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Heterometallic Zn3Ln3 Ensembles Containing (m6-CO3) Ligand and
Triangular Disposition of Ln3 ++ ions: Analysis of Single-Molecule
Toroic (SMT) and Single-Molecule Magnet (SMM) Behavior
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Abstract: Two new heterometallic Zn3Ln3 (Ln3 + = Dy, Tb)
complexes, with a double triangular topology of the metal

ions, have been assembled from the polytopic Mannich base
ligand 6,6’-{[2-(dimethylamino)ethylazanediyl]bis(methyl-

ene)}bis(2-methoxy-4-methylphenol) (H2L) with the aid of an

in situ generated carbonate ligand from atmospheric CO2

fixation. Theoretical calculations indicate axial ground states

for the Ln3 + ions in these complexes, with their local mag-
netic moments being almost coplanar and tangential to the

Ln3+ atoms that define the equilateral triangle. Therefore,
they can be considered as single-molecule toroics (SMTs)

with almost zero total magnetic moment. Micro-SQUID

measurements on the Dy3 + counterpart show hysteresis
loops below 3 K that have an S-shape, with large coercive

fields opening upon cooling. This behavior is typical of a

single molecule magnet (SMM) with very slow zero-field re-
laxation. At around :0.35 T, the loops have a broad step,

which is due to a direct relaxation process and corresponds
to an acceleration of the relaxation of the magnetization,

also observed at this magnetic field from ac susceptibility

measurements. Simulations suggest that the broad step cor-
responds to two level avoidance of crossing points where

the spin chiral Kramers doublet meets excited states of the
coupled manifold, whose position is defined by exchange

and dipole interactions. The Tb3+ counterpart does not ex-
hibit SMM behavior, which is due to the fact that the degen-

eracy of the ground state of the exchange coupled system is

lifted at zero field, thus favoring quantum tunneling of mag-
netization (QTM).

Introduction

Research activity in the field of molecular magnets has re-

mained unabated ever since the discovery of single-molecule

magnetism behavior in [MnIV
4MnIII

8(m3-O)12(O2CMe)16-
(OH2)4]·2 MeCO2H·4 H2O (Mn12-acetate)[1] which exhibits slow

magnetic relaxation and magnetic hysteresis below a certain
blocking temperature (TB). This area has quickly become ex-

tremely interdisciplinary and has been of interest to chemists,

physicists, and materials scientists alike. While one aspect of in-
terest has been to unravel and understand the intriguing prop-
erties of these new molecular materials, another has been to

explore their utility by considering their potential applications
in diverse fields including data storage,[2] quantum computa-

tion,[3] and magnetic refrigeration.[4] Some of the big challeng-
es that have to be overcome before such applications can be
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realized include raising the blocking temperatures to reasona-
ble and, if possible, ambient temperatures. Equally important

is to be able to find ways to effectively coat surfaces with
SMMs in such a manner that effective device fabrication can

be realized. From a chemist’s point of view, design of new as-
semblies that can exhibit SMM behavior and finding new syn-

thetic routes to do so are equally important challenges. Three
families of chemical assemblies seem to be suitable for realiz-

ing SMM behavior, keeping in view the criterion that are

needed, that is, a high ground state spin and an overall mag-
netic anisotropy: 1) polynuclear transition metal complexes,[5]

2) heterometallic 3d/4f complexes,[6] and 3) homometallic 4f
complexes.[7] In recent years complexes containing heavier

transition metal ions/actinide ions have also started receiving
attention.[8] Similarly, another design strategy that is being em-

ployed is to increase molecular anisotropy through low-coordi-

nate complexes, or those possessing distorted molecular geo-
metries.[9]

Recent research on SMMs has indicated that in heterometal-
lic complexes, if a diamagnetic metal ion is used along with a

4f metal, the magnetic properties of the resultant complexes
are improved, counter intuitively, (see Tables S1 and S2 in Sup-

porting Information). Indeed, such a behavior has also been

shown in situations where a paramagnetic 3d metal ion is
linked to a diamagnetic metal ion.[10]

Theoretical work on ZnII/LnIII complexes has revealed that
the diamagnetic metal ion influences and increases the nega-

tive charge on the bridging oxide centers (between the dia-
magnetic metal ion and the 4f metal ion) and stabilizes the

ground state of the lanthanide metal ions.[11] As a result the

energy barrier for the reversal of magnetization in such com-
plexes increases, leading to SMM behavior. Tables S1 and S2

summarize the properties of representative complexes contain-
ing diamagnetic metal ions. From our lab, we have previously

reported heterometallic ZnII/LnIII and CoIII/LnIII complexes, both
of which were shown to display SMM behavior.[12] The CoIII/LnIII

complexes, in particular, displayed slow relaxation of the mag-

netization in zero-field below 15 K; energy barriers of up to
88 K were found for the reversal of magnetization.[12d]

In view of the above interest we designed the ligand, 6,6’-
{[2-(dimethylamino)ethylazanediyl]bis(methylene)}bis(2-meth-

oxy-4-methylphenol) (LH2) (1) which allowed the isolation of
[Zn3Dy3(m6-CO3)(m3-OH)3(L)3(H2O)3]·3 (ClO4)·NO3 (2) and

[Zn3Tb3(m6-CO3)(m3-OH)3(L)3(H2O)3]·3 (ClO4)·NO3 (3). These com-
pounds are of interest, among other reasons, because 1) the
assembly of these complexes is assisted by the formation of an

in situ generated carbonate ligand through the absorption and
activation of ambient carbon dioxide, 2) the Ln3 + ions adopt a

triangular planar disposition in the structure, and 3) com-
pound 2 exhibits zero-field SMM behavior and magnetic hyste-

resis. It should be noted at this point that among SMMs, those

having Dy3,[14] Dy4,[15] and Dy6
[16] cyclic structures and non-col-

linear Ising antiferromagnetic arrangement of magnetic mo-

ments can lead to toroidal magnetization and, eventually, to a
non-magnetic ground state.[13–16] These nanomagnets, called

single-molecule toroics (SMTs), show spin chirality, slow relaxa-
tion of the magnetization, and magnetic hysteresis. These

properties open new perspectives on data storage and quan-
tum computing using molecular nanomagnets[13, 17] and have

fueled the search for new SMTs. This paper is devoted to syn-
thesis, structure, magnetic properties, and theoretical analysis

of this new family of Zn3Ln3 complexes {Ln3 + = Dy (2) and
Tb (3)} which contain a triangular planar disposition of Ln3 +

ions and show SMT behavior.

Experimental Section

Reagents and general procedures

Solvents and other general reagents used in this work were puri-
fied according to standard procedures.[18] The following chemicals
were used as obtained: 2-methoxy-4-methyl phenol, N,N-dimethyl-
ethylenediamine, Zn(ClO4)2·6 H2O, Tb(NO3)3·5 H2O and
Dy(NO3)3·5 H2O (Aldrich, USA); 37 % formaldehyde solution and trie-
thylamine (S. D. Fine Chemicals, India). The ligand 6,6’-{[2-(dimeth-
ylamino)ethylazanediyl]bis(methylene)}bis(2-methoxy-4-methyl-
phenol)(LH2) was prepared by adapting a literature procedure.[19]

Instrumentation

Melting points were measured using a JSGW melting point appara-
tus and are uncorrected. 1H NMR spectra were recorded in CDCl3

solutions on a JEOL-JNM LAMBDA 400 model NMR spectrometer
operating at 500.0 MHz. Chemical shifts are referenced with re-
spect to tetramethylsilane. IR spectra were recorded as KBr pellets
on a Bruker Vector 22 FTIR spectrophotometer operating from
400–4000 cm@1. Elemental analyses of these compounds were ob-
tained using a Thermoquest CE instrument CHNS-O, EA/110 model.
ESI-MS spectra were recorded on a MICROMASS QUATTRO II triple
quadrupole mass spectrometer. Powder X-ray diffraction (PXRD)
patterns were measure using a Bruker D8 Advanced powder dif-
fractometer with CuKa radiation. The solid-state and solution-state
emission spectra were recorded on a PerkinElmer-Lambda 20 spec-
trophotometer.

