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ABSTRACT: A series of monomeric lanthanide Schiff base complexes with the
molecular formulas [Ce(HL)3(NO3)3] (1) and [Ln(HL)2(NO3)3], where Ln

III =
Tb (2), Ho (3), Er (4), and Lu (5), were isolated and characterized by single-
crystal X-ray diffraction (XRD). Single-crystal XRD reveals that, except for 1, all
complexes possess two crystallographically distinct molecules within the unit cell.
Both of these crystallographically distinct molecules possess the same molecular
formula, but the orientation of the coordinating ligand distinctly differs from
those in complexes 2−5. Alternating-current magnetic susceptibility measure-
ment reveals that complexes 1−3 exhibit slow relaxation of magnetization in the
presence of an optimum external magnetic field. In contrast to 1−3, complex 4
shows a blockade of magnetization in the absence of an external magnetic field, a
signature characteristic of a single-ion magnet (SIM). The distinct magnetic
behavior observed in 4 compared to other complexes is correlated to the suitable
ligand field around a prolate ErIII ion. Although the ligand field stabilizes an easy axis of anisotropy, quantum tunnelling of
magnetization (QTM) is still predominant in 4 because of the low symmetry of the complex. The combination of low symmetry
and an unsuitable ligand-field environment in complexes 1−3 triggers faster magnetization relaxation; hence, these complexes
exhibit field-induced SIM behavior. In order to understand the electronic structures of complexes 1−4 and the distinct magnetic
behavior observed, ab initio calculations were performed. Using the crystal structure of the complexes, magnetic susceptibility
data were computed for all of the complexes. The computed susceptibility and magnetization are in good agreement with the
experimental magnetic data [χMT(T) and M(H)] and this offers confidence on the reliability of the extracted parameters. A
tentative mechanism of magnetization relaxation observed in these complexes is also discussed in detail.

■ INTRODUCTION

The intrinsic orbital angular momentum associated with
lanthanide ions makes them suitable candidates for the design
of a single-molecule-magnet (SMM) or a single-ion magnet
(SIM) compared to transition metal ion complexes.1 Intensive
research on the SMM or SIM design by various research groups
has been carried out because both SMMs and SIMs encapsulate
potential applications such as spintronic,2 spin valve,3 high
density storage,1f,4 and molecular qubits.5 Unlike the first
generation of SMM design based on transition metal
complexes,6 the ligand field around the lanthanide ion lifts
the degeneracy of the mj levels, which is responsible for the
magnetization blockade in certain lanthanide complexes; hence,
a suitable ligand field around the lanthanide ion can yield the
desired magnetic properties.7 An approximate D4d geometry
provided by the phthalocyanine ligand stabilizes an easy-axis
anisotropy in [Tb(Pc)2]

n−,0,n+ complexes showing slow
relaxation of magnetization reported by Ishikawa and co-
workers in 2003.1a Following this discovery, several lanthanide-
based SIMs and SMMs flooded the literature.1g,8 Among the
SIMs and SMMs reported in the literature, the DyIII ion holds

an edge over other lanthanide ions because of the Kramers
nature of the mj levels coupled with the absence of a nuclear
spin moment.1f In majority of the lanthanide complexes,
magnetic bistability arises by a conventional magnetization
blockade; however, certain oligomeric lanthanide complexes
show magnetic bistability due to spin chirality or single-
molecule toroics8p and an even more fascinating phenomenon
called magnetic-chiral dichroism exhibited by certain one-
dimensional complexes recently reported by Sessoli and co-
workers.9

Although a magnetization blockade is observed in a variety of
transition- and lanthanide-based SMMs or SIMs, the blocking
temperatures are still significantly low (<4 K) in the majority of
the complexes, except a few.10 This is due to the counter-
balancing act of magnetic anisotropy and the overall ground
state of the molecule in transition metal complexes,11 while the
QTM is responsible for the faster relaxation in lanthanide
complexes.1f,12 The qualitative prediction about the influence of
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electronic structures and suitable ligand field around lanthanide
complexes was very well exemplified by Long and co-workers in
2011.7 Using this elegant approach, in fact, several mononuclear
dysprosium(III) and erbium(III) complexes were reported to
stabilize the record-breaking magnetization reversal barrier
(Ueff) with significantly improved blocking temperatures (10−
60 K), and this has been firmly supported by computational
calculations.10b−f,13 Compared to the naked dysprosium(III)
complexes, low-coordinated dysprosium(III) encapsulation in
fullerene cages was observed to be a promising approach, which
facilitates enhancement of the blocking temperature.14 To the
extent that the SMM or SIM behavior was investigated for
dysprosium(III) complexes, slow magnetization of relaxation
for the other lanthanide ions is scarcely studied in the
literature.1g,13,15

In this line of interest, we have isolated a series of lanthanide
monomeric complexes using a Schiff base ligand, 2-methoxy-6-
[(E)-phenyliminomethyl]phenol (HL). The influence and
suitability of the ligand field around the ErIII ion using HL
was reported earlier by us elsewhere.15a In a natural extension
of this study, we have now isolated three more paramagnetic
complexes along with their diamagnetic analogues, which are
reported in this article. The isolated new complexes are
structurally analogous to the earlier-reported erbium(III) and
dysprosium(III) complexes15a,16 confirmed by single-crystal X-
ray diffraction (XRD). A structural investigation of the new
complexes reveals the molecular formulas to be [Ce-
(HL)3(NO3)3] (1) and [Ln(HL)2(NO3)3], where LnIII = Tb
(2), Ho (3), Er (4), and Lu (5). For complexes 1−4, detailed
direct (dc) and alternating-current (ac) magnetic susceptibility
studies were performed on the polycrystalline sample. The
experimental observations are rationalized by theoretical
calculations, which further give more insight into the
mechanism of magnetization relaxation (vide infra).

■ MATERIALS AND METHODS
All of the reactions were carried out under aerobic conditions. All of
the chemicals and solvents were purchased from commercially
available sources (Alfa aeser) and used without further purification.
Ligand HL was synthesized as per the literature report.17 IR spectra
were recorded for the solid samples using KBr pellets on a Perkin-
Elmer Fourier transform infrared (FT-IR) spectrometer in the 400−
4000 cm−1 range. Elemental analyses (C, H, and N) were carried out
on a Thermoquest microanalyzer. Powder XRD data were collected
using a Panalytical EMPYREAN model X-ray powder diffractometer.
Magnetic susceptibility measurements were performed on polycrystal-
line sample of complexes 1−4 using an MPMS SQUID magnetometer
equipped with a 7 T magnet in the 300−1.8 K temperature range. Ac
magnetic susceptibility measurement below 1.8 K for 4 was performed
using an I-Helium3 setup (Quantum Design, USA). Single-crystal data
were collected on a Rigaku Saturn diffractometer (Mo Kα, λ = 0.71073
Å). Suitable crystals were mounted on a fiber loop using Paratone-N
oil and positioned in the cold flow produced with an Oxford
cryocooling device. Complete hemispheres of data were collected by
using ω and φ scans (0.3 Å and 30 s/frame). Integrated intensities
were gained with SAINT+/CrystalClear-SM Expert (Rigaku 2012), and
they were corrected for absorption using SADABS. Structure solution
and refinement were performed with the SHELX-2014 package. The
structures were solved by direct methods and completed by iterative
cycles of ΔF syntheses and full-matrix least-squares refinement against
F2.

