications, such as information storage, electronics,
and magnetic and optical switches.” The recent search for the
toroidal moment was mainly focused on metal-based materials
in solid-state chemistry and physics, particularly the ferrotoroi-
dic domains in LiCoPO,.**” Since the seminal discovery of the
non-magnetic ground state in Dy; triangular clusters in 2006,
toroidal arrangement of magnetic moments have also been
identified in single molecule based complexes,® namely single
molecule toroics (SMTs), and have become a new class of mag-
netic materials.”’

The typical feature of SMTs is a wheel-shaped topology,
such as a Dy, triangle,*® a Dy, square’*® and a Dy, wheel,'® in
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which the magnetic moments of the spin centers are in a
vortex distribution and coupled through dipole and/or
exchange interactions. Recently, SMT behaviors have also been
extended to cubic topology Dy,,'! coupled Dy, *”'? and nano-
scale cyclic coordination clusters."® However, most of the
reported SMTs are dysprosium-based complexes, which is
mainly because of the Kramer’s nature and adaptable axial an-
isotropy in the vertebral coordination environment for the dys-
prosium ion."* The exploration of toroic behavior of molecules
based on other elements is a new endeavor for the develop-
ment of SMTs, but is very challenging.'” Terbium possesses a
similar oblate electron distribution as the dysprosium ion
does, and also exhibits good or even better anisotropy and
single molecule magnet (SMM) behavior.'® For example, the
first reported lanthanide-based SMM, [Pc,Ln]", kept the record
anisotropic energy for more than 10 years."” The recently
reported single electron coupled Tb, inside fullerene shows a
robust SMM property with a blocking temperature up to
28 K,'® which is regarded as the best candidate for future
applications.”® However, in the research area of SMTs, a
terbium-based complex is passable, and only a few examples
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Scheme 1 Ring shaped solenoid with electric current loops as a clas
sical example for a toroidal moment (left) and lanthanide based vortex
type magnetic moment for a SMT (right). Copyright 2010 the American

Association for the Advancement of Science.



have been reported showing a toroidal arrangement of the
magnetic moments.">*

In previous work, a Dy, square complex was obtained from
a reduced bidentate Schiff base ligand H;L?, in which the mul-
tiple coordination environment facilitates the Dy™ ions to
arrange the anisotropy axes in a toroidal fashion.”* In the
research reported here, a similar terbium-based analog
is synthesized to investigate the potential SMT behavior in
this system. A novel tetranuclear complex, [Tb,(x4-OH)
(HL?)4(NCS),]"NCS-CH;CN-5CH;0H (1), was isolated. In
addition, using the relevant dimerized Schiff base ligands
HeL’ (Scheme S1f) to modify the coordinate environment of
the Tb™ ions, two isomorphic Tb, squares, namely [Th,(x4-O)
(H,L?),(NCS),]:6H,0 (2) and [Tb,(u,-0)(H,L?),Cl,]-2CH;CN-
2H,0-2CH;0H (3) were obtained. Magnetic investigations
suggest that these complexes possess diamagnetic ground
states. Results from single-crystal micro-SQUID magnetometer
measurements and ab initio calculations confirmed the dia-
magnetic ground states resulting from the toroidal arrange-
ment of the magnetic moments.

Experimental
Materials and measurements

All reagents and solvents were commercially obtained and
used as received without any further purification. The FT-IR
spectra were measured using a Nicolet 6700 FT-IR spectro-
meter (ThermoFisher Scientific) equipped with a Smart iTR™
attenuated total reflectance (ATR) sampling accessory
(ThermoFisher Scientific) in the range from 500 to 4000 cm™".
Elemental analyses for C, H, N, and S were carried out on a
2400 CHNS organic element analyzer (PerkinElmer). Magnetic
susceptibility measurements were performed on a MPMS XL7
SQUID magnetometer (Quantum Design) equipped with a 7 T
magnet. The direct-current (dc) measurements were obtained
in the temperature range of 1.9-300 K with an external mag-
netic field of 1000 Oe. Diamagnetic corrections were made
using the Pascal’s constants for all the constituent atoms as
well as the contributions of the sample holder.>*