Magnetic measurements

Direct (dc) and alternating (ac) current susceptibility measurements
were performed with a Quantum Design SQUID MPMS XL-5 device.
Ac experiments were performed using an oscillating ac field of
3.5 Oe and frequencies ranging from 1 to 1500 Hz. Low tempera-
ture magnetization measurements were performed on com-
pound 2 using a home-built micro-SQUID apparatus operating
down to 30 mK. The time resolution is approximately 1 ms. The
field is applied in any direction of the micro-SQUID plane with pre-
cision greater than 0.18 by separately driving three orthogonal
coils.[20]

X-ray crystallography

Single-crystal X-ray structural studies of 2 and 3 were performed
on a CCD Bruker SMART APEX diffractometer equipped with an
Oxford Instruments low-temperature attachment. Data were col-
lected using a graphite-monochromated MoKa radiation (la =
0.71073 a). The crystals did not degrade/decompose during data
collection. Data collection, structure solution, and refinement were
performed using SMART, SAINT, and SHELXTL programs, respective-
ly.[21] All the calculations for the data reduction were done using
the Bruker SADABS program. All the non-hydrogen atoms were re-
fined anisotropically using full-matrix least-square procedures. All
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the hydrogen atoms were included in idealized positions and a
riding model was used. Large solvent-accessible voids remain in all
the structures. They are presumably filled with several disordered
molecules of methanol and water which could not be modeled by
the present analysis. Therefore PLATON/SQUEEZE[21g] program was
used to remove those disordered solvent molecules. All the mean
plane analyses as well as molecular drawings were obtained from
DIAMOND (version 3.1). Crystal data of compounds 2 and 3 are
given in Table 1. CCDC 1566526 (2) and 1566526 (3) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by The Cambridge Crystallographic Data
Centre.

Theoretical calculations

Electronic structure calculations on the mono-lanthanide fragments
were performed with MOLCAS 8.0[22] program. The basis sets were
chosen as follows: Ln: ANO-RCC-VTZP; Zn, O, and N: ANO-RCC-
VDZP, C and H: ANO-RCC-VDZ.[23–25] Cholesky decomposition with
the “high” accuracy threshold was used for the two-electron inte-
grals to speed up the calculation and reduce memory require-
ments.[26, 27] Scalar relativistic effects were accounted for using a
second order Douglas–Kroll–Hess approximation.[28] Active space
for CASSCF[29] calculation of spin-free states consisted of seven 4f
orbitals with nine electrons for Dy3 + and eight electrons for Tb3+ .
Spin-orbit coupling was computed using the mean-field approxi-
mation[30] as implemented in RASSI, mixing 21 sextet, 128 quartet,
and 130 doublet states in the case of Dy, or 7 septet and 140 quin-
tet states in the case of Tb. Molar magnetic susceptibility and mag-
netization were computed using SINGLE_ANISO[31] routine together

with the ligand field parameters for Stevens operator equivalence
representation of the ground term with the total momentum J =
15/2 for Dy and J = 6 for Tb.[32]

A new procedure was implemented in the Spinach[33] package for
spin dynamics calculations to account for dipolar and exchange
coupling of the lanthanide ions in the complexes. In our approach
we are working with the total momentum (J) that accounts for
16 states for each Dy ion (13 states for each Tb ion). In both cases,
the splitting between ground and the excited J terms are much
larger than ligand field splitting, meaning that J can still be seen as
a good quantum number, which is necessary for Stevens operator
equivalence approach.[34] The total Hamiltonian can be written as
follows [Eq. (1)]:

Ĥ ¼
X3

i¼1

X
k¼2;4;6

Xk

q¼@k

BðiÞkq T̂ q
k ðiÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Ligandfield

@ mB
~BT ? g ið Þ ?~̂JðiÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

Zeeman

0BBBB@
1CCCCAþ

X3

i<j¼1

~̂J
T

ið Þ ? D ifð Þ ?~̂J|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Exchangeanddipolar

ðjÞ

ð1Þ

where BðiÞkq are the ligand field coefficients in front of the irreduci-
ble spherical tensor operators T̂ q

k ðiÞ acting on i-th ion; ~BT is the
magnetic field vector defined in the same frame as ligand field; g(i)

is the g-tensor of i-th ion; ~̂JðiÞ vector of the x,y,z components of
the total momentum operator of i-th ion;

D ijð Þ ¼ m0(h2

4pr3
ij

g ið ÞT ? 1@ 3
~rij 6~rT

ij

r2
ij

" #
? g jð Þ @ Jex

ij ? 1 ð2Þ

is the matrix of dipolar interaction and isotropic exchange interac-
tion between ions i and j [Eq. (2)] .

The total dimension of the Hamiltonian is 163 = 4096 for Dy and
133 = 2197 for Tb. A direct diagonalization of the Hamiltonian is
very demanding in terms of memory and computational time and
that is the main reason why previous approaches were dealing
with the fictitious spins rather than total momentum operators.
Here, instead of diagonalization we compute the thermal equilibri-
um density matrix using sparse matrix exponentials, which is more
efficient because all spin operators in the Hamiltonian are guaran-
teed to be very sparse in the Pauli basis.[35, 36]

Equilibrium molar magnetization was computed as the trace of the
magnetic moment operator [Eq. (3)]:

~̂m ¼ @ @Ĥ

@~B
¼ @

XN

i¼1

g ið Þ ?~̂J ið Þ ð3Þ

with the thermal equilibrium density matrix computed for each
temperature and magnetic field in a particular orientation of the
spin system with respect to the external magnetic field. Average
over all possible molecular orientations in the powder was done
using Wigner rotation matrices[37] that rotate corresponding spheri-
cal components of the ligand field and spin-spin and Zeeman in-
teractions, while magnetic field is always applied along z-axis in
the laboratory frame. Lebedev grids were used for powder aver-
age.[38, 39] Similarly to the experiment, only the magnetization (M)
along the applied magnetic field is measured. Static magnetic sus-
ceptibility is also defined (as it is done in magnetometry) as the
magnetization divided by the magnetic field strength [Eq. (4)]:

c ¼ M
B

ð4Þ

Table 1. Crystal data and structure refinement parameters of com-
pounds 2 and 3.

Compound 2 3

Formula C134H198Cl5Dy6N14O70Zn6 C67H96Cl3N7O36Tb3Zn3

Formula weight 4669.52 2354.72
Temp. [K] 100(2) 100(2)
Crystal system Trigonal Monoclinic
Space group R3̄ P21/n
Unit cell dimensions a [a]

b [a]
c [a]
a [8]
b [8]
g [8]

17.8078(10)
17.8078(10)
47.489(6)
90
90
120

21.635(5)
21.635(5)
23.411(5)
90
105.516(5)
90

Volume [a3] ; Z 13 042(2) ; 3 9456(4); 4
Density [Mg m@3] 1.784 1.654
Abs. coeff. [mm@1] 3.523 3.128
F [000] 6963 4684
Crystal size [mm] 0.16 V 0.14 V 0.12 0.16 V 0.14 V 0.12
q range [8] 4.102 to 25.024 4.103 to 25.025
Limiting indices @21,h,18

@19,k,21
@56, l,39

@25,h,25
@23,k,23
@26, l,27

Reflections collected 22 417 61 200
Unique reflections [Rint] 5098 [0.0457] 16 640 [0.0637]
Completeness to q 99.3 % (25.0248) 99.5 % (25.0258)
Data/restraints/parameters 5098/120/350 16 640/62/1093
GOOF on F2 1.064 1.130
Final R indices [I>2s (I)] R1 = 0.0808,

wR2 = 0.2229
R1 = 0.0554,
wR2 = 0.1450

R indices [all data] R1 = 0.0901,
wR2 = 0.2353

R1 = 0.0776,
wR2 = 0.1544
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Effective g-tensors of the Kramers doublets (KD) of the coupled
system were computed according to Equations 53–62 of refer-
ence [40], reported by Neese et al. All simulation routines were
written in Spinach specifically for this problem and will be added
to the public version at the next release.