■ COMPUTATIONAL DETAILS
Ab Initio Calculations. Ab initio calculations were performed on

the LnIII ions in complexes 1−4 using the MOLCAS 8.0 suite of

software.18 Relativistic effects are taken into account on the basis of the
Douglas−Kroll Hamiltonian.19 The spin-free eigenstates were achieved
by the complete active space self-consistent-field (CASSCF)
method.20 We employed the ANO-RCC···8s7p5d3f2g1h basis set21

for Ce, Tb, Ho, and Er atoms, the ANO-RCC···3s2p basis set for C
atoms, the ANO-RCC···2s basis set for H atoms, the ANO-RCC···
3s2p1d basis set for N atoms, and the ANO-RCC···3s2p1d basis set
for O atoms. CASSCF calculations were performed and included 1
electron in seven 4f orbitals of the CeIII ion (1,7), 8 electrons in seven
4f orbitals of the TbIII ion (8,7), 10 electrons in seven 4f orbitals of the
HoIII ion (10,7), and 11 electrons in seven 4f orbitals of the ErIII ion
(11,7) in 1−4 respectively. With this active space, 7 roots for doublet
were computed for complex 1. We have considered 7 septet excited
states, 86 quintet excited states, and 60 triplet excited states for
complex 2 and 35 quintet excited states, 106 triplet excited states for
complex 3 in the calculations to compute the anisotropy. For complex
4, 35 quartets and 112 doublets using the configuration interaction
procedure were considered to compute the anisotropy. After
computing all of these excited states, we have mixed all of these
states for the individual complexes using the RASSI-SO module to
compute the spin−orbit coupled states.22 Moreover, these computed
spin−orbit states have been considered into the SINGLE_ANISO
program to compute the g tensors of complexes 1−4.23 The Cholesky
decomposition for two-electron integrals is employed throughout in
calculations to reduce the disk space. Crystal-field parameters were
extracted using the SINGLE_ANISO code, as implemented in
MOLCAS 8.0.18

■ EXPERIMENTAL METHODS
Synthesis of the Complex [Ce(NO3)3(HL)3] (1). To an ethanolic

solution of HL (0.3 g, 1.32 mmol) was added Ce(NO3)3·6H2O
(0.2869g, 0.62 mmol) at room temperature, and the reaction mixture
was heated under reflux for 7−8 h. After that, the reaction mixture was
concentrated and filtered. This resultant filtrate was allowed to stand at
3−7 °C without any disturbance. Single crystals of complex 1 suitable
for XRD were obtained after 3 days. FT-IR (KBr pellets, cm−1): 3428
(m, νN−H), 2972 (s, νAr−H), 1638 (s, νCN). Elemental anal. Calcd: C,
50.05; H, 3.90; N, 8.34. Found: C, 49.96; H, 3.75; N, 8.30. Yield
(based on Ce3+): 0.24 g (35.9%).

Synthesis of Complexes [Ln(NO3)3(HL)2] [Where Ln = Tb (2),
Ho (3), Er (4), and Lu (5)]. A synthetic procedure similar to that of 1
was followed for the isolation of complexes 2−5, but Ce(NO3)3·6H2O
was replaced with the corresponding lanthanide precursors Tb(NO3)3·
xH2O (0.2279 g, 0.62 mmol), Ho(NO3)3·5H2O (0.2215 g, 0.62
mmol), Er(NO3)3·5H2O (0.2926 g, 0.62 mmol), and Lu(NO3)3·xH2O
(0.2385 g, 0.62 mmol). In all cases, single crystals were obtained from
the filtrate upon crystallization at 3−7 °C similar to 1; however, the
crystals were not of good quality to characterize by single-crystal XRD.
Hence, after completion of the reaction, ethanol was removed from the
reaction mixture under reduced pressure, and the resultant crude
mixture was recrystallized from methanol. Single crystals of complexes
2−5 were grown from the filtrate within 2−3 days while standing at
3−7 °C undisturbed which are suitable for X-ray diffraction.

For 2. FT-IR (KBr pellets, cm−1): 3437 (m, νN−H), 2920 (s, νAr−H),
1636 (s, νCN). Elemental anal. Calcd: C, 42.06; H, 3.27; N, 8.76.
Found: C, 42.23; H, 3.43; N, 8.76. Yield (based on Tb3+): 0.18 g
(34.4%).

For 3. FT-IR (KBr pellets, cm−1): 3431 (m, νN−H), 2963 (s, νAr−H),
1638 (s, νCN). Elemental anal. Calcd: C, 41.75; H, 3.25; N, 8.69.
Found: C, 42.26; H, 3.50; N, 8.75. Yield (based on Ho3+): 0.27 g
(51.17%).

For 4. FT-IR (KBr pellets, cm−1): 3423 (b, νN−H), 2930.17 (s,
νAr−H), 1642.24 (s, νCN). Elemental anal. Calcd: C, 41.63; H, 3.24;
N, 8.67. Found: C, 41.60; H, 3.22; N, 8.59. Yield (based on Er3+): 0.29
g (54.89%).

For 5. FT-IR (KBr pellets, cm−1): 3412 (m, νN−H), 2933 (s, νAr−H),
1636 (s, νCN). Elemental anal. Calcd: C, 41.23; H, 3.21; N, 8.58.
Found: C, 41.26; H, 3.19; N, 8.55. Yield (based on Lu3+): 0.20 g
(37.86%).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b02357
Inorg. Chem. 2017, 56, 14260−14276

14261

http://dx.doi.org/10.1021/acs.inorgchem.7b02357


Synthesis of a 50% Dilution Sample of 4. A magnetically
diluted (50%) sample was prepared by reacting the ligand HL (0.3 g,
1.3 mmol) with Lu(NO)3·xH2O (0.1192 g, 0.33 mmol) and
Er(NO3)3·5H2O (0.1464 g, 0.33 nmol) in ethanol. The resulting
mixture was refluxed for 7−8 h. The solvent was removed under
reduced pressure. The obtained crude mixture was recrystallized from
methanol. The isolated polycrystalline material was used for magnetic
measurements.
Note that the phase purities of all of the complexes were confirmed

by the powder XRD method. The experimental powder XRD pattern
is in excellent agreement with the simulated data generated from the
single-crystal XRD pattern of their respective complexes (Figures S1−
S4).

■ RESULTS AND DISCUSSION
The reaction between 2 equiv of the ligand HL and 1 equiv of
lanthanide(III) nitrate salt (where Ln = CeIII, TbIII, HoIII, ErIII,
and LuIII) in ethanol followed by crystallization in methanol/
ethanol resulted in the formation of orange-red single crystals.
XRD analysis revealed the identity of the complexes with the
molecular formula for Ce(III) ion as [Ce(HL)3(NO3)3] (1)
and those for other Ln ions with the general formula
[Ln(HL)2(NO3)3] [where Ln = TbIII (2), HoIII (3), ErIII (4),
and LuIII (5)]. The general synthetic procedure followed for the
isolation of complexes 1−5 is shown in Scheme 1.

