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Macrocycle supported dimetallic lanthanide
complexes with slow magnetic relaxation in Dy2
analogues†

Fu-Xing Shen, ‡a Kuheli Pramanik,‡b,c Paula Brandão, d Yi-Quan Zhang, e

Narayan Ch. Jana, b Xin-Yi Wang *a and Anangamohan Panja *b,c

Six dimetallic lanthanide complexes, [Ln2(L’)(acac)4] (1Dy–3Gd) (Ln = Dy (1Dy), Tb (2Tb) and Gd (3Gd)) and

[Ln2(L’)(tfac)4] (4Dy–6Gd) (Ln = Dy (4Dy), Tb (5Tb) and Gd (6Gd)) (H2L’ = 1,9-dichloro-3,7,11,15-tetraaza-1,9

(1,3)-dibenzenacyclohexadecaphane-2,10-diene-1,9-diol), have been synthesized by the reaction of

lanthanide nitrates with the HL ligand in the presence of acetylacetonate (acac) (or trifluoroacetylaceto-

nate (tfac) and triethylamine (HL = 4-chloro-2,6-bis(-((3-((3-(dimethylamino)propyl)amino)propyl)imino)

methyl)phenol). Ln-Assisted modification of the Schiff base HL occurred and led to the formation of a

new macrocyclic ligand (H2L’). X-ray crystallographic analysis revealed that the LnIII ions of complexes

1Dy–6Gd are all eight-coordinated in a square antiprismatic geometry with D4d local symmetry. Magnetic

measurements of these complexes revealed that 1Dy and 4Dy show single-molecule magnet behaviour

with energy barriers of 66.7 and 79.0 K, respectively, under a zero direct magnetic field. The orientations

of the magnetic axes and crystal field parameters were obtained from theoretical calculations and an

electrostatic model. The magneto-structural correlations of SMMs 1Dy and 4Dy are further discussed in

detail.

Introduction

The design and synthesis of single-molecule magnets (SMMs)
have attracted considerable attention in the fields of chemistry,
physics and materials science because of their prospects and
potential applications in high-density information storage,
quantum computing, spintronics and magnetic refrigerators.1

In recent years, there has been enormous interest in purely
lanthanide-based SMMs, particularly using heavy lanthanide

ions (TbIII, DyIII, HoIII and ErIII), and this has progressively
increased because of their significant uniaxial magnetic an-
isotropy arising from the large unquenched orbital angular
momentum along with a large ground-state spin, resulting in
SMMs with higher relaxation energy barriers and blocking
temperatures.2 A large number of lanthanide-based SMMs
with varying nuclearities have been developed.3 Among them,
binuclear lanthanide compounds are considered a very impor-
tant class and have been extensively studied in the recent past
as they have one of the simplest molecular architectures which
allow a convenient study of the nature and strength of mag-
netic coupling between two spin carriers, thereby elucidating
magnetic relaxation mechanisms influenced by magnetic
interactions.4 Moreover, it is relatively convenient to determine
the possible orientations of the magnetic anisotropy in the
dimetallic system, leading to an understanding of the relation-
ships between single-ion relaxation and relaxation in a mole-
cular entity.

It is noted that organic ligands play a crucial role in the syn-
thesis of discrete SMMs and modulation of SMM properties.
Therefore, searching for suitable ligands is one of the key strat-
egies for overcoming the difficulty in promoting magnetic
interactions for purely lanthanide-based systems. Bulky
organic ligands can encapsulate the metal centres, preventing
intermolecular interactions by isolating molecular entities,
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dictate the structural arrangement and promote intra-
molecular magnetic interactions via super-exchange pathways.
To understand the significant influence of ligand field effects,
magnetic anisotropy, coordination geometry, and inter-/intra-
molecular magnetic interactions on the Ln-based SMM pro-
perties, many interesting lanthanide complexes (mononuclear
to multinuclear) derived from various organic ligands (e.g.
β-diketones, diimines, carboxylates, macrocycles, and Schiff
bases etc.) have been successfully employed for the isolation of
high-energy barrier SMMs.5 Among them, Schiff base ligands
possessing rich O,N-based multi-donor sites have been exten-
sively used in the synthesis of many lanthanide-based coordi-
nation compounds mainly because of their synthetic simplicity
and their tremendous structural diversity. Furthermore, the
substitutions of either of the amine or carbonyl components
may tune the ligand fields, leading to modulation of the SMM
properties of the systems.6