Preparation of the hexanuclear complexes 2–3

The general synthetic protocol that was used for the synthesis of
the metal complexes (2–3) is as follows: a methanolic solution
(5 mL) of Ln(NO3)3·n H2O (3 equiv.) was added dropwise, under con-
stant stirring, to a 20 mL methanolic solution containing a mixture
of LH2 (1) (2 equiv.) and triethylamine (4 equiv.) with constant stir-
ring. To this reaction mixture, solid Zn(ClO4)2·6 H2O (3 equiv.) was
added, and the reaction mixture was stirred for a further period of
1.5 h. A white-colored solution was obtained and the reaction mix-
ture stirred again for 12 h, before removal of the solvent under
vacuum, resulting in a white solid which was washed with diethyl
ether (3 V 5 mL), re-dissolved in methanol, and filtered. The filtrate
was kept for crystallization under slow evaporation at room tem-
perature. After 15 days, colorless block- shaped crystals suitable for
X-ray analysis were isolated. The quantity of the reactants used in
each reaction and the characterization data of the compounds are
given below.

Caution! Reactions of perchlorate metal salts with organic ligands
are potentially explosive. A small amount of perchlorate salt should
be used, and it should be handled with care.

[Zn3Dy3(m6-CO3)(m3-OH)3(L)3(H2O)3]·3 (ClO4)·NO3 (2)

Zn(ClO4)2·6 H2O (0.062 g, 0.169 mmol), Dy(NO3)3·5 H2O (0.074 mg,
0.169 mmol), LH2 (0.044 g, 0.113 mmol), and Et3N (0.024 g,
0.226 mmol). Yield: 0.076 g, 57 % (based on Dy); Mp: >250 8C; IR
(KBr): ñ= 3426(br), 2979(w), 2923(m), 2854(w), 1633(w), 1584(m),
1497 (s), 1462 (s), 1384(s), 1329(s), 1301(s), 1253(s), 1154(s), 1087(s),
1034(s), 1020(m), 976(m), 948(s), 876(w), 844(s), 819(s), 777(s),
760(m), 622(s), 589(s), 570(m), 506(s), 471 cm@1 (m); ESI-MS (m/z):
1016.0779, [(L)ZnDy(OH)(CO3)(H2O) + H + 9 CH3OH + H2O]+ ; elemen-
tal analysis calcd (%) for C67H99Cl3Dy3N7Zn3O36 (2368.53):C 33.98, H
4.21, N 4.14; found: C 33.62, H 3.98, N 3.96.

[Zn3Tb3(m6-CO3)(m3-OH)3(L)3(H2O)3]·3 (ClO4)·NO3 (3)

Zn(ClO4)2·6 H2O (0.062 g, 0.169 mmol), Tb(NO3)3·5 H2O (0.074 mg,
0.170 mmol), LH2 (0.044 g, 0.113 mmol), and Et3N (0.024 g,
0.226 mmol); Yield: 0.072 g, 54 % (based on Tb); Mp: >250 8C; IR
(KBr): ñ= 3425(br), 2980(w), 2923(m), 2854(w), 1633(w), 1584(m),
1497 (s), 1462 (s), 1384(s), 1329(s), 1302(s), 1253(s), 1154(s), 1089(s),
1034(s), 1020(m), 976(m), 948(s), 876(w), 843(s), 819(s), 778(s),
760(m), 622(s), 589(s), 570(m), 506(s), 471 cm@1 (m); ESI-MS (m/z):
1033.0768, [(L)ZnTb(OH)(CO3)(H2O) + H + 8 CH3OH + 4 H2O]+ ; ele-
mental analysis calcd (%) for C67H99Cl3Tb3N7Zn3O36 (2357.81): C
34.31, H 4.23, N 4.16; found: C 33.99, H 3.96, N 3.97.

Results and Discussion

Synthetic aspects

The reaction of the Mannich base, LH2 (1) with Zn(ClO4)2·6 H2O,

Ln(NO3)3·n H2O, and Et3N in methanol at room temperature af-
forded the first examples of the hexanuclear Zn3Ln3 complexes

[Ln3 + = Dy3 + (2) ; Tb3 + (3)] (Scheme 1). These are tetracationic
complexes containing three perchlorate and one nitrate coun-

ter anions. The most interesting aspect of this assembly is the

incorporation and activation of ambient CO2 as the m6-CO3

ligand. This type of a coordination behavior is completely un-

precedented for the carbonate ligand. The common coordina-
tion modes observed for the carbonate ligand are displayed in

Scheme 2.[41, 42] Such a room-temperature activation of CO2

while not uncommon,[42] is not general, and has been observed
in some main-group, transition metal, and lanthanide metal

complexes along with heterometallic 3d/4f complexes.[41, 42] In
most of these cases the generation of the carbonate ligand

from ambient CO2 occurs in a basic medium. The presence of
triethylamine in the reaction medium in the present instance
undoubtedly assists the transformation. The current instance is

certainly unique in that it represents the first instance where
the carbonate ligand, through its new bridging coordination
action, binds three lanthanide ions together and thereby holds
the hexanuclear complex. The identification and characteriza-

tion of the carbonate ligand, while thoroughly confirmed by a
single-crystal analysis, see below, is also established through

infrared spectroscopy.[41, 43] Thus, the asymmetric n3 stretching

vibration of the carbonate unit is observed at 1462 cm@1 while
the in-plane n4 deformation (ñ(CO3)) is found at 760 cm@1. The

IR spectra of the complexes also reveal a characteristic strong
absorption band at 1384 cm@1, due to the presence of the ni-

trate groups in the counter ion.[41, 43] On the other hand the
corresponding characteristic IR stretching bands for the tetra-

hedral perchlorate counter ions are also revealed: n1 = 948,

ñ2 = 471, ñ3 = 1154, and ñ4 = 622 cm@1.[43] Similar spectroscopic
features have been observed previously in CO3

2@ bridged Zn@
Ln complexes.[41] The structural characterization of the com-
plexes is confirmed by their X-ray single crystal structural anal-

ysis. X-ray crystallographic analysis has revealed that com-
plexes 2–3 are isomorphic. This isomorphism, as well as phase

Scheme 1. Synthesis of complexes 2–3.
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purity, of these complexes was further confirmed by their

powder X-ray diffraction (PXRD) patterns (Figures S1 and S2 in
Supporting Information). ESI-MS of 2 and 3 reveal that both

these complexes retain the structural integrity of the Zn3Ln3

core in the solution, as indicated by the observation of peaks
corresponding to the respective mass fragments (2 : 1016.0779,

Figures S3 and S4 and 3 : 1033.0768 and Figures S5 and S6).

Molecular structures of complexes 2–3

The molecular structures of the complexes (2–3) were deter-
mined by single crystal X-ray crystallography. Compound 2
crystallizes in the trigonal system in a R3̄ space group while
compound 3 crystallizes in the monoclinic system with P21/n
space group. The crystallographic parameters of these com-

pounds are given in Table 1. The asymmetric unit of 2 contains
one-third of the total molecule, [ZnDy(L)(m6-CO3)(m3-OH)(H2O)]

(Scheme 3 and Figure 1) while complex 3 possesses the full
molecule, [Zn3Tb3(m6-CO3)(m3-OH)3(L)3(H2O)3] . In view of the

structural similarity of these two complexes, 2 is described as a

representative example. The structural details of 3 are given in
the Supporting Information (Figures S7–S10).

