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Toroidal versus centripetal arrangement of the
magnetic moment in a Dy4 tetrahedron†

Qianqian Yang,ab Liviu Ungur, *c Liviu F. Chibotarud and Jinkui Tang *ab

Magnetic investigation and ab initio calculations reveal toroidal

arrangement of the magnetic moment rather than centripetal

anisotropies in a tetrahedral Dy4 complex.

Lanthanide complexes have witnessed a renaissance in mole-
cular magnet research in the last two decades due to the highly
anisotropic nature that makes them the best candidate for
potential applications in high-density information storage
and quantum computation devices.1 In particular, experi-
mental and theoretical chemists have paved the way for how
to obtain robust SMMs with high blocking temperature and
energy barriers. On one hand, a short ligand contact from an
axial direction is necessary to ensure the high anisotropy of
lanthanide ions.2 On the other hand, a specific coordination
symmetry, such as D4d,3 D5h,4 and ideal CNv

5 for the DyIII ion,
should be constructed to minimize the quantum tunneling of
the magnetization (QTM).6 These two factors seem to be the
wind vane for predicting the SMM property of mononuclear
lanthanide complexes. Meanwhile, for polynuclear systems, the
low molecular symmetry and various structural topologies
make it difficult to give a universal certificate for manipulating
the coordination geometry.7 The preponderant binding of the
LnIII ion to one of the ligand atoms sometimes defines the axial
crystal field and anisotropy,2b which is essential for the design
of polynuclear SMMs.8

Among polynuclear lanthanide SMMs, there is a special
group of molecules, namely single-molecule toroics (SMTs),9

in which the magnetic moments of spin carriers are in a vortex
arrangement, resulting in the bi-stable diamagnetic ground
state.10 The main character of STMs is the toroidal magnetic
moment, in other words, the toroidal arranged anisotropy axes.
The criterion for polynuclear SMMs seems also to fit for STMs,
which only need to restraint the preponderant binding atoms
in-plane and bridge the DyIII ions in a circle topology. For
instance, in the typical Dy3 triangle STM, the DyIII ions are
bridged by strong m2–O donors that induce axial anisotropy on
the DyIII ion with anisotropy axes close to the O–Dy–O
direction.11 The subsequently reported Dy4 square,12 and Dy6

circle-based SMTs13 also show a similar tendency. Additionally,
ab initio calculations11a and single-crystal torque magnetometry
studies14 provide a deep understanding of toroidal magnetic
moment behaviors.

Besides the planar arranged dysprosium complexes that
behave as SMTs, a Dy4 cube also shows a typical diamagnetic
ground state, in which the magnetic moments are in a 3D net
arrangement.15 As a basic building block, the Dy4 tetrahedron
has great potential for constructing 3D topologies,16 and could
also arrange the magnetic moments in a toroidal way. However,
the strong central m4–O2� donor usually has a short ligand
contact with the lanthanide ions,17 inducing centripetal aniso-
tropies of the lanthanide ions.

Herein, we reported a Dy4 tetrahedral complex where the
DyIII ions are in a distorted D4d coordinate geometry. A m4–O, as
a strong donor, resides in the center of the molecule and
bridges the DyIII ions with short contacts. According to the
preponderant bond approach, the magnetic anisotropy axes of
each DyIII ion probably point to the m4–O center and lead to a
diamagnetic ground state (Scheme 1). While ab initio calcula-
tions (wide infra) indicate that the anisotropy axes of DyIII ions
are not pointing to the m4–O donor but along the m2–O plane,
resulting in SMT behavior in the Dy4 tetrahedral topology.