Among numerous Schiff base ligands, salen-type and
alcohol-rich oxygen and nitrogen donor ligands can stabilize
lanthanide ions in various coordination environments and
exhibit unique molecular structures, displaying distinct aniso-
tropic centres ranging from mononuclear to multinuclear
systems.7 Similar but more donor-type symmetrical dimetallic
Schiff base ligands derived from 2,6-diformyllphenol could be
a worthy choice as they are capable of binding simultaneously
two metal ions, leading to the formation of at least dimetallic
Ln-complexes.8 In the present work, we have used a Schiff base
ligand (HL, Scheme 1), which is formed by a reaction between
4-chloro-2,6-diformylphenol and N,N-dimethyldipropyl-
enetriamine, for the synthesis of a series of dimetallic lantha-
nide complexes. The reaction of lanthanide nitrates with the
HL ligand in the presence of acetylacetonate (acac) (or trifluor-
oacetylacetonate (tfac) and a triethylamine base yielded a
series of isomorphous dimetallic complexes [Ln2(L′)(acac)4]
(1Dy–3Gd) (Ln = Dy (1Dy), Tb (2Tb) and Gd (3Gd)) and [Ln2(L′)
(tfac)4] (4Dy–6Gd) (Ln = Dy (4Dy), Tb (5Tb) and Gd (6Gd)) in which
Ln-assisted modification of the Schiff base was observed,
leading to the formation of a new macrocyclic ligand (H2L′).
Their crystal structures have been determined and their mag-

netic properties have been investigated. Among them, the Dy
analogues 1Dy and 4Dy exhibit different SMM behaviours. The
magneto-structure relationships of these two complexes have
been discussed in detail along with theoretical calculations.

Experimental section
Materials and physical measurements

N,N-Dimethyldipropylenetriamine, p-formaldehyde, hexa-
methylenetetramine, acetylacetone, 4-chlorophenol and tri-
fluoroacetylacetone were commercially available reagents and
were used as received. Other chemicals and solvents were pur-
chased from commercial sources and used without further
purification. 4-Chloro-2,6-diformylphenol was synthesized
according to the literature procedure.9

Synthesis of the Schiff-base ligand (HL)

The ligand (HL) was synthesized via the Schiff base conden-
sation method. Briefly, 1.0 mmol of N,N-dimethyldipropyl-
enetriamine (159 mg) and 0.5 mmol of 4-chloro-2,6-diformyl-
phenol (92 mg) were combined in 20 ml of methanol. The
resulting mixture was allowed to reflux for ca. 1 h to yield the
Schiff-base as a clear yellowish orange solution. The solution
was then cooled to room temperature and was directly used for
the synthesis of the metal complexes. 1H NMR (CDCl3,
600 MHz) δ = 8.51–8.17, 7.63–7.39, 7.25–7.10, 4.56–4.16,
3.87–3.47, 3.43–3.23, 3.22–3.01, 2.89–2.55, 2.22–2.13,
1.96–1.74 ppm. ESI-HRMS: for C24H44ClON6 calculated
467.3265 [M + H]+, observed 467.3266.

Synthesis of complexes 1Dy–3Gd. To a solution of the Schiff
base ligand HL (0.5 mmol), Ln(NO3)3·6H2O (0.5 mmol; Ln(III) =
Dy (1Dy), Tb (2Tb), and Gd (3Gd)) in 30 ml of acetonitrile/metha-
nol (1 : 1, v/v) was added and the mixture was stirred for few
minutes. A yellowish precipitation was observed immediately.
Et3N (0.5 mmol) was then added to this mixture under stirring
conditions which resulted in partial dissolution of the yellow-
ish precipitate. Thereafter acetylacetone (2 mmol) was added
to the mixture under stirring conditions and the mixture was
allowed to reflux for ca. 1 h, which resulted in a completely
clear orange-yellow solution. The reaction mixture was then
allowed to cool at room temperature, filtered and kept for slow
evaporation. Analytically pure yellow block shaped crystals suit-
able for X-ray diffraction study were obtained within a week;
these were collected by filtration, washed with acetonitrile/
ether and air dried, and the yields were recorded with respect
to the moles of lanthanide salts.

[Dy2(L′)(acac)4] (1Dy). Yield: 216 mg (74%). Anal. calcd for
C42H52Cl2N4O10Dy2: C 43.16%, H 4.48%, N 4.79%. Found: C
43.28%, H 4.60%, N 4.63%. FTIR (cm−1, KBr): ν(acac) 1641 s,
ν(CvN) 1615 s.

[Tb2(L′)(acac)4] (2Tb). Yield: 209 mg (72%). Anal. calcd for
C42H52Cl2N4O10Tb2: C 43.43%, H 4.51%, N 4.82%. Found: C
43.34%, H 4.62%, N 4.65%. FTIR (cm−1, KBr): ν(acac) 1642 s,
ν(CvN) 1615 s.Scheme 1 Route to the synthesis of 1Dy–6Gd.
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[Gd2(L′)(acac)4] (3Gd). Yield: 223 mg (77%). Anal. calcd for
C42H52Cl2N4O10Gd2: C 43.55%, H 4.52%, N 4.84%. Found: C
43.67%, H 4.59%, N 4.69%. FTIR (cm−1, KBr): ν(acac) 1641 s,
ν(CvN) 1615 s.