The molecular structure of 1 is given in Figure 2 and
Scheme 1. Selected bond parameters of 2 are given in the cap-

tion of Figure 2. The tetracationic heterometallic hexanuclear
Zn3Dy3 complex is put together by the coordination action of

three [L]2@, three [OH]@ , and one [CO3]2@ ligands. The coordina-
tion modes of the ligands are shown in Scheme 4. The core
structure of 2 is shown in Figure S11.

Each [L]2@ligand holds a trinuclear Dy-Zn-Dy motif together,
where the methoxy group of the ligand binds to a Dy ion

Scheme 2. Known binding modes of the CO3
2@ ligand.[40, 41]

Scheme 3. Asymmetric unit of complexes [Ln = Dy (2) and Tb (3)] .

Scheme 4. Binding modes of all the ligands involved in the present study.
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[Dy(1)-O(1) 2.437(11); Dy(1)-O(4) 2.641(11) a] . Simultaneously

the phenolate bridges a Zn2 + and the Dy3 + ions [Zn(1)-O(2)
2.012(8) ; Zn(1)-O(3) 2.014(8) ; Dy(1)-O(2)* 2.302(8) ; Dy(1)-O(3)

2.311(7) a] (see Figure 2). The two nitrogen centers of

[L]2@ligand exclusively bind to the Zn2 +[Zn(1)-N(2) 2.129(11);
Zn(1)-N(1) 2.163(10) a] . The three [OH]@ ligands function in a

m3 manner by bridging one zinc and two lanthanide centers
[Dy(1)-O(5)* 2.409(8) ; Dy(1)-O(5) 2.431(8) ; Zn(1)-O(5)

2.110(8) a] . Finally, a crucial and unique [CO3]2@ bridges the
three lanthanide centers in a m6 fashion [O(6)-C(23) 1.278(8) ;

C(23)-O(6)* 1.278(8) ; C(23)-O(6)* 1.278(9) a] . In addition, each

lanthanide center possesses a h1-coordinated water molecule
to fulfill the coordination number. All the Zn2 + centers in 1 are

equivalent and are penta-coordinate (2N,3O) in a distorted

trigonal bipyramidal geometry where 2O and one N atoms are
in in the trigonal plane (Figure 3 a). The DyIII centers are also

equivalent and are nine-coordinate in a distorted mono-
capped square antiprismatic geometry (Figure 3 b). A mean

plane analysis of the core of 2 reveals that while the three ZnII

centers are co-planar and are present in one plane (plane 1),
the three DyIII centers are also co-planar but are present in a
different plane (plane 2) which is parallel to the former (Fig-
ure S12). The interesting point is that the m6-CO3 ligand lies
above plane 2 and cap the three Dy centers, whereas the m3-
OH ligands lie below plane 1.

Luminescence properties

UV/Vis absorption data of H2L and complexes 2–3 are present-

ed in Figure 4. In MeOH, H2L shows of two main absorption
peaks at 210 and 285 nm, which are assigned to the p–p* tran-

sitions of the aromatic phenol chromophores and the imine

Figure 1. The asymmetric unit of 2 (hydrogen atoms and solvent molecules
are omitted for clarity).

Figure 3. Coordination geometry around the metal centers in 2 : a) a distort-
ed trigonal bipyramidal Zn center and b) a distorted mono-capped square
antiprismatic geometry Dy center.

Figure 2. Molecular structure of 2. All the hydrogen atoms have been omitted for clarity. Important bond lengths [a] and bond angles [8]: Dy(1)-O(2)*,
2.302(8) ; Dy(1)-O(3), 2.311(7) ; Dy(1)-O(7), 2.361(11); Dy(1)-O(5)*, 2.409(8) ; Dy(1)-O(5), 2.431(8); Dy(1)-O(1), 2.437(11); Dy(1)-O(6), 2.454(9) ; Dy(1)-O(6)*, 2.539(9);
Dy(1)-O(4), 2.641(11) ; Zn(1)-O(2), 2.012(8) ; Zn(1)-O(3), 2.014(8) ; Zn(1)-O(5), 2.110(8) ; Zn(1)-N(2), 2.129(11); Zn(1)-N(1),2.163(10) ; O(5)-H(5), 0.860(2) ; O(7)-H(7A),
0.8985; O(7)-H(7B), 0.8955; O(6)-C(23), 1.278(8) ; C(23)-O(6)*, 1.278(8) ; C(23)-O(6)*, 1.278(9). Three Zn centers are co-planar and are present in one plane
(plane 1), the three Dy centers are also co-planar, but are present in a different plane (plane 2)
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group. The compounds 2–3 display slightly red-shifted absorp-
tion peaks at 214 (for 3) and 290 nm (for 2) with a shoulder

band at 236 nm (for both 2 and 3).
The photoluminescence of 2 and 3 were investigated at

room temperature in the solid state, as well as solution state.

The ligand LH2 and complexes 2–3, when excited at 270 nm in
the solid state at room temperature, show a bright intense lu-

minescence band at 314 nm (LH2), 321 nm (2) and 319 nm (3)
(Figure 5). These bands are indicative of being ligand-centered.

Exciting complex 2 at 380 nm, in the solid state, at room
temperature, leads to luminescence peaks at 440, 462, 476,

and 574 nm. The latter two can be ascribed to the characteris-

tic emission of Dy3 + corresponding assigned to the transitions
of 4F9/2!6H15/2 and 4F9/2!6H13/2, respectively (Figure S13).[41, 44]

The strongest emission bands at 440 and 462 nm can be as-
signed to ligand fluorescence, which also indicates that the

Dy3+ luminescence is not efficiently sensitized by the ligand
system.

On the other hand, exciting 2 at 310 nm, in the solution

state, leads to disappearance of the peak at 574 nm while the
483 nm band becomes more intense. The intensity of the band

at 326 nm is slightly diminished (Figure S14). These data indi-
cate that the Dy3+ luminescence, in the solution state, is more

effectively sensitized in comparison to the solid state by the
ligand system.[41, 44]

Complex 3, excited at 360 nm in the solid state at room
temperature, shows an intense green luminescence and exhib-

its characteristic peaks at 439, 490, 546, 585, 624, and 686 nm.
The peaks at 490, 546, 585, 624, and 686 nm are ascribed to
5D4!7F6, 5D4!7F5, 5D4!7F4, 5D4!7F3 and 5D4!7F1 transitions
(Figure 6).[41, 44] On the other hand, the strong intense lumines-
cence band at 439 nm indicates that the ligand fluorescence is
more dominating compared to the Tb3 + emission in the solid
state. While the compound is excited at 310 nm in the solution

state, the ligand-centered luminescence disappears completely,
which is indicative that the luminescence of the Tb3 + ion is

more effectively sensitized by the ligand system in the solution

phase. The emission bands in the solution state are seen at
490, 545, 588, and 624 nm and can be assigned to 5D4!7F6,
5D4!7F5, 5D4!7F4 and5D4!7F3 transitions (Figure 7).[41, 44]

Figure 4. The UV/Vis absorption spectra of H2L (red), Zn3Dy3 (green), and
Zn3Tb3 (blue).

Figure 5. The luminescence emission spectra of LH2 and complexes 2–3 in
the solid state at room temperature upon excitation at 270 nm.

Figure 6. Room-temperature solid-state emission spectrum for complex 3
excited at 360 nm.

Figure 7. Solution-state emission spectrum for complex 3 excited at 310 nm.
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These data are in good agreement with those observed for
luminescent Tb3 +complexes reported previously.[41, 44] Further-

more, the absence of the emission coming from Zn-center in
the spectrum of Zn3Tb3 complex can also be noted.