Structural Description of Complexes 1−5. Complex 1
crystallized in the triclinic P1 ̅ space group, and its crystal
structure is shown in Figure 1. Crystallographic parameters for
1 are given in Table 1. The Ce(III) ion in 1 is surrounded by 12
O-donor atoms. A total of 6 out of 12 coordination sites were
derived from three chelating bidendate nitrate ions, while the
remaining 6 coordination sites are completed by the phenoxy
and methoxy O atoms of three HL ligands. The average Ce−
O(phenoxo), Ce−O(methaoxo), and Ce−O(nitrate) bond
lengths were found to be 2.449(4), 3.019(4), and 2.646(5) Å,
respectively.
The 12-coordinated Ce(III) ion exhibits distorted icosahe-

dron geometry, which was confirmed by Continuous-Shape
Measurement (CShM) software (Table S1).24 In 1, the entire
molecule behaves as an asymmetric unit (ASU). Selected bond
lengths are given in Table 2.
Detailed analysis of the packing diagram of 1 revealed that

the nitrate ions coordinated to the Ce(III) ion in 1 facilitate
intermolecular hydrogen bonding (Figure 2 and Table S2). The
closest Ce···Ce distance was found to be 9.924 Å.
On the other hand, unlike 1, complexes 2−5 crystallized in

the Aba2 space group with an orthorhombic crystal system
(Table 1). Single-crystal XRD revealed that complexes 2−5 are
also monomers, but these structures differ from 1 by the
number of HL ligands coordinated to the metal center. In 1,
there are three neutral HL ligands, while in the case of 2−5,
only two neutral HL ligands were found to be coordinated to
the Ln(III) ions. Hence, for all of the lanthanide complexes
(2−5), the coordination number is 10. The relatively low
coordination numbers in 2−5 compared to that in 1 are likely
due to lanthanide contraction,25 which is also responsible for
the comparatively short bond lengths observed for Ln−O
(phenoxo, alkaloxo, and nitrate) in 2−5 than in 1 (see Table
2).
All four complexes (2−5) were structurally analogous to each

other, which is evident from the similar unit cell parameters
observed for all of these complexes (Table 1). Hence, a
representative structure (complex 4) for this series is shown in
Figure 3 (also see Figure S5) and its structural description is
detailed below. Apart from the change in the coordination
number of 2 compared to 1, the ASUs of 2−5 are distinctly
different from that of 1; i.e., the ASU of 2 contains one
crystallographically distinct complete molecule (labeled as 2a)

Scheme 1. Schematic Presentation for the Synthetic Route
for Complexes 1−5

Figure 1. (A) Ball and stick representation for the crystal structure of 1. Blue dotted bonds denote intramolecular hydrogen bonding. (B) Polyhedral
view showing icosahedron geometry around the Ce(III) ion in 1. Color code: yellow, Ce(III); blue, N; red, O; gray,C.
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and another half-molecule (labeled as 2b, total of one and a half
molecule) present in the unit cell. The entire molecule of 2b is
generated by rotational and/or inversion symmetry. A similar
scenario is observed in all other structurally analogous
complexes as well (3−5); the crystallographically distinct
molecules in the unit cell are labeled as 3a and 3b (for 3), 4a
and 4b (for 4), and 5a and 5b (for 5). Although molecules na
and nb (n = 2, 3, 4, or 5) contain the same molecular formula,
i.e., three chelating nitrate ions and two neutral HL ligands, the
orientations of the nitrates and Schiff base ligands are distinctly
different from one another. In na (n = 2, 3, 4, or 5), the three
chelating nitrate ions are arranged in a near-trigonal-planar

arrangement (see Figure 3A) around the central Ln(III) ion
and the two Schiff base ligands are chelated to the metal ion
and lie above and below the trigonal-planar arrangement of the
nitrates.
The average ∠N−Ln−N angles in the cases of na (n = 2, 3,

4, or 5) were found to be 119.92°, 119.95°, 120°, and 119.48°
for 2−5, respectively. In the case of nb (n = 2, 3, 4, or 5)
molecules, the nitrate ion orientation is distinctly different from
that of na molecules; this is clearly reflected from its average
∠N−Ln−N angles of 73.51°, 73.16°, 73.63°, and 73.69° for 2−
5, respectively. The different orientations of the nitrates in na
and nb likely influence the electronic structures of these

Table 1. Crystallographic Parameters for Complexes 1−5

1 2 3 4 5

formula Ce1C42H39N6O15 Tb1C28 H26N5O13 Ho1C28 H26N5O13 Er1C28 H26N5O13 Lu1C28 H26N5O13

size 0.33 × 0.16 × 0.05 0.15 × 0.41× 0.10 0.29 × 0.06 × 0.05 0.2 × 0.19 × 0.15 0.21 × 0.15 × 0.17
system triclinic orthorhombic orthorhombic orthorhombic orthorhombic
space group P1̅ Aba2 Aba2 Aba2 Aba2
a [Å] 11.180(2) 17.709 17.620(4) 17.572(5) 17.439(3)
b [Å] 11.831(2) 54.28 54.041(12) 54.043(16) 54.451(11)
c [Å] 16.392(3) 9.639 9.591 9.580(3) 9.5702(19)
α [deg] 81.763(7) 90 90 90 90
β [deg] 79.264(6) 90 90 90 90
γ [deg] 79.488(7) 90 90 90 90
V [Å3] 2081.0(6) 9265(6) 9133(3) 9098(5) 9088(3)
Z 2 4 12 12 12
ρcalcd[g cm−3] 1.609 1.719 1.757 1.769 1.788
2Θmax 58.20 50 58.38 58.30 58.24
radiation Mo Kα Mo Kα Mo Kα Mo Kα Mo Kα
λ [Å] 0.71070 0.71070 0.71070 0.71075 0.71075
T [K] 100 100 100 100 100
no. of reflns 27025 27052 55974 59128 55796
no. of indep reflns 11121 7227 12314 11965 12162
no. of reflns with >2σ(I) 8909 5934 11023 10593 10958
R1 0.0331 0.0371 0.0613 0.0830 0.0446
wR2 0.0587 0.0947 0.1343 0.1964 0.0807

Table 2. Selected Bond Lengths for Complexes 1−5

1

Ce1−O12 2.434(14) Ce1−O32 3.068(5) Ce1−O72 2.634(15)
Ce1−O51 2.447(13) Ce1−O52 3.010(4) Ce1−O91 2.635(15)
Ce1−O31 2.466(13) Ce1−O71 2.652(16) Ce1−O81 2.712(14)
Ce1−O82 2.580(15) Ce1−O92 2.667(15) Ce1−O11 2.877(16)