Synthesis of complexes 4Dy–6Gd. Complexes 4Dy–6Gd were
synthesized from an acetonitrile/methanol solvent mixture fol-
lowing very similar procedures as described for 1Dy–3Gd, except
for the use of trifluoroacetylacetone instead of acetylacetone.

[Dy2(L′)(tfac)4] (4Dy). Yield: 260 mg (75%). Anal. calcd for
C42H40N4O10F12Cl2Dy2: C 36.43%, H 2.91%, N 4.05%. Found:
C 36.36%, H 2.98%, N 3.91%. FTIR (cm−1, KBr): ν(tfac) 1652 s,
ν(CvN) 1614 s.

[Tb2(L′)(tfac)4] (5Tb). Yield: 244 mg (71%). Anal. calcd for
C42H40N4O10F12Cl2Tb2: C 36.62%, H 2.93%, N 4.07%. Found:
C 36.69%, H 2.99%, N 3.92%. FTIR (cm−1, KBr): ν(tfac) 1652 s,
ν(CvN) 1614 s.

[Gd2(L′)(tfac)4] (6Gd). Yield: 260 mg (75%). Anal. calcd for
C42H40N4O10F12Cl2Gd2: C 36.71%, H 2.93%, N 4.08%. Found:
C 36.83%, H 2.97%, N 3.96%. FTIR (cm−1, KBr): ν(tfac) 1652 s,
ν(CvN) 1614 s.

X-ray crystallography

Suitable single crystals for complexes 1Dy–6Gd were selected for
single-crystal X-ray diffraction study. Crystallographic data
were collected at 150(2) K on a Bruker Apex-II CCD diffract-
ometer with graphite monochromated Mo-Kα radiation (λ =
0.71073 Å) using ω and φ scan modes. Data processing and
scaling were accomplished with the SAINT-plus processing
program. Absorption corrections based on multiscan were per-
formed with the SADABS program.10 The structures were
solved using direct methods (SHELXS) and refined by means
of full-matrix least-squares method (SHELXL) on F2.11

Anisotropic thermal parameters were used for non-hydrogen
atoms and isotropic parameters for hydrogen atoms. One of
the tfac ligands coordinated to the metal center was refined by
considering a disorder model with about 90/10 occupancies
over two sites. Hydrogen atoms were added geometrically and
refined using a riding model. Crystallographic data and refine-
ment details are given in Table 1. CCDC 1967281–1967286
contain the supplementary crystallographic data for this
paper. The phase purity of these complexes was confirmed by
the PXRD patterns (Fig. S2†).

Results and discussion
Synthesis and characterization

In our earlier work we have shown the formation of mono- or
di-nuclear complexes when the monobasic Schiff base ligand
(N3O), derived from N,N-dimethyldipropylenetriamine and sal-
icylaldehydes, was reacted with different metal salts.12 The
controlled synthesis of such complexes involves the coordi-
nation of all four donor sites of the ligand to fulfill octahedral
coordination sites for transition metal ions along with other
auxiliary ligands if required. Inspired by these results, we
upgraded our ligand from tetradentate (N3O) to heptadentate

(N6O) and thereby intended to synthesize new dimetallic
lanthanide complexes using the present dinucleating Schiff
base ligand (Scheme 1). The ligand (HL) was synthesized via
the Schiff base condensation method where 4-chloro-2,6-difor-
mylphenol and N,N-dimethyldipropylenetriamine were com-
bined in a 1 : 2 molar ratio in 20 ml of methanol and refluxed
for ca. 1 h to yield the desired Schiff-base as a clear yellowish
orange solution. The characterization of the ligand by 1H NMR
was very complicated due to its high degree of flexibility which
produces large numbers of possible conformers in the solu-
tion, and the conformers remaining in equilibrium in solution
are responsible for the broadening of peaks in the NMR spec-
trum as also reported by other groups (Fig. S1†).13 But the
high-resolution mass spectrometry (HRMS) undoubtedly con-
firms the formation of the desired ligand (Fig. S3†). The in situ
generated ligand was thereafter reacted with lanthanide salts
under stirring conditions, resulting in a yellowish precipi-
tation, which turned into a clear yellow-orange solution when
Et3N followed by acetylacetone (for 1Dy–3Gd) or trifluoroacetyla-
cetone (for 4Dy–6Gd) was added to the reaction mixture and
finally afforded complexes 1Dy–6Gd in moderate yields
(Scheme S1†). However, we found that the Schiff base ligand
in the presence of lanthanide ions is transformed in situ into a
macrocyclic ligand. The in situ transformation of the Schiff
base into the macrocyclic ligand in the present case may be
due to the steric crowding of the N,N-dimethyldipropyl-
enetriamine part of the ligand or the greater stability of the
macrocyclic ligand L′, resulting from the elimination reaction
of some parts of the ligand. We thus performed the mass spec-
trometric analysis (Fig. S4†) of a reaction mixture after 5 min
and 1 h, prepared by mixing the reactants in the same molar
ratios as used for the synthesis of the complexes in methanol
to detect if any intermediate species is formed during the con-
version of the ligand. This may provide significant information
on in situ macrocyclization. The mass spectrum recorded after
5 min of mixing shows a peak at m/z = 828.32, which matches
well with the species [Dy(HL)(acac)2]