Magnetic properties

The static magnetic susceptibility (dc) of compounds 2
(Zn3Dy3) and 3 (Zn3Tb3) have been measured in the tempera-
ture range of 2–300 K under a magnetic field of 0.1 T

(Figure 8).

The cMT value at 300 K for 2 and 3 of 41.4 and

34.3 cm3 Kmol@1, respectively, are compatible with the calculat-
ed values for three non-coupled DyIII (4f9, J = 15/2, S = 5/2, L =

5, g = 4/3, 6H15/2) and TbIII (4f8, J = 6, S = 3, L = 3, g = 3/2, 7F6)
ions, of 42.5 and 35.5 cm3 Kmol@1, respectively, in the free-ion

approximation. Upon cooling, the cMT product gradually de-
creases to &15 K and then plummets sharply to reach values
of 16.4 and 16.5 cm3 K at 2 K for 2 and 3, respectively. This be-

havior is due to the depopulation of the excited mj sublevels,
which arise from the splitting of the 6H15/2 and 7F6 ground

terms of 2 and 3, respectively, by the effects of the ligand field
and possible weak intra/intermolecular interactions between

the lanthanide ions. In this regard, the fact that the cMT value
for 2 at 2 K is lower than expected from the splitting of the J =

15/2 term of three non-interacting DyIII ions suggests the pres-
ence of weak but significant intra-trimer anti-ferromagnetic in-
teractions (there are no inter-trimer hydrogen bonding interac-

tions and the shortest inter-trimer Dy···Dy distance is 8.732 a).
The field dependence of the magnetization for complexes 2

and 3 are shown in the inset of Figure 8. The M versus H plots
at 2 K for these complexes show a relatively rapid increase in

the magnetization at low field and a linear increase at high

field without attaining a full saturation at 50 kOe. This behavior
suggests the presence of a significant magnetic anisotropy

and the likely presence of low-lying excited states that are par-
tially populated at 2 K and 50 kOe. These low-lying excited

states would be in agreement with the presence of weak mag-
netic antiferromagnetic interactions between the Ln3 + ions.

The magnetization for 2 and 3 at 50 kOe are considerably
smaller than the expected saturation magnetization values
(30 Nmb and 27 Nmb, respectively), which is essentially due to
crystal-field effects leading to significant magnetic anisotro-

py.[45] The cM’T (with an alternating field of 3.2 Oe, see Fig-
ure S15) value at its low temperature plateau at zero and

1000 Oe (which appears above~15 K in both cases) of
39.1 cm3 mol@1 K is close to that expected for randomly orient-
ed crystals of 2 with three non-interacting Dy3 + , each of them
having a mj = :15/2 Ising ground Kramers doublet
(37.5 cm3 mol@1 K). Assuming axial anisotropy for the ground
doublet state of the Dy ions, we have calculated the direction
of their anisotropy axes by using a simple electrostatic model

recently reported by Chilton et al.[46] This method consists of
assigning the charge of the ligand using a minimal valence

bond model and then constructing an electrostatic crystal field

potential. Minimization of the electrostatic energy yields the
orientation of the magnetic moments.[46] As can be observed

in Figure S16, the anisotropic local magnetic moments of the
Dy3 + ions are almost coplanar (the angle between the aniso-

tropic magnetic moment and the Dy3 plane is 1.48) and tan-
gential to the Dy3 + ions defining the equilateral triangle (the

angle with the tangential direction is only 0.58). These two fea-

tures: 1) planar arrangement of local anisotropy axes and
2) cyclic symmetry of the Lnn complex, are the two main requi-

sites for the cancellation of the magnetization vectors of the
ground Kramers doublets of the Dy3 + ions leading to net toroi-

dal momentum.[13] In compound 2, these features are mainly
due to the crystal symmetry, leading to crystallographically

equivalent Dy3+ , as well as to the disposition of the donor

atoms around the Dy3+ coordination sphere. In this regard, the
anisotropic f electronic cloud of the Dy3 + , with an oblate

shape, can be stabilized by an axial crystal field (the shortest
bond distances, Dy@O3phenoxide and Dy@O2phenoxide, define the

axial crystal field) that minimize the repulsive interactions be-
tween the ligands and f-electrons charge cloud[47] and place

the local anisotropic axis close to the O2-Dy-O3 direction.

Therefore, based on electrostatic calculations compound 2 can
be described as an almost net toroidal moment SMT with an
almost zero total magnetic moment. It is worth mentioning
that most part of SMTs show a drop to nearly zero of the cMT
product at low temperature and pronounced S-shape of the M
versus H plot at low field. These features are a consequence of

a non-magnetic ground state. However, none of these features
are observed for 2, which could be explained by the existence
of an exchange excited doublet state with a large magnetic
moment, separated from the doublet ground state by a rela-
tively very small energy. Weak antiferromagnetic exchange and

dipolar interactions between the Dy3 + ions would be responsi-
ble for the presumably small energy gap between the ground

and excited exchange doublets. Generally, the Dy3 based SMTs

have triple bridging groups connecting the Dy3 + ions ((m3-
OR)2/m-phenoxido, R = H, Me) with Dy···Dy distances of approxi-

mately 3.5 a, which lead to weak magnetic exchange interac-
tions, typically j J j <0.6 cm@1.[14] In 2, comparatively weaker

magnetic interactions (dipolar and exchange) are expected be-
tween the Dy3+ ions because they are connected by a double

Figure 8. Temperature dependence of the cMT product for 2 (red) and
3 (blue). Inset : Field dependence of the magnetization at 2 K. Solid lines cor-
respond to ab initio simulations using exact dipolar interactions and antifer-
romagnetic exchange interactions with J =@0.003 cm@1 (see text for details).
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m3-hydroxo/m-carbonate bridge and the intramolecular Dy···Dy
distance is 4.01 a.

In order to know if compounds 2 and 3 could block magnet-
ization and behave as SMMs, dynamics of magnetization using

ac susceptibility measurements as a function of the tempera-
ture and frequency under zero-static field were undertaken

(Figure 9 and Figures S17–S18).
Complex 2 displays a clear frequency dependence in the

out-of-phase (c“M) signals below &15 K under a zero dc field,

indicating the existence of slow relaxation of magnetization
typical of a single-molecule magnet. For high frequencies
(>600 Hz) a maximum at low temperature (below ~3.5 K) with
a shoulder at higher temperature (above ~6 K) could be ob-
served, which supports the presence of two relaxation process-
es in this compound. The occurrence of several relaxation pro-

cesses for complexes containing crystallographically equivalent

DyIII ions is not unprecedented,[48] thus indicating the intricacy
of the relaxation processes taking place in complexes contain-

ing 4f metal cations. Nevertheless, this phenomenon is more
frequently observed for polynuclear Dyn systems where the

DyIII occupy non-equivalent chemical environments. In the case
of 2 all the Dy3 + ions are crystallographically equivalent, so

that the existence of two relaxation processes could be due to

two competing relaxation pathways through excited states.[49]

When a small dc field of 2000 Oe is applied (this the optimal
field inducing the slowest relaxation process, see Figure S19

right) the low temperature peak almost disappears (or it is ac-
celerated and shifted below 2 K) and then the high tempera-

ture peak is clearly observed with maxima in the 8.5 K
(1488 Hz)–4 K (10 Hz) temperature range. In order to rule out

cluster-glass behavior for the low temperature process appear-
ing at zero field in 1, we have analyzed the frequency-depen-

dent shift of the cM“ versus T curve using the Mydosh empirical

parameter[50] g= (DTf/Tf/D(log f), where Tf is the temperature
corresponding to the maximum in the cM” versus T curve for
each frequency (f) and DTf is the difference between the high-
est and lowest blocking temperatures corresponding to the ex-

tremes of the frequency range under exploration.[50] The calcu-
lated shift parameter of 0.32 excludes the occurrence of glassi-

ness for the low temperature process at zero field (g values

<0.1 are typically observed for this type of magnetic behav-
ior). This peak could be better due to a direct process, which

can disappear with the application of a magnetic field as it
was recently observed for the Na[Dy(DOTA)(H2O)]·4 H2O com-

plex (H4DOTA = 1,4,7,10-tetraazacyclododecane-N’,N’,N’’,N’’’-tet-
raacetic acid).[51] The frequency dependence of the out-of-

phase ac molar susceptibility (cM“) at different temperatures for

the high temperature relaxation process at 2000 Oe were fitted
to the generalized Debye model to extract the temperature

dependence of the relaxation times. The high temperature
linear region of the data (between 6.5 K and 10.5 K) to the Ar-

rhenius equation afforded an effective thermal energy barrier
of 48(1) K and to = 1.0(1) V 10@6 s.