2a 3a 4a 5a

M1−O11 2.274(4) 2.298(5) 2.247(6) Lu1−O11 2.229(3)
M1−O12 2.701(4) 2.740(5) 2.685(5) Lu1−O12 2.975(4)
M1−O31 2.312(4) 2.263(5) 2.262(6) Lu1−O31 2.231(3)
M1−O32 2.737(4) 2.700(5) 2.803(5) Lu1−O32 2.647(3)
M1−O71 2.528(9) 2.437(6) 2.527(5) Lu1−O71 2.509(9)
M1−O72 2.470(10) 2.434(6) 2.486(6) Lu1−O72 2.430(4)
M1−O51 2.470(5) 2.412(12) 2.543(7) Lu1−O51 2.418(3)
M1−O52 2.478(5) 2.5020(9) 2.478(5) Lu1−O52 2.412(10)
M1−O61 2.471(7) 2.442(8) 2.415(6) Lu1−O61 2.334(8)
M1−O62 2.507(4) 2.502(6) 2.388(6) Lu1−O62 2.393(9)

2b 3b 4b 5b

M2−O111 2.288(5) 2.266(5) 2.234(5) Lu2−O111 2.219(3)
M2−O112 2.574(5) 2.537(5) 2.543(6) Lu2−O112 2.529(4)
M2−O151 2.472(4) 2.875(9) 2.511(4) Lu2−O151 2.437(4)
M2−O152 2.540(4) 2.446(5) 2.432(5) Lu2−O171 2.386(4)
M2−O161 2.505(5) 2.494(5) 2.634(6) Lu2−O161 2.532(4)
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molecules, and the effect will vary depending on the prolate or
oblate electron density around the Ln(III) ions in 2−5 (vide
infra). To the best of our knowledge, such structural isomers
crystallizing in the same unit cell are relatively rare in the
literature and are reported by us for the first time, although the
coordination isomers are known.16b,26 In addition to the above-
observed difference, the geometry around the crystallo-
graphically distinct molecules na and nb (where n = 2, 3, 4,
or 5) in the crystal lattice of the each complex varies
significantly, confirmed by CShM software (Table S3).24 The
geometry around one of the geometrical isomers, nb (where n
= 2−5), was found to be a distorted bicapped square-
antiprismatic geometry (∼D4d). The extent of distortion
observed in the geometry of nb molecules decreases as the

ionic radii decrease (Table S3). In contrast, the CShM value of
the na (where n = 2−5) molecule suggests that this particular
isomer possesses a distorted sphenocorona geometry (∼C2v).
The CShM values of na and nb (where n = 2−5) molecules
evidently show that nb (where n = 2−5) molecules possess
higher symmetry than na (where n = 2−5) molecules in the
crystal lattices of 2−5. Analyses of the packing diagram of these
complexes again revealed that the closest Ln···Ln distances
found were 9.263, 10.031, 9.264, and 9.946 Å for 2−5,
respectively (Figure 4). In all five complexes (1−5), the
trivalent cationic charge on the metal ion is compensated by the
three nitrate ions coordinated to it. Detailed structural analysis
of all of the complexes (1−5) reveals that the proton bound to
the phenoxy O atom of a metal-free Schiff base ligand migrates

Figure 2. Packing diagram of complex 1 (view along the c axis). Dotted bonds connecting two molecules represent intermolecular hydrogen
bonding.

Figure 3. (A) Ball-and-stick representations for the crystal structures of (A) 4a and (B) 4b. Color code: green, Er(III); blue, N; red, O; gray, C. The
dotted sky-blue bond denotes intramolecular hydrogen bonding. Panels C and D represent the sphenocorona and bicapped square-antiprismatic
geometries observed around the 4a and 4b molecules in the crystal lattice of 4, respectively.
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to the N atom of the imino group upon coordination to the
metal ions in 1−5.
Migration of the H atom of the phenoxy group to the imine

N atom (−CN) was confirmed by the decreased bond length
of C−O (1.305−1.324 Å) in all of the complexes compared to
the free ligand (1.350 Å). Thus, in all of the complexes, the
Schiff base ligand exists in a zwitterionic form. The existence of
a zwitterionic form of this ligand is confirmed by NMR studies
in a diamagnetic analogue of complex 1 ([La(HL)3(NO3)3]),
which was reported elsewhere by us and others.17b,27 Because of
protonation, this iminium group does not participate in metal
coordination; however, this proton was found to be involved in
intramolecular hydrogen bonding with the quinone O atom of
the ligand. Apart from intramolecular hydrogen bonding, the
atoms involved in intermolecular hydrogen bonding in all of the
complexes are listed in Table S2.
dc Magnetic Susceptibility Measurement. Temper-

ature-dependent dc magnetic susceptibility measurements
were performed on polycrystalline samples of complexes 1−4
at 2−300 K with an external magnetic field of 1 kOe (Figure
5A).
Detailed electronic and magnetic properties of isotropic

gadolinium(III) and dysprosium(III) complexes were reported
by us elsewhere.16,28 The temperature-dependent magnetic
behaviors of complexes 2−4 were found to show very similar
trends. The room temperature χMT value for complexes 1−4
was found to be 0.83, 11.91, 13.83, and 11.48 cm3 K mol−1,
respectively. These observed values at room temperature are in
close agreement with the expected value (Table 3).
Upon cooling from room temperature, the χMT values for all

of the complexes 2−4 gradually decrease before they
precipitously drop below 50 K (for 2) and 100 K (for 3 and
4). The gradual decrease in χMT [from room temperature to 50
K (for 2) or 100 K (for 3 and 4)] may be ascribed to thermal
depopulation of the mj levels of Ln(III) ions while a sudden
decrease at low temperature (below 50 K) is likely due to the
anisotropy and/or intermolecular antiferromagnetic interac-
tions and/or dipolar interactions. In contrast to complexes 2−
4, complex 1 shows strong temperature-dependent magnetic
susceptibility from room temperature to low temperature.
Several parameters such as thermal depopulation of the Stark
levels, anisotropy, intermolecular antiferromagnetic interaction,
and/or dipolar interaction are likely to contribute for this
observed temperature-dependent behavior in 1.

Figure 4. Packing diagram of 2 as a representative packing diagram for the structurally analogous complexes 2−5. Dotted lines represent
intermolecular hydrogen bonding.

Figure 5. (A) Temperature-dependent dc magnetic susceptibility and
temperature product of complexes 1−4 measured at 1 kOe (filled
symbol). (B) Field-dependent magnetization measurement performed
on polycrystalline samples of 1−4 at 2.0 K. Open symbol/solid lines
represent the computed χMT and M values for the indicated
complexes.

