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Abstract: In this work, we describe the synthesis, crystal structures and magnetic properties of four
air-stable mononuclear lanthanide(III) complexes with the N-(2,4,6-trimethylphenyl)oxamate (Htmpa)
of formula: n-Bu4N[Nd(Htmpa)4(H2O)]·4H2O (1), n-Bu4N[Gd(Htmpa)4(H2O)]·3DMSO·2H2O (2),
n-Bu4N[Tb(Htmpa)4(H2O)]·3DMSO·1H2O (3) and n-Bu4N[Dy(Htmpa)4(H2O)]·3DMSO·2H2O (4)
(n-Bu4N+ = n-tetrabutylammonium; DMSO = dimethylsulfoxide). Their crystal structures reveal the
occurrence of calixarene-type monoanionic species containing all-cis-disposed Htmpa ligands and
one water molecule coordinated with the respective LnIII ion (Ln = Nd, Gd, Tb and Dy), featuring a
nine-coordinated environment with muffin (MFF-9) (1) or spherical-capped square antiprism (CSAPR-
9) (2–4) geometry. The major difference between their crystal structures is related to the nature of
crystallization solvent molecules, either water (1) or both DMSO and water (2–4). The intermolecular
hydrogen bonds among the self-complementary Htmpa ligands in all four compounds mediated
a 2 D supramolecular network in the solid state. Direct-current (dc) magnetic properties for 1–4
show typical behavior for the ground state terms of the LnIII ions [4I9/2 (Nd); 8S7/2(Gd), 7F6 (Tb),
6H15/2 (Dy)]. Alternating-current (ac) magnetic measurements reveal the presence of slow magnetic
relaxation without the presence of a dc field only for 4. In contrast, field-induced slow magnetic
relaxation behavior was found in complexes 1, 2 and 3.

Keywords: oxamate; lanthanide; single-ion magnet; supramolecular chemistry; neodymium(III);
gadolinium(III); terbium(III); dysprosium(III)

Magnetochemistry 2024, 10, 103. https://doi.org/10.3390/magnetochemistry10120103 https://www.mdpi.com/journal/magnetochemistry

https://doi.org/10.3390/magnetochemistry10120103
https://doi.org/10.3390/magnetochemistry10120103
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com
https://orcid.org/0000-0002-3224-2624
https://orcid.org/0000-0002-1127-6083
https://orcid.org/0000-0002-9908-2098
https://orcid.org/0000-0002-3799-8092
https://doi.org/10.3390/magnetochemistry10120103
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com/article/10.3390/magnetochemistry10120103?type=check_update&version=2


Magnetochemistry 2024, 10, 103 2 of 20

1. Introduction

The search for new magnetic materials that exhibit slow magnetic relaxation (SMR)
phenomena has received significant attention from research groups worldwide. These
materials hold the potential for advancing next-generation technologies, including spin
qubits and spin qudits for quantum computing, quantum information processing (QIP),
spintronics and more [1].

Two synthetic strategies have been employed to obtain these materials: the “top-
down” and “bottom-up” approaches. In the “top-down” approach, high-density data
storage and material candidates for quantum technologies are produced by reducing the
size of nanoparticles through physical methods. However, this process often results in
inhomogeneous particle sizes, which is undesirable due to the lack of control over the final
properties. The alternative “bottom-up” approach offers a promising route for synthesizing
homogeneous molecules under mild, reproducible conditions. This method relies on
self-organizing molecules exhibiting the desired properties [1]. This molecular approach
employs organic linkers, enabling the incorporation of diverse paramagnetic ions to give
slow-magnetic relaxing molecules, molecular assemblies or supramolecular coordination
polymers [2,3].

In 2003, the discovery of terbium(III) and dysprosium(III) double-decker phthalocya-
nine (Pc) complexes, (Bu4N)[LnPc2] (Ln = Tb3+ or Dy3+), identified as single-ion magnets
(SIMs), marked a significant shift in focus from polynuclear d-block complexes to mononu-
clear f-block systems as promising candidates for technological applications [4]. Ln SIMs, as
well as Ln SMMs (SMM being single-molecule magnet), exhibited SMR and stepwise open-
loop magnetic hysteresis of pure molecular origin due to the presence of a single highly
anisotropic lanthanide(III) ion due to the combined effect of first-order spin-orbit coupling
(SOC) and ligand-field (LF) effects that cause the splitting of the 2J + 1 components of the
ground state characterized by a total angular momentum J = |S − L| or J = S + L for early
(Ln = Ce − Eu) or late LnIII ions (Ln = Tb − Yb). In the absence of additional interactions,
Kramers LnIII ions (Ln = Ce3+, Nd3+, Sm3+, Gd3+, Dy3+, Er3+, Yb3+, Lu3+) are, in principle,
more suitable for the development of SIMs as single-ion memory devices compared with
non-Kramers ions (Ln = Pr3+, Pm3+, Eu3+, Tb3+, Ho3+, Tm3+). However, dipolar or hyper-
fine interactions can induce transverse fields that break the degeneracy of Kramers doublets
(±mJ), facilitating undesired fast relaxation processes. This phenomenon is associated with
quantum tunneling of magnetization (QTM) phenomena. Notably, the suppression of QTM
can be achieved by diluting paramagnetic complexes within an isostructural diamagnetic
matrix, thereby reducing dipolar interactions or by applying an external static magnetic
field [1,5].