The Cole–Cole diagram for 2 in the temperature range 11–

2 K (Figure S20) for the ac susceptibility data obtained under a
dc applied field of 2000 Oe, exhibits distorted semi-circular

shapes and can be fitted using the generalized Debye model,
affording a values in the range 0.51–0.24, respectively, which,

as expected, suggest the existence of other relaxation process-
es occurring in this temperature region (direct, Raman, remain-

ing QTM, additional thermally activated processes). The con-

comitant occurrence of these relaxation processes would be
responsible of the deviation of the experimental relaxation

times from Arrhenius plot.
The field dependence of t@1 (Figure S16) at 2 K for 2 shows

that t@1 decreases as the field increases, which points out the
progressive quenching of the quantum tunneling of magneti-

zation (QTM). The t@1 versus H data were fitted to the follow-
ing equation:

t@1 ¼ AH4T þ B1

1þ B2H2 þ C ð5Þ

where the first two terms correspond to the field dependent

direct and QTM relaxation processes, respectively, whereas the

constant term C accounts for field independent relaxation pro-
cesses. However, all attempts to fit the field dependence of t@1

with Equation (5) were unsuccessful, thus indicating the intrica-
cy of this dependence. The fact that t@1 decreases when the

field increases until 0.2 T (Figure S19), indicates a large pre-
dominance of QTM (if direct were predominant an increase in

Figure 9. Temperature dependence of the out-of-phase cM“ ac signals under
zero dc field (bottom) and 1 kOe (top) for 1. Solid lines are guides for the
eye. Inset: Arrhenius plots of relaxation times for 1 under 1 kOe. The red
solid line represents the best fitting of the experimental data to the Arrhe-
nius equation, whereas blue and orange lines correspond to the best fitting
to the Raman and Orbach plus Raman relaxation processes, respectively.
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t@1 would be observed as t@1 is proportional to H4). In view of
this, we decided to fix A = 0. Moreover, at 2 K the contribution

of Raman and Orbach processes should, if they exist, be negli-
gible compared to QTM. Therefore the constant C was also

fixed to zero. The best fit of the field dependence of t@1 led to
B1 = 1224 (12) s@1, B2 = 5633(302) T@2 (tQTM = 0.18 s). It should be
noted that when A and C parameters are varied in the ranges

0–1000 s@1 K T4 and 0–10, B1 and B2 remain almost constant,
thus showing the consistency of the extracted parameters.

Afterwards, the temperature dependence of t@1 for 2 was
fitted to the following equation [Eq. (6)]:[52]

t@1 ¼ AH4T þ B1

1þ B2H2 þ BT n þ t@1
0 exp @ Ueff

KBT

. -
ð6Þ

which takes into account the concomitant presence of direct,
QTM and Raman and Orbach relaxation processes. In order to
avoid over parametrization, the parameters corresponding to

QTM (B1 and B2) were fixed to those previously extracted (see
above) from the field dependence of t@1. Moreover, taking into

account that below 10 K the density of phonons, matching

Ueff = 48 K extracted from the Arrhenius plot is very low, and
that the Ueff is much smaller than the energy gap between the

ground and first excited single-ion Kramers doublet and much
larger than the energy of the first excited KDs of the coupled

manifold
(see below), the contribution of the Orbach process could be

discarded in this case. In fact the fit of the data considering
Raman, Orbach, and QTM (Figure 13 inset and Figure S21) is

worse than that considering only Raman and QTM. In this

latter case, and using the tQTM extracted from the field depend-
ence of t@1, the best fit afforded the following parameters: B =

0.009(2) s@1 Kn, n = 5.96(7) (Figure 9 inset and Figure S22). Al-
though n = 9 for Kramers ions,[52] n values between 1 and 6 are

realistic, however, depending on the structure of the levels
and if optical phonons are considered.[53] Assuming that the

ground state is a multiplet of eight states with very small split-

ting, the Orbach–Blume process t@1 = BT5 can be also active.[52]

As it can be observed in Figure S21,where the contributions of

QTM and Raman relaxation processes are independently con-

sidered, below 3.0 K QTM is dominant, and above this temper-
ature the Raman process is prevalent.

Compound 2 does not show any c“M signal at zero dc field
and only presents a very weak frequency dependence of this

c”M signal in the presence of a dc field of 1000 Oe but without
reaching any clear maximum (Figure S23). Therefore, it seems

that this compound does not exhibit SMM behavior above 2 K.

m-SQUID magnetization measurements

Hysteresis loop measurements were carried out on single crys-
tals of 2 in the temperature range of 0.03–5 K using a micro-
SQUID apparatus. The orientation of the crystal was chosen to

minimize the field of the step. Complex 2 shows both temper-
ature and sweep-rate dependent hysteresis loops below ap-

proximately 3 K (Figure 10 and Figure S24), unambiguously
confirming SMM behavior. The loops are very typical for anti-

ferromagnetically coupled Ising-like spins. In particular for the
first step around zero field, the loops have an S-shape with a
large coercive field opening upon cooling. This behavior is typ-

ical of an SMM with very slow zero-field relaxation. Such obser-
vation was also reported in some 3d-DyIII compounds.[54]At

higher field around :0.35 T, the loops have a broad step,
which is strongly field sweep-rate dependent and is due to a

direct relaxation process avoiding level crossing.

Theoretical calculations

On the basis of the relativistic multi reference ab initio calcula-

tions we analyzed the electronic structure of each individual
lanthanide ion, and defined directions of the low temperature

main magnetic axes, and using the Spinach[33] MATLAB library
and ab initio ligand field theory (LFT) parameters we intro-

duced exact dipolar coupling and fit isotropic exchange inter-
action to match the experiment.

Ab initio calculations for 2 were done for the truncated ver-

sion of this complex that contains only one Dy ion (Fig-
ure S25). Due to C3 symmetry, ligand field parameters and g-

tensors for the other Dy ions can be obtained by 1208 rotation
along z-axis clockwise (Dy’) and counter clockwise (Dy’’).

Figure 10. Magnetization (M) vs. field hysteresis loops for a single crystal of 2 at 0.03 K and the indicated field sweep rates (left) and at a sweep rate of
0.14 Ts@1 and the indicated temperatures (right). The M is normalized to its saturation value Ms at 1.4 T.
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Energy levels of the non-relativistic states that are defined

by inter electronic repulsion and ligand field are shown in
Table 2, together with the Kramers doublet energies emerging

from the 6H15/2 multiplet after the spin-orbit coupling has been
taken into account. The angle between the largest g’ compo-

nent of the lowest Kramers doublet and the Dy3 plane is 2.68,

whereas the angle with tangential direction is 8.98 (see
Figure 11). These angles compare well with those extracted

from the electrostatic model (see above), thus demonstrating
the wide applicability of this simple model.

The results of these calculations show small deviation from
Ising pure anisotropy of the ground Kramers doublet (KD) of

the Dy3 + ion, with gz of pure mJ = :15/2 state (gz = 20).