The in situ reaction of 2-hydrazino benzothiazole and
o-vanillin with Dy(NO3)3�6H2O in methanol in the presence of
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Et3N produces [Dy4(m4–O)L2(HL)2(CH3O)4]�4CH3OH�H2O (Dy4).
Single-crystal X-ray diffraction shows that Dy4 crystallizes in the
monoclinic C2/c space group (Table S1, ESI†) and features a
neutral tetranuclear structure (Fig. 1). The molecule contains
one m4–O bridging Dy4 core, four ligands, four m2–O methanol
ligands, four methanols, and one water molecule in the lattice.
The m4–O bridging Dy4 core resides in the center of the
molecule with Dy–O bond distances of 2.18 and 2.19 Å
(Table S2, ESI†), and Dy–O–Dy angle ranging from 104.51 to
112.011 (Table S2, ESI†), which is close to the value in a regular
tetrahedron (109.281). Four m2–O groups connect the neighbor-
ing Dy1 and Dy2 on the edges of the tetrahedron. The ligands,
connecting with Dy1 and Dy10 on the top side are mono-
deprotonated. The ligands, coordinating with Dy2 and Dy20 at
the bottom side are double-deprotonated (Scheme S1, ESI†),
which is related to the relatively longer C–N (in thiazole) bond
distances (1.33 Å). The deprotonated and protonated hydrazine
groups act as proton acceptors and donors (Fig. S1, ESI†) and
contact with the methanol molecules in the lattice by hydrogen
bonding, forming 3D hydrogen-bonded frameworks (Fig. S2,
ESI†).

DyIII ions are eight coordinated. SHAPE analysis reveals that
the DyIII ions are in a distorted square antiprism (D4d) geometry

with CShM values of 1.72 and 1.76 for Dy1 and Dy2 (Table S4,
ESI†), respectively. The less distortion of the D4d geometry in
the molecule probably produces an axial ligand field and strong
anisotropy for the DyIII ion. The m4–O gives much shorter Dy–O
(m4–O) bonds (r 2.19 Å) than other Dy–O or Dy–N bonds
(Table S2, ESI†). While this short bond value gives the impres-
sion that the m4–O should define the local anisotropy axes on all
Dy sites, as shown by an electrostatic approach (Fig. S4 and S5,
ESI† for Magellan calculations18), the ab initio calculations
(wide infra) show that the joint effect of all the other ligands
(of a distorted D4d symmetry) is dominant. This concludes that
the crystal field effect of the m4–O is divided among four Dy sites
and therefore its importance in defining the main anisotropy
axis for each DyIII is weaker than expected. Moreover, the
Dy� � �Dy distances in the structure are in the range of 3.45–
3.62 Å, which would produce intramolecular magnetic inter-
action (see below).

DC magnetic measurements reveal that the room tempera-
ture wMT product (wM = molar magnetic susceptibility) is
55.60 cm3 K mol�1 (Fig. 2), which is in good agreement with
the value expected for four free-ion approximation of DyIII ions
(S = 5/2, L = 5, 6H15/2, g = 4/3). Upon cooling, the wMT products
decrease gradually before a quick drop at 20 K and reach the
value of 14.77 cm3 K mol�1 at 2 K. The quick drop at low
temperatures can be attributed to the dominated antiferromag-
netic interaction between the DyIII ions (see the ab initio
calculation below). The magnetizations versus field plots for
the complex reveal a quick increase without saturation (Fig. S6,
ESI†), indicating the presence of magnetic anisotropy and/or
the crystal-field effects. The M versus. H/T plot at 1.9 K shows a
relatively slower increase in the low field region and then

Scheme 1 Schematic drawings of the toroidal (left) and centripetal (right)
anisotropy arrangements in the Dy4 tetrahedron.

Fig. 1 Structure of Dy4. The purple, blue, grey, white, orange, and red
spheres represent Dy, N, C, H, S, and O, respectively. The green dashed
lines represent the hydrogen bonds.

Fig. 2 Temperature-dependent wMT products at 1 kOe (top) and molar
magnetization (M) versus H at 1.9 K (bottom) for Dy4. Inset represents the
relevant wM versus T plot.
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increases fast at higher field (Fig. S7, ESI†). This effect is very
significant at 1.9 K for the measurement in the range of �2 to
2 T (Fig. 2, bottom). The differential of the molar magnetization
shows a minimum at zero field (Fig. S8, ESI†), suggesting the
existence of the diamagnetic ground state, which is consistent
with the decrease of magnetic susceptibility at low
temperatures.

AC measurements were performed to investigate the
dynamic magnetic properties. The out-of-phase w00 signal shows
temperature- and frequency-dependency at low temperatures
(Fig. 3 and Fig. S9, ESI†). In particular, w00 peaks are observed
under zero dc field, indicating the typical SMM behavior. The
Cole–Cole plots represented as w00 versus w0 (Fig. S10, ESI†)
reveal semi-circular profiles. Fitting the plots with a generalized
Debye model19 gave a parameters in the range of 0.2–0.41,
indicating a broad distribution of relaxation times. Extracting
the relaxation times (t) from the maxima of frequency-
dependent w00 and fitting the relevant t versus 1/T by using the
following equation:20

1

tobs
¼ CTn þ t�10 exp �Ueff=T

� �

where CTn and t0 exp (Ueff/T) represent Raman and Orbach
relaxation processes,19 respectively, gives the barrier Ueff of
1.97 K with t0 = 2.1 � 10�4 s, C = 1.91, and n = 3.76 (Fig. S11,
ESI†).