Synthesis of H;L'. H;L' was synthesized by the same pro-
cedure as described previously.>” The condensation of 3-meth-
oxysalicylaldehyde and 2-amino-2-methyl-1,3-propanediol in
the molar ratio of 1: 1 in 50 mL of ethanol at 80 °C for 12 h gave
H;L' as yellow powder. Yield: 92%. Selected IR (cm™): 3176.35
(br), 2999.94(w), 2904.66(w), 2839.63(w), 1637.22(s), 1604.98(s),
1543.54(m), 1493.99(s), 1442.01(m), 1393.77(w), 1369.34(w),
1339.11(w), 1217.02(s), 1159.77(m), 1063.38(s), 955.85(w),
925.41(m), 850.44(w), 778.52(w), 746.59(m), 719.59(w), 627.87(w).

Synthesis of ligand H,L>. Ligand H;L*> was obtained from
H,L! by reductive amination using NaBH, in dried methanol/
dichloromethane.”® Yield: 87%. Selected IR (cm™'): 3342.65
(br), 2829.52(br), 1590.24(w), 1566.29(w), 1478.20(s),
1456.28(s), 1441.65(s), 1270.18(m), 1234.31(s), 1160.39(w),
1062.50(br), 887.63(w), 868.76(w), 846.31(w), 763.08(W),
729.49(m), 709.88()w1, 599.84(w).

Synthesis of ligand HgL?. Ligand HeL*> was synthesized by
the same procedure as H;L', using 1,3-bis(3-formyl-2-hydroxy-
phenoxy)propane to replace 3-methoxysalicylaldehyde.** Yield:
92%. Selected IR (cm™): 3249.86(br), 2921.68(br), 1626.95(s),
1608.35(s), 1510.28(s), 1468.10(m), 1347.22(w), 1224.15(s),
1166.24(m), 1140.55(m), 1044.12(m), 944.71(w), 911.00(w),
731.76(m), 622.36(w), 571.70(m).

Synthesis of complex 1. To a solution of Tb(NCS);-6H,0
(0.2 mmol) and H;L* (0.2 mmol) in 5 : 5 mL of methanol/aceto-
nitrile, 0.4 mmol of triethylamine was added. The mixture was
heated at 90 °C for 1 h, and then left undisturbed, and color-
less crystals of 1 were produced after 2 d with a ~78% yield.
Selected IR (cm™'): 3504.08(br), 3220.59(br), 2952.53(br),
2836.82(w), 2723.04(w), 2059.64(vs), 1602.58(m), 1479.16(s),
1380.80(m), 1307.52(m), 1251.60(w), 1226.52(m), 1187.59(w),
1085.74(m), 1058.75(m), 1031.75(m), 983.53(w), 964.25(m),
889.04(w), 854.32(w), 817.68(w), 767.54(w), 719.33(w),
601.69(w). Anal. Caled for [Tby(p4-OH)
(HL?),(NCS),]-NCS-CH;CN-5CH;0H (C;55Hg,Ng0,,S;Thy, MW =
1985.25): C, 35.09%; H, 4.67%; N, 5.64%; S, 4.84%. Found: C,
34.87%; H, 4.52%; N, 5.53%; S, 5.02%.

Synthesis of complex 2. To a solution of Tb(NCS);-6H,0
(0.2 mmol) and HgL? (0.1 mmol) in 5 : 5 mL of methanol/aceto-
nitrile, 0.4 mmol of triethylamine was added. The mixture was
heated at 90 °C for 1 h, and then left undisturbed, and color-
less crystals of 2 were produced after 2 d with a ~65% yield.
Selected IR (cm™'): 3504.08(br), 3307.37(br), 2925.53(br),
2832.96(w), 2723.04(w), 2048.06(vs), 1643.08(s), 1600.65(m),
1454.09(s), 1390.45(m), 1365.38(m), 1286.31(m), 1257.38(w),
1216.88(m), 1193.74(w), 1174.46(m), 1087.67(m), 1066.46(m),

(

1033.67(m), 991.26(w), 931.46(w), 860.11(w), 840.82(w),
817.68(w), 779.11(w), 730.90(w), 632.55(w), 615.19(w),
590.12(w),  574.69(w).  Anal. Caled for [Tby(us-O)

(H,L%),(NCS),]-6H,0 (C5,H7,N0,35,Th,, MW = 1848.95): C,
33.78%; H, 3.93%; N, 4.55%; S, 3.47%. Found: C, 34.01%; H,
3.82%; N, 4.59%; S, 3.62%.