Ligand field parameters are taken from SINGLE_ANISO output
in the format of extended Stevens operators[54] and converted

to coefficients for irreducible spherical tensors[55] implemented
in Spinach[33] using the conversion factors from Table 2 in refer-

ence [54] . The coefficients were back-rotated to the molecular

frame from the eigen frame of the magnetic moment as pre-
sented in SINGLE_ANISO. Since the ground J multiplet is well

isolated from the other excited states, an LFT Hamiltonian with
the parameters defined in Table S7 reproduces the ab initio

magnetic properties extremely well (Figure S26).The g-tensor

of the full J multiplet is almost isotropic, and its isotropic value
is very close to the Lande factor of 4/3for the Dy3 + ion: gx =

1.33, gy = 1.32, gz = 1.32 and direction of the main axis defined
in the molecular frame given in Table S8.

The full complex was modeled using the C3 symmetry of the
molecule: computed LFT and g-tensors for the ground J mul-

tiplet were rotated 1208 around z-axis to get the Hamiltonians

for other Dy ions. In the case when all interactions between
ions are switched off, the low temperature cT versus T curve is

much higher than experimental one, reflecting the antiferro-
magnetic type of interaction between the ions (Figure S27). At

the next stage, the dipolar interaction has been taken into ac-
count based on the crystal structure of the complex. The pa-

rameter for the exchange interaction was taken from the fit-

ting of the step position in the magnetic hysteresis, which re-
produced powder susceptibility and magnetization very well.

Surprisingly the dipolar interaction alone leads to extremely
good agreement between the computed magnetic properties
and experimental ones (Figure S27). Adding isotropic exchange
interaction in the form defined in Equation (1) does not lead to

a significant improvement but limits the parameter of ex-
change interaction to j Jex j <0.01 cm@1. The dipolar interac-
tion(@0.034 cm@1) is found to be more significant than ex-

change interaction.
For compound 3, positions of several hydrogens were not

defined by X-ray diffraction; therefore positions of all hydro-
gens were optimized with BP86/cc-pVDZ and Stuttgart energy-

consistent pseudopotentials (ECP) on Tb in Gaussian09. Com-

plex Zn3Tb3 has been truncated into three pieces with a struc-
ture similar to truncated Dy. Since there is no symmetry in the

complex, three different calculations have been done to get
the local electronic structure for each Tb (Table 3).

Two lowest states can be approximated by pseudo-spin 1=2

with very anisotropic effective g-tensor where the largest

Table 2. Energies of the states of Dy ion in 2 that correspond to 6H atomic term of the “spin-free” Hamiltonian (inter electronic repulsion and ligand field)
and energies of Kramers doublets that correspond to 6H15/2 multiplet. All energies are in cm@1.

Atomic
term

“Spin-free” states
energy [cm@1]

J multiplet Kramers doublets
energy [cm@1]

effective g’-tensor eigenvalues

6H

0

6H15/2

0 19.30 0.05 0.06
23 66 16.38 1.36 1.04
79 110 11.37 1.64 4.13

121 165 12.18 1.04 3.90
202 214 0.25 6.35 9.70
261 270 2.28 15.12 3.86
309 351 15.14 0.68 0.96
319 436 18.10 0.37 0.15
404
539
571

6F >7500 6H13/2 >3500

Figure 11. Orientation of the magnetic anisotropy axes of the Dy3 + ion-
s (blue arrows).
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eigen values are 17.67, 17.73, and 17.75 for Tb1, Tb2, and Tb3

respectively, and the other components are exactly zero, in
virtue of Griffith’s theorem.[56] The orientation of the magnetic

moment of the lowest two states is also almost coplanar with

Tb3 plane: angles are 4.48, 8.08, 11.28 for Tb1, Tb2, and Tb3, re-

spectively, whereas the angles with tangential directions are
2.48, 4.18, and 7.68, respectively.

The g-tensor for the J = 6 multiplet is almost isotropic and
very close to Lande factor of TbIII 3/2 (Table S9): Tb1 (gx = 1.497,

gy = 1.495, gz = 1.481), Tb2 (gx = 1.496, gy = 1.495, gz = 1.483) and
Tb3 (gx = 1.497, gy = 1.495, gz = 1.482).

Using computed LFT (Table S10) and g-tensors for the
ground J multiplet of each Tb3+ ion, magnetic susceptibility
and magnetization were simulated with and without an ac-

count of dipolar and exchange interactions (Figure S28). These
simulations show that dipolar interaction without additional
exchange interaction reproduces the experimental data quite
well (Figure S28). The dipolar interactions between Tb3 + ions

computed using Equation (2) are @0.042 cm@1 (Table S11).

Magnetic properties of coupled systems

In the coupled systems the lowest 8 magnetic sublevels are

well isolated from other excited states and split by exchange
and dipolar interactions Figure 12. Both dipolar and antiferro-

magnetic exchange coupling stabilize the chiral doublet and

destabilize the other 6 states.
The out-of-plane effective g’-tensors are quite small (Table 4)

due to almost planar orientation of the local magnetic mo-
ments in 2 (Figure 11). Due to C3 symmetry in 2 the lowest

Table 3. Energy of the states that correspond to 7F atomic term of the
“spin-free” Hamiltonian (inter-electronic repulsion and ligand field) and
energies of the states that correspond to the 7F6 multiplet. All energies
are in cm@1.

Atomic
term

“Spin-free” state
energy [cm@1]

J
multiplet

magnetic state energy
[cm@1]

7F

0 0 0

7F6

0.0 0.0 0.0
111 94 93 0.1 0.1 0.2
215 177 212 111.5 108.1 114.9
359 290 348 113.4 110.4 118.8
389 354 384 214.9 191.2 199.2
574 535 611 234.3 218.1 223.9
821 797 748 273.6 232.1 253.4

307.1 262.0 300.8
318.1 279.9 315.7
340.3 291.8 355.7
351.8 296.9 357.3
425.7 413.6 392.2
433.0 418.7 399.2

Figure 12. Energy of 8 magnetic sublevels computed for 2 (left) and 3 (right) as a function of magnetic field applied perpendicular to Ln3 plane (top) and par-
allel to the Ln3 plane (bottom). Exchange interaction is J =@0.003 cm@1.
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doublet does not split when magnetic field is applied parallel

to the Ln3 plane; in the case of 3 there is a small splitting due
to symmetry distortion. The toroidal moment almost reaches

its maximum because the angles of local magnetic moments
with tangential direction are quite small.

It should be noted, as indicated elsewhere, that STM behav-

ior is the result of several factors, including molecular symme-
try, disposition and type of donor atoms around the Dy3 + co-

ordination sphere (donor atoms with more negative charge
and consequently shorter Dy-donor bond distances define the

direction of the anisotropy axis of ground state of each Dy
center), and suitable exchange/dipolar magnetic interactions. It

is worth mentioning that full magnetic characterization and ab

initio theoretical calculations have been carried out on other
two Dy3 triangular SMTs, Dy3-1 (the first system of this type)[57]

and Dy3-2[14g] In the seminal Dy3-1, with an approximate C3h

symmetry, all the above indicated factors lead to a ferromag-

netic alignment of the local magnetic vectors, which are
almost tangential to the vertices of the Dy3 triangle and locat-

ed almost in the plane of the Dy3 triangle (almost a perfectly

toroidal magnetic moment). This disposition lead to an almost
non-magnetic ground state, which agrees with the fact that

cMT vanished at low temperature and the M versus H curve
shows almost zero magnetization at low field. Small out of

plane deviations of the magnetic axes from the Dy3 plane
leads to a total magnetic moment of 0.56 mB pointing perpen-
dicular to the plane in the Kramers doublet ground state.

Moreover, owing to the magnetic interactions, the first excited
doublet state lies 7.5 cm@1 above the ground doublet state.