+ as suggested by the isoto-
pic distribution patterns and that almost disappeared when
the mass spectrum was remeasured after 1 h of the reaction
with the concomitant accumulation of a product ([1Dy + H2O +
H]+) related peak at m/z = 1187.31, suggesting that the reaction
proceeded through the formation of this intermediate species.
As we know, lanthanide ions usually prefer higher coordi-
nation numbers and therefore two such intermediates are self-
assembled by the phenoxido bridges to satisfy the requisite
coordination numbers of the lanthanide ions, which brings
about steric crowding around the metal centres, favouring the
macrocyclization of the ligand by eliminating some parts of
the ligands as depicted in Scheme S1.† The peaks at m/z =
86.09 and 102.12 and at m/z = 160.18 in the mass spectrum
support the elimination of R2 and R1 groups, respectively, as
denoted in Scheme S1† and assigned subsequently in Fig. S4.†
A similar type of elimination reaction working with the analo-
gous ligand system was also reported in the literature,14 which
afforded the Robson type macrocyclic ligand, but in the
present case, alternate N-atoms are imine and amine function-
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alities. This type of macrocyclic ligand is extremely rare and
only a few of them solely derived from o-phenylenediamine or
its analogous compounds are reported.15 This report therefore
could pave the way for preparing new types of uncommon
macrocyclic ligands.

Structural description

X-ray quality single crystals of 1Dy–6Gd were grown by the slow
evaporation of the acetonitrile-methanol solution of the corres-
ponding complexes. Single crystal X-ray diffraction (SC-XRD)
analysis of all complexes revealed that all these complexes are
isomorphous and crystallized in the monoclinic P21/n space
group with half of the complex molecule in the asymmetric
unit, and symmetry operation through an inversion centre,
located at the midpoint of the Ln–(phenoxido-O)2−Ln core,
generates the full set of the dimetallic Ln-complexes.
Therefore, only the structure of 1Dy is discussed in detail as a
representative model. For the macrocyclic ligand, the C−N
bond distance involving C7−N1 is 1.278(4) Å, which is typical
of a normal CvN double bond. In contrast, the C9−N2 bond
distance is 1.468(4) Å, which is typical of a C−N single bond.
These results further clearly provide significant information
on in situ macrocyclization. As shown in Fig. 1, in the centro-
symmetric neutral dimetallic complex, each Dy(III) ion is co-
ordinated by four oxygen atoms from two acetylacetonate
ligands and one amine nitrogen atom, one imine nitrogen
atom and two bridging phenoxido-oxygen atoms from the
macrocyclic ligand. Therefore, each Dy(III) centre is octa-co-
ordinated with a DyN2O6 coordination polyhedron and the
geometry around the metal centre can be best described as a
slightly distorted square antiprism in which one basal plane is
made up of two nitrogen and two oxygen atoms of the macro-
cyclic ligand and the other one is constructed with four oxygen
atoms from two acac ligands. The coordination geometry of
the central Dy(III) ion was analysed by the continuous-shape
measures (CShMs) method utilizing the Shape 2.1 software,
and the smallest CShM values obtained are according to the
geometry of square antiprisms (SAPR, D4d) (Table S2†).16 The
Dy–O bond distances are in the range of 2.255–2.333 Å and

two Dy–N bond lengths are 2.473 Å and 2.570 Å, and the
Dy⋯Dy′ separation through doubly phenoxido bridges is
found to be 3.891 Å, which are comparable to the reported
values in the literature (Table S1†).17 For the ideal SAPR poly-
hedron with D4d symmetry, the magic angle α and the skew
angle Φ are 54.748° and 45°, respectively. The average angles
of α and Φ are 57.22° and 45.09° for 1Dy, respectively, also sup-
porting the slightly distorted SAPR geometry around Dy(III)
(Fig. 2). The shortest intermolecular distance between the DyIII

ions is 8.550 Å for 1Dy and 9.214 Å for 4Dy, suggesting the
absence of significant magnetic exchange interactions between
the binuclear units (Fig. S5†). All the structural parameters of
complexes 4Dy–6Gd are also comparable to those of 1Dy–3Gd
and in these cases tfac is coordinated to the metal centre
instead of acac in 1Dy–3Gd. A close inspection of the Ln–O(or
N) bond lengths further reveals the lanthanide contraction
applicable to each series (Table S1†).