Table 3. Experimental χMT Values of 1−4 and Their
Expected χMT Values along with Their Crystal-Field Term
Symbols

χMT (cm3

K mol−1)

complex exptl calcd crystal-field term g S L J

1 0.83 0.80 2F5/2
6/7

1/2 3 5/2
2 11.91 11.81 7F6

3/2 3 3 6

3 13.83 14.06 5I8
5/4 2 6 8

4 11.48 11.07 4I15/2
6/5

3/2 6 15/2
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Isothermal magnetization for complexes 1−4 was recorded
between 2 and 8 K in the presence of an external magnetic field
(Figures 5B and S6) up to 50 kOe. Upon an increase of the
magnetic field at 2.0 K for all of the complexes (1−4), a steep
increase in the magnetic moment was initially observed. This is
due to the Zeeman interaction induced population of the
ground-state mj levels in all of the complexes. For 1, a further
increase in the external magnetic field has little influence on the
magnetic moment (0.85 NμB at 50 kOe) value, while for
complexes 2−4, the magnetic moments tend to saturate around
4.85, 4.80, and 3.80 NμB, respectively. The obtained Msat values
were lower than the theoretical values (2.1, 9, 10, and 9 NμB for
complexes 1−4, respectively). This implies the presence of
anisotropy associated with all of the complexes, which is
strongly corroborated by the non-superimposable nature of
reduced magnetization curves of complexes 1−4 (Figure S7).
Ac Magnetic Susceptibility Measurement. To probe the

relaxation dynamics, ac susceptibility measurements were
performed on polycrystalline samples of 1−4 with an oscillating
magnetic field of 3.5 Oe between the temperature ranges of
1.8−8 K for complexes 1−3 and 0.5−8 K for 4 in the presence
and absence of an optimum external magnetic field. For
complexes 1−3, frequency-dependent out-of-phase suscepti-
bility signals were not observed in the absence of an external
magnetic field (data not shown). The absence of χM″ signals in
1−3 indicates that QTM is dominant compared to a thermally
activated relaxation mechanism such as the Orbach process.
This kind of behavior is well-known for many low-symmetric
lanthanide-based complexes.1b,f,8q,29 Often QTM can be
suppressed or quenched to some extent by the application of
an external magnetic field. To find out the optimum external
magnetic field, field-sweep measurements were performed for
complexes 1−3 (Figures S8−S10). Detailed ac measurement

for complex 1 was performed in the presence of an optimum
external magnetic field of 3 kOe (Figure 6). In the presence of a
bias field, frequency-dependent out-of-phase susceptibility
signals show well-resolved peaks with a clear maximum at the
indicated temperature. The presence of a single peak in χM″
susceptibility unambiguously confirms that the magnetization
vector predominantly follows the thermally activated relaxation
pathway (Orbach process).
The presence of a predominant single relaxation pathway is

further confirmed by a Cole−Cole plot. The Cole−Cole plot
was fitted using the generalized Debye eq 1 (where χS, χT, ω,
and α are the adiabatic susceptibility, isothermal susceptibility,
angular frequency of ac, and Cole−Cole parameters,
respectively), considering a single relaxation process. Excellent
fits were obtained for the parameters listed in Table S4, with α
values ranging from 0.03 to 0.29 indicating the distribution of
the single relaxation process, which might arise because of
intermolecular and/or dipolar interactions between the
molecules.

χ ω χ
χ χ

ωτ
= +

−
+ α−i

( )
1 ( )ac S

T S
1

(1)

An Arrhenius plot was constructed using the τ values obtained
by the Cole−Cole fitting shown in Figure 6D. The Arrhenius
plot tends to deviate from linearity at low temperature (<2.5
K); this indicates that, in addition to the thermally assisted
Orbach relaxation process, QTM and other alternative
relaxation processes appear to be operative even in the
presence of an optimum external magnetic field. The Arrhenius
plot of 1 over the entire temperature range was fitted by
multiple relaxation pathways using eq 2.

Figure 6. Field-induced frequency-dependent in-phase (panel A) and out-of-phase (panel B) susceptibility measurements performed on a
polycrystalline sample of 1 at the indicated temperature. (C and D) Cole−Cole and Arrhenius plots of complex 1, respectively. The solid red traces
in both panels C and D represent the best fits obtained for the experimental data using the parameters described in the main text.
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The first term on the right-hand side of eq 2 represents the
reversal of magnetization through QTM, the second term
denotes relaxation via the Raman process, and the final term
corresponds to the thermally assisted (Orbach) relaxation
mechanism. The best fit to the data was obtained by
considering the Orbach (Ueff = 26.06 cm−1 and τ0 = 2.76 ×
10−8 s), Raman (C = 0.154 s−1 K−n and n = 7.36), and QTM
(τQTM = 0.076 s) processes [Figure 6D (red trace)] in the
presence of a 3 kOe applied field. Only a limited number of
cerium(III) complexes are reported in the literature, of which
the observation of slow relaxation of magnetization is even

more slim.30 Considering this aspect, the observation of slow
magnetization of relaxation in 1 makes this complex a valuable
addition. The observed energy barrier is comparable with those
of earlier literature reports.30b−e

For 2, the optimum external magnetic field was found to be
5.5 kOe (Figure S9). Even at this external magnetic field,
multiple relaxation pathways are present; however, the
thermally activated relaxation behavior is dominant over that
of the other faster relaxation process. Hence, detailed frequency
sweep ac susceptibility measurements between 1.8 and 8 K
were performed in the presence of an external magnetic field of
5.5 kOe (Figure 7). From Figure 7, it is evident that there is
more than one relaxation process, which was further supported
by the Cole−Cole plot. The observation of more than one

Figure 7. Field-induced frequency-dependent in-phase (panel A) and out-of-phase (panel B) susceptibility measurements performed on a
polycrystalline sample of 2 at the indicated temperature. (C−E) Cole−Cole plots of complex 2 at the indicated temperature ranges. (F) Arrhenius
plot of 2 constructed using the Cole−Cole fitting parameters (τ) of 2. The solid red traces in panels C−F represent the best fits obtained for the
experimental data using the parameters described in the main text.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b02357
Inorg. Chem. 2017, 56, 14260−14276

14267

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02357/suppl_file/ic7b02357_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b02357


relaxation process for mononuclear lanthanide complexes was
witnessed in the literature earlier.30b,31 For example,
[DyIIIDOTA] complexes were found to show Raman and
QTM in addition to the Orbach relaxation process reported by
Sessoli and co-workers.32 The presence of multiple relaxations
in 2 is likely due to several factors: (1) since 2a and 2b possess
different geometries, more than one relaxation may arise; (2)
due to significant distortion in the geometry, the transverse
component of g anisotropy may open up QTM; (3) dipolar
interaction between the molecules. In order to determine the
origin of multiple relaxation processes in 2, it is important to

isolate one of the structural isomers (either 2a or 2b)
separately. However, attempts were failed to isolate these
isomers using HL in different conditions. The Cole−Cole plot
was fitted considering only the major relaxation process. The
data were fitted using eq 1. The fitted plots are shown in
Figures 7C−E, and their corresponding fitting parameters are
shown in Table S5. The relaxation time extracted from the
Cole−Cole data fitting was used for construction of the
Arrhenius plot. The effective energy barrier (Ueff) for
magnetization reversal for complex 2 was extracted using eq
2, which was found to be 42 cm−1, τ0 = 6.31 × 10−8 s, Raman