However, in the case of 2 and Dy3-2, both non-vanishing low
temperature cMT and low field magnetization point to a mag-
netic ground doublet state, which can be due to the fact that
the projections of the magnetic moments of the z-axis from

the three Dy atoms do not compensate each other. Ab initio
theoretical calculations support this assumption as both 2 and
Dy3-2 have a large magnetic moment in the ground state (3.62

and 11.5 mB, respectively). In 2, the out of plane effective mag-
netic moment is quite small due to almost planar orientation

of the local magnetic moments. Moreover, due to its C3 sym-
metry the projection of the magnetic moment on the z-axis

sums up to reach a value that is almost seven times larger

than that in the Dy3 triangle, Dy3-1. In Dy3-2 the Dy3 + atoms
form an isosceles triangle rather than an equilateral geometry,

so that the orientation of the magnetic moments leads to a
larger magnetic moment in the ground state. It should be

noted that in 2, not only the existence of an small magnetic
moment in the ground state is responsible of the non-vanish-

ing low temperature cMT and low field magnetization, but also
the relatively small energy gap between the ground state and

first excited double states (approximately 3 cm@1) together
with the large magnetic moment of this latter state. In Dy3-2
this energy gap is larger than in 2 (5.4 cm@1), so that the great
magnetic moment in the ground state is responsible for non-

vanishing low temperature cMT and low field magnetization.
The parameter for exchange interaction was chosen to place

the lowest field level such that it avoided crossings into the

positing of the step observed in the micro-SQUID experiment
for 2 (J =@0.003 cm@1). The highest point of dM/dB is located
at B = 0.35 T and an acceleration of the relaxation of the mag-
netization is also observed at this magnetic field (Figure 13).

The observed step is quite broad: from 0.25 till 0.5 T. According
to simulations there should be two steps separated by approx-

imately 0.1 T, which could be blurred by relaxation and/or in-

tramolecular dipolar interactions into one broad step observed
in experiment.

Observed SMM behavior for complex 2 is associated with an
ideal axial magnetic anisotropy of the ground chiral KD of the

coupled system that limits relaxation rate due to QTM, which
is a predominant process at low temperature (&2 K) as shown
by magnetic field and temperature dependence of the relaxa-

tion rate. Ideal axiality of the chiral KD is guaranteed by C3 mo-
lecular symmetry, and due to in-plane orientation of local mag-

netic moments the chiral KD is stabilized by dipole-dipole in-
teraction. The antiferromagnetic exchange interaction also sta-

bilizes the chiral KD, but it is found to be much smaller than
the dipole-dipole interaction.

The temperature dependence of the relaxation rate up to

10 K was well reproduced solely by a power function t@1&T5.96

characteristic for Raman or Orbach–Blume relaxation; a similar

approach has been recently applied for another SMM analy-
sis.[58] This questions the validity of the common practice to fit

a few highest available temperature data points to an Orbach
relaxation mechanism that gives the barrier that cannot be ex-

Table 4. Relative energies and effective g’-tensors of 2 computed at zero-
field for the Kramers doublets (J =@0.003 cm@1).

E [cm@1] g’ k Dy3 g’ ? Dy3

0 0 3.62
2.6285 19.17 0.05
2.6294 0 1.21
2.6302 19.25 0.05

Figure 13. Comparison of the field dependence of the relaxation rate with
“step” position in the hysteresis loop measured at 0.03 K for 2. The sweep
rate 0.001 Ts@1 and 0.280 Ts@1 are presented as a numerical derivative with
respect to the magnetic field.
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plained by electronic structure theory. An attempt to follow
this practice gives Ueff = 33.4 cm@1 which is much larger than

the energy of the first excited KDs of the coupled manifold
(&2.6 cm@1) and much smaller than other excited states

(>66 cm@1).
In the case of compound 3, and using single-ion calcula-

tions, a significant energy gap (in the 0.1–0.2 cm@1 range) was
found within the ground pseudo-doublet of each Tb3 + ion.
This tunnel splitting characteristic of non-Kramers ions rules

out any SMM behavior of single-ion origin. Moreover, in the
coupled system the degeneracy of the ground state is lifted at
zero field, so that it splits about 0.002 cm@1. This splitting that
favors QTM and precludes the observation of SMM behavior is

mainly due the non-symmetric nature of this complex.
In view of the above considerations, complex 2 displays

SMM behavior and SMT characteristics with almost net toroidal

moment and almost zero total magnetic moment, whereas
complex 3 only presents SMT features. The absence of SMM in

3 is likely to be due to QTM within the ground exchange state.

Conclusion

The ongoing results show that the use of the polytopic Man-

nich base ligand 6,6’-{[2-(dimethylamino)ethylazanediyl]-
bis(methylene)}bis(2-methoxy-4-methylphenol) (H2L) allows the

preparation of two unique heterometallic Zn3Dy3 (Ln3 + = Dy,
Tb) complexes with a double triangular topology, in which the

phenoxido oxygen atoms from the ligand and a hydroxyl

group doubly-bridge each pair of Zn2 + and Dy3+ metal ions,
whereas each pair of Dy3 + ions are doubly-bridged by an hy-

droxyl group and an oxygen atom belonging to a m6-carbonato
anion. The latter is generated in situ from atmospheric CO2 fix-

ation. In the solid state, these compounds exhibit dual lumi-
nescence coming from the emission of the ligand and from

the Ln3 + ions. In solution, the luminescence of the Ln3 + is

more efficiently sensitized by the ligand compared to that in
the solid state. Dynamic ac susceptibility measurements point

out that the Dy3+ complex exhibits slow relaxation of the mag-
netization and SMM behavior at zero field, whereas the relaxa-
tion of the magnetization in the Tb3 + counterpart above 2 K,
even in the presence of an applied field, is much faster than

the maximum available frequency. Temperature and field de-
pendence of the relaxation times suggest that the magnetic

relaxation takes place through a combination of QTM, direct,
and Raman relaxation processes; the Raman process being
dominant above 3 K. Micro-SQUID measurements indicate that

the Dy3 + complex shows both temperature and field sweep-
rate dependent hysteresis loops below 3 K, which unequivocal-

ly confirms its SMM behavior. This hysteresis, which is typical
of antiferromagnetically coupled Ising systems, shows an S-

shape and a large coercive field at zero-field upon cooling, as

expected for a very slow zero-field relaxation. The hysteresis
additionally shows a broad, strongly field sweep-rate depen-

dent step at around :0.35 T corresponding to avoidance of
level crossings. A sharp increase of the relaxation rate is also

observed at this magnetic field in ac susceptibility measure-
ments at 2 K. Ab initio calculations indicate almost pure axial

anisotropy of the ground Kramers doublet (approximate to a
pseudo-spin s = 1/2 in the case of Tb3+complex) and an

energy gap between the ground and first excited states of
66 cm@1 and about 110 cm@1 for the Dy3 + and Tb3 + complexes,

respectively. The local axial magnetic moments are in both
cases almost coplanar and tangential to the Ln3 + ions defining

a equatorial triangle, and therefore can be considered single-
molecule toroics (SMTs) with almost zero total magnetic
moment. Dipole coupling between Ln3 + ions was computed

exactly for total angular momentum J, rather than fictitious
spins, using the new procedure developed for the Spinach pro-
gram. Both dipole and antiferromagnetic exchange interactions
stabilize the chiral doublet ground state in the coupled sys-
tems. Simulations suggest that the broad step appearing in
the hysteresis loop corresponds to two level avoiding crossings

points where the spin chiral Kramers doublet meets the excit-

ed states of the exchange manifold, the position of which is
defined by exchange and dipole interactions. The Tb3 + coun-

terpart does not exhibit SMM behavior because the degenera-
cy of the ground state of the exchange coupled system is

lifted at zero field, thus favoring fast QTM.
Finally, the Zn3Dy3 complex can be considered as a multi-

functional complex combining interesting SMM, SMT, and lumi-

nescence properties.
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