Magnetic properties

Variable-temperature dc magnetic susceptibility data of the
ground crystal samples of 1Dy–6Gd were measured in the temp-
erature range of 2–300 K under an applied magnetic field of
1.0 kOe (Fig. 3a). The χMT values at 300 K of 27.52, 23.74,
16.80, 27.72, 23.76 and 16.53 cm3 K mol−1 for 1Dy–6Gd, respect-
ively, are close to the calculated values of two noninteracting
Ln3+ ions (for the Dy3+ ion, 28.34 cm3 K mol−1, J = 15/2, g = 4/
3; for the Tb3+ ion, 23.64 cm3 K mol−1, J = 6, g = 3/2 and for the
Gd3+ ion,15.76 cm3 K mol−1, S = 7/2, g = 2). Upon cooling, the
χMT products for 1Dy and 4Dy gradually decrease to a minimum
value of 24.94 and 25.40 cm3 K mol−1 at around 25 K. The
decrease of χMT values at high temperature suggests the pro-
gressive depopulation of Dy3+ Stark sublevels. Then the χMT
values increase to 26.72 and 30.11 cm3 K mol−1 at 4 K and
decrease to 22.64 and 26.83 cm3 K mol−1 at 2 K. This low temp-
erature behaviour indicates the presence of intramolecular
ferromagnetic interactions between the Dy3+ ions.18 For com-
plexes 2Tb, 3Gd, 5Tb and 6Gd, as the temperature is lowered, the
χMT curves decrease monotonously from room temperature
values to the minima of 16.28 (2Tb), 13.17 (3Gd), 9.41 (5Tb) and
12.87 (6Gd) cm

3 K mol−1 at 2 K. Such behaviour is generally
due to the thermal depopulation of the MJ states of the Tb(III)

Fig. 1 (a) Crystal structure of complex 1Dy. (b) Molecular structure of
4Dy with thermal ellipsoids at 50% probability. The local coordination
polyhedra of the central Dy3+ ions are shown. Hydrogen atoms are
omitted for clarity. The F atoms with different colours represent the dis-
ordered CF3 groups in two of the tfac ligands with 90/10 occupancies.

Fig. 2 SAPR coordination environment of complex 1Dy with the magic
angle α between the S8 axis and a Dy–L direction (left) and skew angle Ф
between the diagonals of the two squares (right).
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ions and/or the weak antiferromagnetic interactions between
the spin carriers.19

To get precise information regarding the magnetic
exchange interaction between the Gd3+ ions, the experimental
susceptibility and magnetization data of 3Gd and 6Gd were fit
by using the program PHI by considering the isotropic model
and the spin Hamiltonian Ĥ = −2JŜ1Ŝ2 + gμB(Ŝ1 + Ŝ2)B.

20 The
best fit yielded g = 2.01, J = −0.0310 cm−1 and g = 2.01, J =
−0.0314 cm−1 for 3Gd and 6Gd, respectively, suggesting weak
antiferromagnetic exchange interaction between the two Gd3+

ions (Fig. 3b and Fig. S7†). The coupling constant values are
very close to each other and also comparable to the literature
reported values of similar diphenoxido-bridged Gd3+

complexes.4g,j,20a The possible antiferromagnetic interactions
were also evaluated by a Curie–Weiss analysis of the magnetic
susceptibility data with negative Weiss values in the tempera-
ture range of 50–300 K (Fig. S6†).

The field dependence of magnetization was further
measured at 2.0, 3.0 and 5.0 K in the field range of 0–7 T
(Fig. 3b insert, Fig. S7†). For all complexes, the M(H) curves
exhibit a rapid increase at low fields and increase more gradu-
ally to the highest values. For isotropic Gd complexes 3Gd and
6Gd at 2 K, the highest magnetization values of 13.88 and
13.83Nβ at 7 T are slightly lower than the theoretical saturation
value of 14Nβ for two isolated Gd3+ ions. For the other com-
plexes (Fig. S7†), the highest magnetization values are far from
saturation (Ms/Nβ = gjJ), which can be attributed to the pres-

ence of significant magnetic anisotropy and/or low-lying
excited states in these compounds.21 No hysteresis effects were
observed for all complexes at 2 K.