Figure 8. Field-induced frequency-dependent in-phase (panel A) and out-of-phase (panel B) susceptibility measurements performed on a
polycrystalline sample of 3 at the indicated temperature. (C and D) Cole−Cole plots of complex 3 at the indicated temperature range. (E) Arrhenius
plot of 3 constructed using the Cole−Cole fitting parameters (τ) of 3. The solid red traces in panels C and D represent the best fits obtained for the
experimental data using the parameters described in the main text.
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(C = 0.24 s−1 K−n and n = 3.91), and QTM (τQTM = 0.037 s)
processes (Figure 7F).
The unsuitable geometry around the TbIII ion along with the

integer spin nature of the mj level is the likely reason for the
absence of zero-field SIM, while slow relaxation of magnet-
ization was induced by the application of an external magnetic
field upon quenching of the faster relaxation such as QTM to
some extent.
Magnetization relaxation measurements were performed on a

polycrystalline sample of 3 in the presence of an external
magnetic field of 3.5 kOe (Figure 8). Indeed 3 shows a χM″
signal indicative of the presence of slow relaxation of
magnetization via a thermal energy barrier. Although the fast
QTM relaxation was significantly suppressed, still more than
one relaxation was operational, which is very well witnessed
from Figure 8. The effective energy barrier for reorientation of
the magnetization vector was estimated using eq 2, and the
barrier height was found to be 44.07 cm−1 (τ0 = 2.35 × 10−9 s)
including other relaxation processes such as Raman (C = 0.056
s−1 K−n and n = 4.08) and QTM (τQTM = 0.0691 s) (Figure
8E). The observation of slow relaxation of magnetization in 3 is
often very rare because the complex possesses integer mj levels
at the ground state, where QTM is expected to be enormous. In
addition, the presence of hyperfine interaction in the majority
of the reported holmium(III) complexes (nuclear spin of

holmium = 7/2) triggers fast relaxation within the mj ground-
state levels even in the presence of an applied bias field. The
influence of hyperfine interaction on the magnetization
relaxation dynamics in certain cobalt(II) complexes was very
well witnessed by us in a recent report6i and in certain
lanthanide complexes.33 Only a very few holmium(III)-based
field-induced SIMs are reported, and the energy barrier of 3 is
comparable with those of other complexes reported in the
literature.1d,34

In contrast to complexes 1−3, complex 4 was found to show
SIM behavior without the application of an external magnetic
field in the temperature range between 1.8 and 8.0 K (Figure
9).
However, frequency-dependent χM″ signals were obtained

without any well-resolved maxima. So, we recorded the
magnetization relaxation dynamics below 1.8 K (up to 0.35
K) for complex 4 using a I-Helium3 setup, which was
integrated with MPMS-XL (Figure 9). Well-resolved fre-
quency-dependent χM″ signals were witnessed below 1.8 K,
which suggests a zero-field SIM behavior of complex 4. Such a
zero-field SIM behavior for an unsymmetrical complex with
point charge ligands such as HL and nitrates is extremely scarce
in the literature, to the best of our knowledge.
From Figure 9A, it is very clear that there is another

relaxation process operational at higher temperature (above 2

Figure 9. (A) Frequency-dependent out-of-phase susceptibility signal for complex 4 (Hdc = 0), Inset: Arrhenius plot constructed using the ac data of
4 measured under a zero bias field. (B) Cole−Cole plot for complex 4 (Hdc = 5 kOe). (C) Arrhenius plot of 4 constructed using the Cole−Cole
fitting parameter (τ) measured in the presence of an external magnetic field of 5 kOe. The solid red traces in panels B and C represent the best fits
obtained for the experimental data using the parameters described in the main text. (D) Frequency-dependent out-of-phase susceptibility signal for
the diluted sample of 4 (50%, Hdc = 0). The inset in this panel represents the Arrhenius plot of the diluted samples, and the solid red line denotes the
best fit obtained for the parameters described in the main text.
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K). However, the maxima in χM″ are not clearly visible for this
relaxation process present at high temperature. To exclude the
probability of magnetic phase transition at extremely low
temperature, temperature-dependent heat capacity measure-
ment was performed for complex 4 between 1.8 and 15 K
(Figure S11). No λ-type anomaly was observed in this
temperature range, which firmly supports that no magnetic
phase transition occurs in complex 4. The Arrhenius plot was
constructed using the maxima observed in the χM″(T) plot and
the effective energy barrier for the magnetization reversal
estimated to be 3.61 cm−1, which is very low. The small
magnitude of the energy barrier for slow relaxation of
magnetization is most likely due to the presence of multiple
relaxation processes such as QTM. To suppress/quench QTM,
we have repeated the ac magnetic susceptibility measurement in
the presence of an external magnetic field (Hdc = 5 kOe;
Figures 9B and S12). The Cole−Cole plot unambiguously
confirms that more than one relaxation process is operational
even in the presence of an external magnetic field (Figure 9B).
Attempts were failed to fit the Cole−Cole plot considering
more than one relaxation process. Hence, the major relaxation
process was fitted to a generalized Debye model using eq 1
(Table S7). The Arrhenius plot was constructed using the
relaxation time extracted from the Cole−Cole data fitting.
Figure 9C evidently shows that above 3 K temperature
dependent Orbach process is dominant, while below 3 K,
magnetization of relaxation independent of the ac field signifies
that QTM and/or other relaxation processes are dominant.
Considering the multiple relaxation processes (as per eq 2), the
Arrhenius curve was fitted over the entire temperature range.
Excellent fits to the experimental data were obtained by
incorporating Raman (C = 0.00046 s−1 K−n and n = 5), Orbach
(Ueff = 79.14 cm−1 and τ0 = 6.77 × 10−12 s), and QTM (τQTM =
0.137 s) relaxation processes (Figure 9C).
Because complex 4 shows zero-field SIM behavior, in order

to find out whether the observed slow relaxation of magnet-
ization is of a molecular phenomenon or is due to magnetic
ordering, we performed the magnetization of relaxation
measurements for 5%, 10%, and 50% diluted samples of 4.
Magnetic dilution was performed using 5, and the synthetic
procedures for making various dilutions are detailed in the
Experimental Methods section. Because χM″ signals observed in
5% and 10% samples are extremely noisy and weak (data not
shown), relaxation measurement was performed on a 50%
diluted sample. The diluted samples of 4 undoubtedly

demonstrate the presence of slow relaxation of magnetization
at zero external magnetic field. The nonlinear Arrhenius
experimental data were fitted using eq 2 with multiple
relaxation processes such as Raman (C = 0.0056 s−1 K−n and
n = 5), Orbach (Ueff = 41.70 cm−1 and τ0 = 1.245 × 10−23 s),
and QTM (τQTM = 0.0017 s) (inset of Figure 9D). The barrier
to the magnetization of relaxation was found to be increased by
more than 10-fold (41.70 cm−1) compared to its 100% sample
of 4 (3.61 cm−1). This experiment is evidently emphasizing that
the magnetization of relaxation phenomenon is of molecular
origin and the influence of dipolar interaction to the
magnetization relaxation dynamics. The influence of dipolar
interaction on the relaxation of magnetization dynamics was
elegantly probed earlier by Meihaus and Long in other related
SIMs or SMMs.35