Synthesis of complex 3. The same procedure was employed
to synthesize complex 3 with Tb(NCS),-6H,0 being replaced by
ThCl;-6H,0. Yield: 54%. Selected IR (cm™") for 3: 3334.37(br),
3191.66(br), 2927.46(w), 2840.68(w), 2751.97(w), 1645.01(s),
1602.58(m), 1456.01(s), 1390.45(m), 1286.31(s), 1222.67(s),
1197.60(m), 1174.46(m), 1085.74(m), 1066.46(m), 1031.75(m),
989.32(m), 929.54(m), 862.04(w), 819.61(w), 777.18(w),
730.90(m), 634.48(w), 613.26(w), 590.12(w). Anal. Calcd for
[Tby(p4-0)(H,L?),Cl,]-2CH;CN-2H,0-2CH;0H (Cs56H75Cl,NgO,,Thy,
MW = 1877.82): C, 35.82%; H, 4.19%; N, 4.48%. Found:
C, 35.70%; H, 4.20%; N, 4.41%.

Crystallography

Single-crystal X-ray data of the title complexes were collected
on an Apex II CCD diffractometer (Bruker) equipped with
graphite-monochromatized Mo-Ko radiation (A = 0.71073 A) at
273(2) K. The structures were solved by direct methods and
refined by full-matrix least-squares methods on F* using
SHELXTL-2014.>* All non-hydrogen atoms were determined
from the difference Fourier maps and refined anisotropically.



Hydrogen atoms were introduced in calculated positions and
refined with fixed geometry with respect to their carrier atoms.
Crystallographic data are listed in Table S1 (ESI).f CCDC
1487721-14877231 contains the supplementary crystallo-
graphic data for this research.

Results and discussion

Single-crystal X-ray studies revealed that complex 1 crystallizes
in a triclinic space group P1 (Table S1, ESIt). The structure is
centrosymmetric and contains two molecules (Fig. S1, ESIT).
The two molecules are isostructural and each is constituted by
one u,-OH bridge, four Tb"™ ions, four ligands, two co-
ordinated SCN™, and one free SCN™ in the lattice. The y,-OH™
bridge resides in the center of the molecule and binds the four
Tb™ ions in the same plane, forming a Tb, square. Two
ligands cover the top of the square, and the other two lie
under the bottom, sandwiching the Tb, square. Two co-
ordinated SCN™~ were attached to the Tb™ ions at the terminal
sides. The orientations of the coordinated SCN™ in the two
molecules were different: in molecule a, the SCN™ is almost in
line with Tb-N direction (Tb-N-C angle of 174.86°), whereas
in molecule b, the SCN™ is off to the Tb-N direction with a Tbh-
N-C angle of 152.67° (Fig. S1, ESIT). The ligands on the same
side are parallel, whereas on the bifacial side they are antipar-
allel. As a result, the Tb™ ions are in different coordination
environments: Tb1 is eight coordinated and resides at the
joint point of the two ligands, and Tb2 is nine coordinated
and resides at the crossing corner of the bifacial ligands. The
structure core possesses one positive charge, which is
balanced by one free SCN™ anion in the lattice.

Complexes 2 and 3 were obtained from the reaction of a
terbium salt with a dimerized shift base ligand HcL’. The
structures show similar Tb, square topology with a x,-O>~
bridge binding four Tb™ ions (Fig. 1). Two ligands reside on
the top and bottom sides of the square, sandwiching the Tb,
plane, which is similar to complex 1. Due to the conjunction
of the two Schiff-base units, the coordination pockets on the
ligand are much closer, and as a result, the Th, square is com-
pressed along Tb2-Tb2’ direction with a relatively shorter Th2-
Tb2' distance than that in complex 1 (Table S2, ESIf). In
complex 2, the ligands are slightly twisted, and the NCS™ coor-
dinates with Tb1 to balance the positive charge. In complex 3,
the CI” coordinates with Tb1 to balance the charge (Fig. 1).