Alternating current (ac) magnetic susceptibilities were per-
formed to probe the slow magnetic relaxation behaviour of the
Dy (1Dy and 4Dy) and Tb (2Tb and 5Tb) complexes. For the Tb
complexes, no observable out-of-phase (χM″) signals were
detected even with an applied dc field (Fig. S8 and S9†), pre-
cluding the possibility of SMM behaviour for these Tb com-
plexes. On the other hand, under a zero dc field, the Dy ana-
logues 1Dy and 4Dy show strong frequency- and temperature-
dependent in-phase (χM′) and out-of-phase (χM″) ac suscepti-
bility signals (Fig. 4 and S10†), which clearly indicates a slow
relaxation of magnetisation arising from SMM behaviour. As
can be seen from these figures, the out-of-phase (χM″) mag-
netic susceptibility data show well-defined maxima as a func-
tion of frequency and temperature with χM″ peaks clearly
observable up to 7.5 K for 1Dy and up to 10 K for 4Dy. The
Cole–Cole plots at 2 to 7.5 K for 1Dy and at 2 to 10 K for 4Dy
display a nearly symmetrical semi-circular shape, revealing
that just one single relaxation process occurs in these systems
(Fig. 5). The data were then fit using the generalized Debye
model to extract the relaxation time τ and its distribution
factor α (α determines the width of the distribution of relax-
ation times: α = 1 represents an infinitely wide distribution of
relaxation times, and α = 0 corresponds to a process with only
a single relaxation time).22 The fittings of these curves are gen-
erally very good with low residue values. The obtained α values
(Tables S3 and S4†) are 0.27–0.34 for 1Dy and 0.11–0.14 for 4Dy,
which suggest relatively narrow distributions of the relaxation
time τ as commonly observed. To examine the mechanism of
the relaxation process, the ln τ versus 1/T data were fit by using
the following equation (For the relaxation time products under
0 Oe, the direct process can be ignored):

1
τ
¼ 1

τQTM
þ CTn þ 1

τ0
e�

Ueff
T ð1Þ

Fig. 3 (a) Temperature dependence of χMT vs. T plots for Dy and Tb
compounds. (b) χMT vs. T plots for 3Gd and 6Gd (the insets show field
dependent magnetization curves). The solid lines represent the best-fit
curves, giving J values for 1Dy, 4Dy, 3Gd and 6Gd (0.72, 2.72, −0.0310 and
−0.0314 cm−1, respectively). The fitted g values for 3Gd and 6Gd are both
2.01. See the main text for details.

Fig. 4 Frequency dependent in-phase (χ’) and out-of phase (χ’’) signals
of ac susceptibilities for 1Dy and 4Dy under a zero dc field.
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where these three terms in the equation represent quantum
tunnelling of magnetisation, Raman process and Orbach
process, respectively. The best fit including all three relaxation
processes gives τQTM = 5.6 × 10−3 s, C = 8.19 s−1 K−n, n = 2.88,
Ueff = 66.7 K, and τ0 = 1.1 × 10−8 s for 1Dy and τQTM = 1.3 × 10−2

s, C = 4.40 s−1 K−n, n = 2.86, Ueff = 79.0 K, and τ0 = 3.3 × 10−8 s
for 4Dy, respectively (Fig. 6 and Table S5†).

Theoretical calculations

Complete-active-space self-consistent field (CASSCF) calcu-
lations on individual DyIII fragments in complexes 1Dy and 4Dy
on the basis of X-ray determined geometries have been carried
out by using the MOLCAS 8.4 (ref. 23) and SINGLE_ANISO24

programs (see the ESI† for more details). The energy levels
(cm−1), g (gx, gy, gz) tensors and the predominant mJ values of
the lowest eight Kramers doublets (KDs) of individual DyIII

fragments for 1Dy and 4Dy are shown in Table S6.† The mJ com-
ponents for the lowest two KDs of the individual DyIII frag-
ments for 1Dy and 4Dy are shown in Table S7,† where both the
ground and first excited KDs for the DyIII fragment in 1Dy are
mostly composed of several mJ states. However, the ground KD
for the DyIII fragment in 4Dy is mostly composed of mJ = ± 15/2,
and its first excited state is composed of several severe mJ

states. The calculated corresponding magnetization blocking
barriers of the individual DyIII fragments for 1Dy and 4Dy are
shown in Fig. 7, where the transversal magnetic moments in
the ground states of individual DyIII fragments in 1Dy and 4Dy
are 0.86 × 10−2 and 0.22 × 10−2 µB, respectively. Thus, the
quantum tunneling of magnetization (QTM) in their ground
KDs could be suppressed at low temperatures. However, the

transversal magnetic moments in their first excited states of
the individual DyIII fragments for 1Dy and 4Dy are both large
(about 10−1 µB), allowing a fast QTM in their first excited
states. As we can see, the energy gaps between the lowest two
KDs of the individual DyIII fragments of 1Dy and 4Dy are 96.9
and 143.1 cm−1, respectively. This is consistent with the fact
that the energy barrier of complex 4Dy is higher than that of
1Dy under a zero dc field. The slightly larger calculated values
compared with the experimental results might be attributed to
the dipole–dipole interaction and the non-strict D4d local sym-
metry of the structures, which may be taken as a perturbation
to the two KDs.