The magnetic properties of Ln SIMs can be modulated through ligand design. Due
to the large radii of LnIII ions and their electrostatic bonding, they usually form high
coordination number (CN) complexes, lacking geometrical control. Several results indicate
that Ueff increases by reducing the CN of lanthanide(III) complexes, indicating that a high
axial crystal field could lead to SMR via the second and third excited states [6]. Despite DyIII

being a very promising ion to investigate its magnetic properties, the research diversity
involving other LnIII ions is crucial for scientific advancement and the development of
materials for various technological applications, such as molecular magnetic refrigeration,
magnetic sensors, data storage materials or light emission conversion diodes [7–10].

Our work involving molecular self-assembly of aromatic polyoxalamide ligands and
lanthanide(III) ions as Ln SIMs started some years ago through the study of mononuclear
dysprosium(III) complex Me4N[Dy(Hdmpa)4]·2CH3CN (Hdmpa = N-2,6-(dimethylphenyl)
oxamato; Me4N+ is the tetramethylammonium) [11]. This complex is eight-coordinate
through four oxamate ligands, arising from a hydrogen-bonded supramolecular 2D net-
work that exhibited field-induced SIM behavior below 9.0 K with Ueff of ~69.1 cm−1. Using
the N-4-(hydroxyphenyl)oxamate (4-HOpa) ligand, a series of isostructural nonacoordinate
complexes of formula Na[Ln(4-HOpa)4(H2O)]·2H2O [Ln = Dy3+, Gd3+, Ho3+ and Eu3+]
with a hydrogen-bonded 2D supramolecular was described [12]. The dysprosium(III) and
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gadolinium(III) complexes exhibited SMR phenomena below 10 K. In principle, SMR be-
havior was not expected for the magnetically isotropic GdIII ion because it does not present
SOC. Its ground state is 8S7/2 with no angular momentum [13], so the energy barrier for
spin reversal is very small because of the negligible value of the zero-field splitting compo-
nent (D~0.1 cm−1). Hence, to observe SMR in Gd3+ ions, the metal environments should
be distorted, leading to a specific anisotropy by mixing the low-lying states. This behavior
can also occur with 3d-block ions like high-spin Mn2+ ions in octahedral environments
(6A1g), which shows a negligible D value (D~0.1 cm−1) [14]. Therefore, field-induced
SMR behavior could appear in Gd3+ or Mn2+ complexes and is unrelated to a significant
energy barrier. More recently, we demonstrated that by increasing the rigidity of the crystal
structure, as in the 1D coordination polymer {Gd(Hphpa)3(DMSO)2}n·nH2O [Hphpa = N-
(phenyl)oxamate (DMSO = dimethylsulfoxide)], field-induced SMR appeared below 33 K,
the highest temperature range found for gadolinium(III) complex up to date [15].

The first examples of Ln SIMs with calixarene-like oxamate motifs were reported a few
years ago. These compounds were synthesized using the N-(4-Xphenyl)oxamate ligands
(H-4-Xphpa with X = Cl or F), affording isostructural compounds of formula n-Bu4N[Ln(4-
Xphpa)4(H2O)]·nH2O (n-Bu4N+ = n-tetrabutylammonium with Ln = Eu, Gd, Dy, Tb, Nd,
Ho, Y and La) [16,17]. In this series, the crystal structures remember a calixarene structure,
but there is no connection between the phenyl rings, as seen in a classical calixarene. The
connection is achieved by the LnIII ion through the coordination to the oxygen atoms
from the all-cis-disposed ligands so that each aromatic ring is almost facing one another,
remembering a calyx, with a trans apical solvent molecule completing the nine-coordinate
sphere of the LnIII ion. In such complexes, only Gd3+, Dy3+, Tb3+ and Ho3+ compounds
present field-induced SMR behavior, in which an energy barrier of 66 cm−1 was observed
for the Dy3+ complex below 7.0 K.