To gain insight into the magnetic anisotropy, ab initio
calculations have been performed on Dy4 based on the X-ray
determined structure. Mononuclear DyIII fragments have been
included in the calculation of CASSCF/RASSI/SINGLE_ANISO
type with the OpenMOLCAS program package,21 in which all
other three DyIII ions were computationally substituted by
diamagnetic LuIII ions, while keeping the ligand frame intact.
The DZP basis set approximations have been employed on each
DyIII ion. As shown in Table S5 (ESI†), the lowest spin–orbit
states (MJ = � 15/2) of each DyIII ion are well separated from the
excited states. Within the ground multiplet, the eight doublets

show Ising type anisotropy because of the Kramers nature of
the DyIII ion. The ground doublet of each DyIII ion features axial
anisotropy with a gz c gx,y (Table S5, ESI†). The energy gap
between the ground doublet and the first excited state is more
than 46.26 cm�1 for each DyIII ion. While, due to the still
existences of non-ignored transverse components (gx and gy)
and magnetic couplings (Table S8, ESI†), fast quantum tunnel-
ing of magnetization would probably occur at individual DyIII

ions and accelerate the relaxation of magnetization. The effi-
cient barrier from the experiment is much smaller than that
from the calculation. The main magnetic axes of DyIII ions are
determined from the calculation to check the magnetic ground
state of the molecule. As shown in Fig. 4, the anisotropy axes
are arranged toroidally when viewing along the b axis, which is
different from what we expected from electrostatic considera-
tions or bond length analysis (Table S7, ESI†). The reason for
this effect is that the crystal field effect of the central m4–O is
divided among all four bonding Dy sites and is effectively
smaller than expected if it was bonding one single Dy site. As
a result, the anisotropic axes are dominated by the other
ligands surrounding each Dy site and by their coordination
geometry.22 This behavior is similar to the net toroidal mag-
netic moment in a Dy4 cubic complex. The orthogonal arrange-
ment of magnetic moment results in a small resulting magnetic
moment in the ground state (E 4.4 mB), oriented perpendicular
to the plane of the image in Fig. 4, which is in good agreement
with the dc measurement at low temperature (vide supra),
corroborating the SMT behavior. The excited exchange doublet
states possess much larger momenta. It is worthy to note that
this complex represents the first discovery of a toroidal mag-
netic moment in the tetrahedron Dy4 system.

In conclusion, we reported a novel Dy4 tetrahedral complex
with the DyIII ions bridged by a m4–O center, which acts as a
strong donor with short Dy–O bonds and probably produces a
strong ligand field and the anisotropy axes of DyIII ions point-
ing to the center m4–O. Static and dynamic magnetic investiga-
tion evidenced the small-magnetization state at low
temperature and low field, as well as the behavior of the
single-molecule magnet. However, ab initio calculations reveal
that the small magnetic moment in the ground state arises

Fig. 3 Frequency dependence of ac susceptibility for Dy4 at indicated
temperatures under zero dc field.

Fig. 4 Orientations of the main magnetic axes and local magnetizations
in the ground state of the Dy4 complex.
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from the toroidal arrangement of the magnetic moment rather
than the centripetal anisotropies. This work represents the first
example of tetrahedron Dy4 SMT, which provides a scaffold for
the assembly of 3D-SMT.
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L. Serrano-Andrés, M. Urban, V. Veryazov and R. Lindh, J. Comput.
Chem., 2010, 31, 224–247.

22 J. Wu, S. Demeshko, S. Dechert and F. Meyer, Dalton Trans., 2021,
50, 17573–17582.

Communication ChemComm

Pu
bl

is
he

d 
on

 0
6 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

by
 N

at
io

na
l U

ni
ve

rs
ity

 o
f 

Si
ng

ap
or

e 
on

 7
/1

5/
20

22
 4

:5
7:

41
 A

M
. 

View Article Online

http://www.nscc.sg
https://doi.org/10.1039/d1cc06265d