Although their magnetic anisotropies mainly emanate from
the individual DyIII ions, the DyIII⋯DyIII interactions have
some influence on their slow magnetic relaxation processes.
Since the calculated ground gz values of the individual DyIII

fragments are close to 20 for complexes 1Dy and 4Dy, the
DyIII⋯DyIII exchange interaction can be approximately
regarded as the Ising type. The program POLY_ANISO24 was
used to fit the magnetic susceptibilities of complexes 1Dy and
4Dy by using the total parameters from Table 2. POLY_ANISO
was also used to fit the exchange interaction parameter by
comparing the computed and measured magnetic
susceptibilities.

The parameters from Table 2 were calculated with respect
to the pseudospin S̃Dy = 1/2 of the DyIII ion. For 1Dy and 4Dy,
the dipolar magnetic coupling constants J̃dip were calculated
exactly, while the exchange coupling constants J̃exch were fit by
comparing the computed and measured magnetic suscepti-
bilities using the POLY_ANISO program. The calculated and

Fig. 5 Cole–Cole diagrams at Hdc = 0 Oe for 1Dy and 4Dy. The solid red
lines represent the fits to the measured results, giving the values of τ

and α (see details in Tables S3 and S4†).

Fig. 6 Arrhenius plots for the relaxation times (τ) for 1Dy and 4Dy. The
solid red lines represent the best fit to the measured results as provided
in the main text.

Fig. 7 Magnetization blocking barriers for 1Dy (a) and 4Dy (b). The thick
black lines represent the KDs as a function of their magnetic moment
along the magnetic axis. The green lines correspond to diagonal QTM;
the blue line represents the off-diagonal relaxation process. The
numbers at each arrow stand for the mean absolute value of the corres-
ponding matrix element of the transition magnetic moment.

Table 2 Fitted exchange couplings J̃exch, the calculated dipole–dipole
interactions J̃dip and the total constants J̃total between magnetic center
ions in 1Dy and 4Dy (cm

−1). The intermolecular interactions zJ’ of 1Dy and
4Dy were both fit to −0.02 cm−1

1Dy 4Dy

J̃dip 3.47 4.72
J̃exch −2.75 −2.00
J̃total 0.72 2.72
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experimental χMT versus T plots of complexes 1Dy and 4Dy are
shown in Fig. 3a, where the fits for the complexes are both
close to those of the experiments.25 The constants J̃exch are
consistent with the fits from the PHI program in the above for
isomorphous GdIII complexes. As shown in Table 2, the
dipolar interaction is stronger than the exchange interaction,
so the DyIII⋯DyIII interactions in 1Dy and 4Dy within the Lines
model26 are both ferromagnetic, consistent with an increase of
the χMT values at low temperatures. In Table S8,† we provided
the exchange energies, the energy differences between each
exchange doublet Δt and the main values of gz for the lowest
two exchange doublets of 1Dy and 4Dy. The gz values of the
ground exchange states for 1Dy and 4Dy are 38.318 and 38.997,
respectively, which also confirms that the DyIII⋯DyIII inter-
actions for 1Dy and 4Dy are both ferromagnetic. As the relax-
ation rate of the incoherent QTM is proportional to Δt

2,27, it
clearly explains why complex 4Dy possesses a better SMM prop-
erty than 1Dy. The main anisotropy axes on the two DyIII ions
of 1Dy and 4Dy are shown in Fig. 8. Owing to the presence of an
inversion center in the Dy2 units of complexes 1Dy and 4Dy, the
main magnetic axes of the DyIII centers are parallel to each
other.

Magneto-structural relationship

Although 1Dy and 4Dy have similar SAPR coordination environ-
ments (see Table S2†), they display slightly different dynamic
magnetic properties. It has been demonstrated that
β-diketonate coligands with different electron-withdrawing
abilities and steric hindrances likely influence the strength of
the ligand fields and thus the DyIII ion anisotropy, which
could affect the SMM properties.6c,17b,28 Indeed, many studies
have indicated that the magnetic behaviour for Ln-SMMs is
affected by the local molecular symmetry and is sensitive to
tiny distortions in the coordination geometry.29 For example,
Zhang et al. reported four dimetallic DyIII complexes with
different coordinated β-diketones (acac, DBM, hmac, and
hfac).17b These compounds crystallize in different space
groups and possess different configurations of the center DyIII