Although the structures of complexes 1-3 are similar, the
small differences on the ligand and counterions probably
influence the coordinate geometry and magnetic properties
significantly. To investigate these effects, the coordinate geo-
metries of 1-3 were calculated using SHAPE 2.1 software.”® In
complex 1, the Tb™ ions are in a similar coordination environ-
ment with Tb1 close to biaugmented trigonal prism (C,,) with
a continuous shape measure (CShM) value of 2.19 for molecule
a and 2.15 for molecule b. The Tb2 is close to the tricapped tri-
gonal prism (D;p,) with CShM values of 0.78 and 0.73 for mole-
cules a and b, respectively, (Table S3, ESIt). The situation for 3

Fig. 1 Structures of the molecule a in complex 1 (a), complexes 2 (b)
and 3 (c) with the green vectors representing the orientations of the
main magnetic axes of the Tb" ions. Purple, dark gray, blue, red, green,
and orange spheres represent Tb, C, N, O, Cl, and S, respectively.
Hydrogen atoms and solvents have been omitted for clarity.

is similar, where the Tb1 is close to the biaugmented trigonal
prism (C,,) with a CShM value of 2.79, Th2 is close to the tri-
capped trigonal prism (Dz,) with a CShM value of 0.93
(Table S3, ESIf). Whereas for complex 2, the coordination geo-
metries are closer to a triangular dodecahedron (D,q) with a
CShM value of 2.42 for Tb1l and a capped square antiprism
(C4y) with a CShM value of 0.96 for Tb2. The distances between
the two neighboring Th™ ions are in the range of 3.53-3.58 A,
suggesting possible magnetic coupling between the Tb™ ions
(see next section).

The dc magnetic susceptibility measurements were per-
formed on polycrystalline samples of complexes 1-3 in the
temperature range 2-300 K under a 1 kOe dc field (Fig. 2). At
room temperature, the yu7T (ym = molar magnetic suscepti-
bility) products for complexes 1-3 are 47.23, 46.08, and
46.74 em® K mol ™", respectively, which were in good agreement
with the free-ion approximation of four Tb'" ions (47.28 cm® K
mol™"). Upon cooling, the y\T values decreased slowly until
25 K, and then dropped sharply, reaching the minimal values
of 4.81, 8.57, and 6.55 cm® K mol™" at 2 K, for complexes 1, 2,
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Fig. 2 The temperature dependence of the ymT products at 1 kOe
between 2 and 300 K for 1 (black), 2 (red), and 3 (blue). The inset shows
the plots of magnetization M versus H/T for 1-3 at 1.9 K. The red lines
represent the results from ab initio calculations.

and 3, respectively. The sharp drop and small yT products at
low temperatures probably indicate the existence of dominant
antiferromagnetic interactions or a toroidal arrangement of
the magnetic moments.

To investigate the low-temperature magnetism of these
complexes, field-dependent molar magnetization (M) measure-
ments were carried out on the polycrystalline samples at low
temperatures (Fig. S4-S6, ESIT). The M versus H and H/T plots
for complexes 1-3 at 1.9 K (Fig. 2 inset) show a slow increase at
low magnetic fields and then a fast increase at about 5 kOe,
which indicates the diamagnetic ground states of these com-
plexes. This effect is very significant for measurements in the
range of —2 to 2 T at 1.9 K (Fig. 3).

The micro-SQUID technique was carried out on a single
crystal sample of 1 to further investigate the diamagnetic
ground states. The normalized magnetization versus H plot
shows a linear increase at 5 K (Fig. S7, ESIT). Upon cooling, a
plateau is observed around the zero field below 2 K, which is
in good agreement with the plot for the polycrystalline
samples. The plateau is much more significant below 0.5 K
with a steep appearance at 5.5 kOe. Then the magnetization at
0.5 K was measured with variable sweep rates of the magnetic
field. Narrow openings of the hysteresis loops were observed
between —5 and 5 kOe around the zero field (Fig. S8, ESIf),
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Fig. 3 Molar magnetization M versus H for polycrystalline samples of 1
(black), 2 (red), and 3 (blue) at 1.9 K.