Theoretical Studies of Complexes 1−4. As experimen-
tally observed, complexes 1−3 show only field-induced SIM
behavior, while 4 shows zero-field SIM behavior; to rationalize
the difference observed in the relaxation of magnetization
among a series of complexes isolated, ab initio calculations were
performed on the crystal structures of complexes 1−4 using the
MOLCAS suite.18 The detailed methodology employed is
discussed in the Materials and Methods section. Because the
crystal lattice of complexes 2−4 contains two crystallo-
graphically distinct molecules (labeled as na and nb, where n
= 2, 3, or 4), calculations were performed on each geometrical
isomer of these complexes, and the obtained results are
discussed below.
The computed energy windows of all three Kramers doublets

(KDs) for 1 span over 598 cm−1 (see Tables S8 and S9). The g
tensors of the ground-state KDs for complex 1 (gx = 0.064, gy =
0.685, and gz = 3.823) were found to be axial in nature but lack
pure Ising nature, as is evident from the nonzero transverse
component (Table S8). Wave-function analysis of 1 reveals that
the ground-state KDs consist predominantly of mj = ⟨±5/2|
state. However, a small contribution from other states was
noticed. Mixing of the mj levels leads to large QTM between
the ground states, as reflected in the computed values (see
Figure 10A). This is consistent with the experimental
observation that 1 does not show frequency-dependent out-
of-phase susceptibility signals at zero dc magnetic field. Upon
application of an optimum dc magnetic field, QTM is likely to
be suppressed, and hence 1 was found to show field-induced
SIM behavior. The easy-axis orientation of the magnetization
vector computed for 1 along with charge distribution is shown

Figure 10. (A) Computed magnetization blocking barrier for complex 1. Blue/green dotted lines represent the Orbach and Raman processes. Red
dotted lines represent QTM/TA-QTM. The numbers provided at each arrow are the mean absolute values for the corresponding matrix element of
the transition magnetic moment. (B) Orientation of the principle magnetization axis (gzz) along with charge distribution on the coordinated atoms of
1 shown above.
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in Figure 10B. The gzz axis for the ground-state mj level is
located close to the phenoxo group of ligands with a tilt angle
of 34° [gzz axis−Ce−O51(phenoxo)]. The phenoxo O atoms
contain the highest calculated charge (−0.74) among all of the
coordinated atoms. The first excited KD (gx = 0.407, gy = 1.567,
and gz = 3.202) of 1 lies above 348 cm−1 from the ground-state
KD, and its magnetization vector is tilted by 77° compared to
the easy-axis orientation of its ground-state KD. The computed
anisotropic energy barrier (348 cm−1) is overestimated;
however, the computed parameters unambiguously suggest
that the magnetization vector relaxes via the first excited state,
and the tentative mechanism of magnetization of relaxation is
given in Figure 10A along with the possible relaxation processes
and its transition probabilities. Such a large difference in the
computed and experimental barrier heights was noted earlier
for other reported cerium(III) SIMs.30a

To further understand the nature of the anisotropy, we have
also computed crystal-field parameters for 1. The correspond-
ing crystal-field Hamiltonian can be given by eq 3, where Bk

q is
the crystal-field parameter and Õk

q
is the Stevens operator.

∑ ∑= ̃̂
=−

H B O
k q

q

k
q

k
q

CF
(3)

The ratio of the nonaxial term (Bk
q, where q ≠ 0 and k = 2, 4,

and 6) to the axial term (Bk
q, where q = 0 and k = 2, 4, and 6)

found between 0.20 and 0.68 confirms that significant QTM is
operational in 1 (see Table S9). Moreover, a very large value of
B2
0 (−26) indicates a prolate nature of the CeIII ion, which is

consistent with literature reports.30a

For complexes 2a and 2b, all of the (2J + 1) mj levels span in
the energy windows of 518.3 and 394.8 cm−1, respectively. In
contrast to the electronic structure observed for 1, the ground-
state g tensors for complexes 2a (gx = 0.00, gy = 0.00, and gz =
17.83), 2b (gx = 0.00, gy = 0.00, and gz = 17.87), 3a (gx = 0.00,
gy = 0.00, and gz = 17.37), and 3b (gx = 0.00, gy = 0.00, and gz =
17.43) are purely Ising in nature (Tables S10 and S11). The
crystal-field parameters for complexes 2 and 3 were computed
using eq 3 and are given in Table S12. For both complexes, the
axial terms are higher in magnitude, which further confirms the
Ising nature of the g tensors of the ground state. The
magnitude of the B2

0 parameter decreases in the same order as
the decrease in the oblate character, −4.2 and −3.4 in the case
of TbIII and −0.86 and −0.70 in the case of HoIII for na and nb,
respectively (where n = 2 and 3).7,36 The energy gaps between
the first excited state from the ground Ising state in 2a and 2b
are found to be 162.9 and 115.4 cm−1. The computed magnetic
data [both χMT(T) and M(H)] using the parameters extracted
from calculation are in excellent agreement with the
experimental magnetic data, which reveals the reliability of
the parameters extracted from the calculations (Figures 5 and
S6). The ground-state tunneling gaps (Δtun) for both
complexes (0.033 and 0.127 cm−1 for 2a and 2b and 1.475
and 0.869 cm−1 for 3a and 3b) were found to be very high,
which indicates significant QTM via the ground-state mj levels
(Figure 11 and Tables S10 and S11).
This theoretical outcome strongly suggests that the

frequency-dependent χM″ signal for these complexes at zero
field is unlikely to be observed in the experiments. The
application of an optimum external magnetic field lifts the
degeneracy of the Ising doublets and, hence, quenches the

Figure 11. Computed magnetization blocking barrier for complexes (A) 2a, (B) 2b, (C) 3a, and (D) 3b. Blue/green dotted lines represent the
Orbach and Raman processes. Red dotted lines represent the tunneling transitions within each doublet state.
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QTM to some extent. Thus, the field-induced magnetization
behavior of complexes 2 and 3 can be observed. The effect of
the orientation of the coordinating ligand along with the charge
distribution on the coordinating atoms is clearly reflected in the
magnetization easy axis of the ground-state Ising doublet in
both isomers of complex 2 or 3 (Figure 12).

In both the 2a and 2b isomers, the orientation of the easy
axis was found to be tilted toward the phenoxo O atom
(Loprop charges −0.80 and −0.79) of the ligand by angles of
32° and 23°, respectively. This observation is consistent with
the literature, where the orientation of the magnetization axis
was found to be collinear with the atoms with high charge
density.37 This clearly emphasizes that both of these isomers in
complex 2 are likely to have distinct relaxation behavior. The
tunnel splitting values computed for the ground Ising state and
first excited Ising state of both isomers (2a and 2b) were found
to be large in general; however, the 2b tunnel splitting value
was significantly larger than the value computed for 2a. This
rationalizes the observation of two different relaxation processes
in the ac data collected at an optimum field of 5.5 kOe; i.e., a
faster relaxation around 1000 Hz is likely due to the 2b isomer
because it possesses a large tunnel splitting value both in the
ground and first excited Ising states compared to the 2a
isomers. To confirm this scenario unambiguously, one has to
crystallize one of the isomers exclusively to be confident in the
claim. However, we have not succeeded in our attempt to
isolate the isomeric structures.
Because of the significant tunnel splitting in both 2a and 2b