ions and different DyIII⋯DyIII interactions. Hence, the mag-

netic properties of these compounds are different with
different relaxation barriers. Here, we introduce an electron-
withdrawing CF3 group to replace one CH3 electron-donating
group in acac. This modification may result in an increase of
the ligand field strength and it can also change the symmetry
of the complexes. In general, the QTM of lanthanide ions
would be efficiently suppressed by a higher local symmetry,
which might lead to an increase of energy barriers. From the
structure analysis, it can be seen that the SPAR (D4d) geometry
of complexes 1Dy and 4Dy is quite similar with the CShM
values of 0.711 and 0.719. We speculate that this difference is
minor and should have little impact on their magnetic pro-
perties. On the other hand, different magnetic interactions
can tune the relaxation rate of incoherent QTM and give sig-
nificantly different relaxation energy barriers. According to the
single crystal X-ray diffraction data, different Ln⋯Ln distances
are found for these dimetallic complexes 1Dy (3.8909(4) Å) and
4Dy (3.8737(4) Å). The relatively smaller distance between the
two DyIII ions of complex 4Dy may result in a stronger magnetic
interaction. This was confirmed by the PHI program fits,
Curie–Weiss analysis and POLY_ANISO program fits earlier.
Therefore, we think that both the ligand field strength and the
Dy-Dy magnetic interaction should be responsible for the
higher energy barrier of 4Dy. Furthermore, for DyIII ions with
oblate electron distribution, the superposition between the
symmetry axis and magnetic easy axes could strengthen the
axis ligand field and magnetic anisotropy, which often leads to
a higher energy barrier.30 In order to investigate the correlation
between the crystal structure and slow magnetic relaxation, an
electrostatic model of the MAGELLAN program31 was also used
to calculate the orientations of electrostatic anisotropy axes for
each DyIII centre in complexes 1Dy and 4Dy (Fig. S12†). These
results are also consistent with the results obtained above.
Although the results show that the orientations of anisotropy
axes are roughly well estimated in complexes 1Dy and 4Dy, there
are still some deviations from those calculated by ab initio cal-
culations. Considering that the MAGELLAN calculation is
mainly based on a simple electrostatic method that ignores
the intramolecular coupling and the environment beyond the
first coordination sphere concerning only the coordinated
atoms and also ignores the excited multiplets and inter-multi-
plet interactions, the deviations are reasonable.17b,32 The direc-
tions of the magnetic anisotropy axes in complexes 1Dy and 4Dy
are evidently deviated from the symmetry axis of square anti-
prism (D4d) with various deviation angles. The deviation
angles are 48.44° and 44.93° for complexes 1Dy and 4Dy,
respectively, which are consistent with an increasing trend of
the energy barrier in 4Dy. In contrast to previously reported
β-diketone DyIII analogues with similar ligands,33 the bridging
oxygen atoms are more electron deficient due to the electron
withdrawing Cl substituent in the ligand, which results in
decreased electron density in the hard plane. This might be
responsible for the higher energy barriers under a zero mag-
netic field for complexes 1Dy and 4Dy compared to the reported
results that show slow magnetic relaxation only under an exter-
nal dc field.33

Fig. 8 Calculated orientations of the local main magnetic axes on DyIII

ions in the ground KDs of complexes 1Dy (a) and 4Dy (b).
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Conclusions

In conclusion, a series of isomorphous dimetallic complexes
[Ln2(L′)(acac)4] (1Dy–3Gd) (Ln = Dy (1Dy), Tb (2Tb) and Gd (3Gd))
and [Ln2(L′)(tfac)4] (4Dy–6Gd) (Ln = Dy (4Dy), Tb (5Tb) and Gd
(6Gd)) have been prepared using the new macrocyclic ligand
(H2L′) that transforms from the Schiff based ligand (HL). The
transformation mechanism of these complexes was explored
by NMR and MS spectroscopy in detail. This type of tetraaza
diimine diamine macrocycle is extremely rare and therefore
could pave the way for synthesizing similar types of uncom-
mon macrocycles. Structure analysis revealed that all the
lanthanide centres in these complexes have similar square
antiprismatic coordination geometries. Magnetic interactions
between the GdIII and DyIII ions were investigated by the dc
magnetic analysis using the PHI program and ab initio calcu-
lations. Dynamic ac measurements revealed that both 1Dy and
4Dy are SMMs under a zero dc field and 4Dy has a slightly
higher energy barrier (Ueff = 66.7 K for 1Dy and Ueff = 79.0 K for
4Dy). Combined with the theoretical calculations, it can be
inferred that magnetic interactions between the DyIII centers
and also the β-diketone coligands play an important role in
the SMM properties in these dimetallic systems. The present
results offer an effective method to tune the magnetization
dynamics and to further understand the magneto-structural
correlations for square antiprismatic LnIII SMMs.
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