which was expected for SMM behavior. Upon further cooling
to 0.03 K, the openings were much wider with a value of
0.015My, indicating the mixed-moment SMT behavior (Fig. 4).
The differential of the normalized magnetization of d(M/M)/
dH under different temperatures shows clear maxima with a
crossing field H, = +6.4 and 0 kOe (Fig. S9, ESIT), which indi-
cates that quantum tunneling occurs at these fields. The
quantum tunneling of magnetization probably corresponds to
the crossings of the magnetic states under the Zeeman split-
ting effect.>®

To gain further insight into the magnetic anisotropy of the
molecule, ab initio calculations were performed on these com-
plexes based on their X-ray determined structure.
Mononuclear Tb™ fragments were also included in the calcu-
lation of the CASSCF/RASSI/SINGLE ANISO types with the
MOLCAS 8.0 software,?” in which all the other three Th™ ions
were computationally substituted with diamagnetic Lu™ ions.
As shown in Table S4 (ESI),T the ground doublet states of each
Tb"™ ion were well separated from the excited states with large
g. of more than 16. The energy gap between the ground
doublet and the first excited state was larger than 26.59 cm™*
for each Tb™ ion. However, these complexes did not show
relaxation of magnetization in the ac measurements, which is
probably because of the non-Kramers nature of the Tb™ ions
that facilitated the relaxation by the quantum tunneling pro-
cesses. The axes of the magnetic moments between two neigh-
boring Tb™ ions in molecules a and b of complex 1 were
orthogonal with angles of 89.40° and 89.32°, suggesting the
presence of toroidal magnetic moments (Fig. 1 and S14, ESIY),
which was in good agreement with the Micro-SQUID measure-
ments. For complexes 2 and 3, the relevant angles were rela-
tively small (71.16° and 67.63°). The dihedral angle between
the planes formed by the magnetic axes of the two opposite
sites in complexes 2 (62.51°, Fig. S15, ESIf) and 3 (41.03°,
Fig. S16, ESIT) was larger than that in 1 (26.09° for molecule a
and 23.28° for molecule b). This lead to a relatively smaller
excitation energy from the ground non-magnetic (toroidal)
state to the magnetic states (excited) in 2 and 3, compared to
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Fig. 4 The M/M; at 0.03 K with the indicated dc field sweep rate for a
single crystalline sample of complex 1. The red line represents the cal
culated molar magnetization for molecule a in 1. Inset: zoomed in plots
in the magnetic field range of 0.58t0 0.58 T.



1, which indicated that 1 had a better SMT property. The rela-
tively large magnetic susceptibility at 1.9 K in the dc measure-
ments (vide supra) describes this difference well. The magnetic
interaction is described as a sum of magnetic exchange and
dipole-dipole magnetic contributions. All the crystal field
states with energies below 100 cm™" were included in the
exchange mixing. The magnetic exchange is considered within
the Lines model, whereas the dipole-dipole interaction is
accounted for exactly, using the on-side magnetic moments
obtained in the fragment calculations (eqn (S1)-(S3), ESIT).
The parameters of the magnetic exchange interactions are
adjusted to describe the measured magnetic properties. These
calculations were done with the POLY ANISO code. The best-
fitted values of the magnetic exchange are given in Table S5
(ESI).T The energies obtained for the exchange and dipolar
interactions are given in Tables S6-S9 (ESI),T whereas the com-
parison between the measured and calculated magnetism is
shown in Fig. S17-S20 (ESI).f The agreement between
measured and calculated magnetism is rather high. Regardless
of this difference in magnetic exchange values, the energy gap
between the ground non-magnetic and the first excited state is
similar. The calculated molar magnetization at 7' = 0.03 K for
molecule a in 1 also fits the micro-SQUID measurements well
(Fig. 4), which confirms that the diamagnetic ground states are
from the toroidal arrangement of the magnetic moments of
the Tb™ ions.

Conclusions

Three x,-0>~ bridged Tb, squares were successfully assembled
by employing the reduced and dimerized Schiff-base ligands.
Magnetic susceptibility measurements for both polycrystalline
and single-crystal samples suggest that these complexes show
typical single molecule toroic (SMT) behavior benefitting from
the compressed axial coordinate environment and the strong
intramolecular interactions. The ab initio calculations con-
firmed the toroidal arrangement of the magnetic moment and
the magnetic couplings. These results highlight a promising
strategy for generating single molecule toroics in terbium-
based molecules.
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