in the first excited Ising state, the magnetization vector is likely
to relax via the first excited state, and the proposed mechanism
along with various transition probabilities is shown in Figure
11. The computed anisotropic energy barriers are found to be
162.9 and 115.4 cm−1 for the 2a and 2b isomers, respectively.
However, the experimentally observed energy barrier is
significantly low (42 cm−1). Smaller experimental Ueff values
compared to the computed value can be understood by
considering the other relaxation processes such as Raman and
QTM, which are not taken into account in the ab initio
calculated blockade barrier. In fact, the latter relaxation

processes are taken into consideration to fit the nonlinear
part of the Arrhenius curve experimentally. The noticeable
difference in the computed energy barrier and tunnel splitting
values in the 2a and 2b isomers is due to the different
orientations of the coordinating ligand to the central Tb(III)
ion in 2. For example, the ligand field in 2a is more suitable for
the oblate ion, which reflects a low Δtun of 2a in comparison to
2b (0.033 vs 0.127). This observation further confirms the
better SMM behavior of 2a in contrast to 2b.
Unlike 2, the energy gaps between the first excited and

ground Ising states of 3a and 3b were computed to be 73.2 and
75.1 cm−1, respectively (Figure 11). The tunnel splitting values
of both the ground and excited Ising states of 3a, however, are
significantly larger than that of 3b, which is actually reversed
compared to the scenario in 2. This consequence can be
explained on the basis of the less oblate/more prolate nature of
the HoIII ion ground-state density. The ligand environment
around the metal ion in 3b is more suitable for a prolate ion.
Hence, 3b shows a slightly high anisotropic barrier with less
tunneling gap, and conceivably molecule 3a is likely to relax
faster than 3b at the optimum external magnetic field. This is
further supported by the computed crystal-field parameters
using eq 3. As mentioned earlier, the oblate nature of complex
3 (−0.86 and −0.70) decreases compared to that of 2 (−4.2
and −3.4); hence, the geometry around 3b favors the prolate
HoIII ion. The computed Δtun (tunneling gap) for 3b is found
to be less compared to 3a. This suggests that 3a presumably
relaxes faster than 3b, and this scenario qualitatively can be
visualized in ac relaxation measurements of 3; i.e., Figure 8
evidently shows more than one relaxation process in the out-of-
phase susceptibility data and Cole−Cole plot, which strongly
corroborates the computational prediction. The orientation of
the ground-state gzz axis was found to tilt toward the phenoxo
O atom (Loprop charges −0.80 vs −0.77) of the ligand by an
angle of 25° in both molecules.
In contrast to complexes 1-3, 4 shows zero-field SIM

behavior. The ab initio calculations performed on the crystal
structure of 4a and 4b clearly suggest that the g tensors of the
ground-state KDs of 4a (gx = 1.03, gy = 2.77, and gz = 13.99)
and 4b (gx = 0.04, gy = 0.07, and gz = 15.78) lack pure Ising
nature while maintaining the axial signature with a significant
nonzero transverse component in 4a compared to 4b (see
Table S13). Wave-function analysis for both molecules (4a and
4b) shows that that there is a strong mixing of the excited-state
KD with the ground-state KD, but the major component comes
from the |±13/2⟩ state (Figure 13A). The computed g tensor of
the ground-state KD clearly suggests that 4b possesses an ideal
ligand field compared to 4a. The low symmetry observed in 4a
was further witnessed in the energy gap between the first
ground- and excited-state KDs (49.6 cm−1), compared to 105.9
cm−1 for 4b. In complex 4, because of low symmetry with a
large transverse component in the ground-state KD of the 4a
isomer, the magnetization vector is expected to relax quickly
preferably through QTM via the ground-state KD, while 4b is
envisaged to relax slower than 4a.
Further, the ground-state gzz orientation of 4a is tilted by an

angle of 96.4° compared to the ground-state gzz orientation of
4b (Figure 13). In 4a and 4b, the gzz orientation of the first
excited-state KD (gx = 0.02, gy = 3.22, and gz = 11.30 for 4a and
gx = 1.31, gy = 5.10, and gz = 12.34 for 4b) tilted by an angle of
86.8° and 90° from its corresponding gzz orientation of the
ground-state KD. This suggests that the magnetization vector
relaxes via the first excited state, and the computed energy

Figure 12. Picture representing the orientation of the principle
magnetization axis (gzz) along with the computed charge distribution
on the coordinated atom for 2a and 3a (panels A and C) and 2b and
3b (panels B and D).
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barriers are observed to be 49.6 and 109.5 cm−1 for 4a and 4b,
respectively. The calculations clearly propose that there must
be more than one relaxation for these two isomers in 4. As per
these predictions, experimentally more than one relaxation
process is observed both in the zero external magnetic field and
in the presence of an optimum external magnetic field. There
are no well-resolved maxima in the χM″ signal of 4 because of
the presence of multiple relaxation processes; however, the
existence of more than one relaxation process is unambiguously
shown in the Cole−Cole plot (Figure 9).
To further probe the importance of the ligand field,

calculations were performed on the model complexes (Figures
S13 and S14 and Tables S15 and S16). The axial ligands were
replaced systematically in complex 4a with the molecular
formulas [Er(HL)(NO3)3] (4a-A) and [Er(NO3)3] (4a-B),
which results in a drastic increase of the anisotropic barrier
from 4a (3.6 cm−1) to 4a-A (78.1 cm−1) to 4a-B (133.4 cm−1)
(Tables S15 and S16).15a The studies performed on the model
complexes evidently suggest that the presence of these axial
ligands in complex 4 not only reduces the barrier height but
also introduces significant transverse anisotropy, leading to an
increase in QTM between the ground-state KDs.

■ CONCLUSION
In conclusion, we have isolated a series of mononuclear
complexes with the molecular formulas [Ce(HL)3(NO3)3] (1)
and [Ln(HL)2(NO3)3] [where Ln = TbIII (2), HoIII (3), ErIII

(4), and LuIII (5)], which are characterized by single-crystal
XRD. Among all, complex 4 was found to show zero-field SMM
behavior (3.61 cm−1), although complexes 1−3 were noted as
field-induced SMMs with the Ueff value of 26.06 cm

−1 (Hdc = 3
kOe), 42 cm−1 (Hdc = 5.5 kOe), and 44.07 cm−1 (Hdc = 3.5
kOe), respectively. This has been rationalized through detailed
computational calculations on these complexes, and a tentative

mechanism of relaxation for all of the complexes was computed.
The computed magnetic data using the parameters extracted
from the crystal structure of all of the complexes are in excellent
agreement with the experimental magnetic data, suggesting the
reliability of the parameters extracted. Overall, the calculations
qualitatively predicts that the geometry around the na (where n
= 2, 3, and 4) molecule favors the oblate ion, while the
geometry around the nb (where n = 2, 3, and 4) isomer prefers
a prolate. The calculations clearly reflect that, upon moving
across the lanthanide series, the prolate nature of the Ln(III)
ion becomes prominent, which is suitable for the ligand field
provided by the HL ligand. The study presented in this Article
contributes to the significance of the ligand field for isolating
molecules with better SMM behavior.
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