Recently, the gadolinium complex Na[Gd(4-HOpa)4(H2O)]·2H2O was successfully
tested as a spin qubit, so that is a suitable candidate for quantum technologies below
10 K [18]. Its diamagnetically diluted complex (1Gd0.12%) with yttrium shows relatively
high spin-lattice and spin-relaxation times (T1 = 1.66 ms at 4 K and Tm = 4.25 µs at 8 K).

In this contribution, we report the synthesis, crystal structures and magnetic prop-
erties of the novel series of mononuclear lanthanide(III) complexes with the N-(2,4,6-
trimethylphenyl)oxamate ligand (Htmpa) of general formula n-Bu4N[Ln(Htmpa)4(H2O)]·
xDMSO·yH2O [Ln = Nd3+ (1), Gd3+ (2), Tb3+ (3) and Dy3+ (4), with x = 0 and y = 4 (1), x = 2
and y = 2 (2 and 4), and x = 2 and y = 1 (3)] (Scheme 1). Complexes 1–3 behave as field-
induced SIMs, while 4 exhibits SIM behavior without applying an external magnetic field.
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2. Experimental
2.1. Materials and Methods

All chemicals and solvents used in this work were of analytical grade and used
as received. The proligand EtHtmpa was obtained as previously reported [19,20]. Ele-
mental analyses (CHN) were carried out with a Perkin-Elmer 2400 analyzer. IR spectra
were recorded from KBr pellets on a PerkinElmer 882 spectrophotometer in the 4000 and
400 cm−1 range. The thermal analysis (TG/DTA, thermogravimetric/differential thermal
analysis) was conducted with a DTG-60H Shimadzu instrument using ~3.0 mg of each
complex placed individually in an alumina crucible. The solid samples were heated at
10 ◦C min−1 from room temperature to 700 ◦C under a synthetic air atmosphere (flow rate
of 100 mL min−1). X-ray powder diffraction patterns (PXRD) were taken on the Shimadzu
XRD-7000 X-ray equipment, using CuKα radiation (λ = 1.54056 Å), in the 4–40◦ range, with
the goniometer speed equal to 0.5 ◦min−1 and 1 s of sampling time. The simulated PXRD
patterns were generated with Mercury software (version 2022.3.0), using the crystal data
from the single-crystal X-ray diffraction cif files [21].

2.2. Magnetic Measurements

Variable-temperature (2–300 K) direct current (dc) magnetic susceptibility under ap-
plied fields of 0.20 kOe or 5.0 kOe were carried out using a Quantum Design SQUID
magnetometer model MPMS-XL-5. Variable-field magnetization measurements were car-
ried out using a Quantum Design SQUID magnetometer model MPMS-XL-5 at 2, 3, 4, 5, 7
and 10 K. Variable-temperature alternate current (ac) magnetic susceptibility measurements
were carried out using a Model Quantum Design PPMS-9 operating with a small amplitude
ac field (5 Oe) and scanning within the frequency range of 0.1–10 kHz at different applied
dc magnetic fields for complexes 1–4. The dc and ac measurements were carried out in
polycrystalline samples of complexes 1–4, previously placed in a gelatin capsule and with
eicosane to prevent crystal movement. Corrections of diamagnetism of the samples and for
the sample holder were also applied.

2.3. Crystal Data Collection and Refining

X-ray diffraction data collections on single crystals of compounds 1–4 were performed
using a Rigaku Synergy diffractometer with a Mo-Kα (0.71073 Å) source at 293 K. The
structures were solved using the SHELXS program (Version 2014/6) in Olex2 suit [22,23].
Data integration and scaling of the reflections for all compounds were performed with
the CRYSALISPRO 43.90 suite [24]. Final unit cell parameters were based on the fitting
of all reflection positions. Analytical absorption corrections and space group identifica-
tion were performed using the CRYSALISPRO 43.90 suite [24]. Their structures were
solved by direct methods using the SUPERFLIP 1.0 program [25]. The solvent mask tool
from the Olex2 program was utilized to mask disordered solvents during the final re-
finement [23]. The corresponding electron counts removed were equivalent to 2.4 water
molecules (24 electrons) for complex 1, 1.1 DMSO molecules (46 electrons) for complex
2, 0.6 water molecules (6 electrons) and 0.9 DMSO molecules (38 electrons) for complex
3 and 1.1 DMSO molecules (46 electrons) for complex 4. For each compound, the posi-
tions of all atoms could be unambiguously assigned on consecutive difference Fourier
maps. Refinements were performed using SHELXL based on F2 through the full-matrix
least-square routine [26]. All non-hydrogen atoms were refined with anisotropic atomic
displacement parameters. All hydrogen atoms were located in different maps and included
as fixed contributions according to the riding model [27]. For the aromatic carbon atoms
and amine groups C–H = 0.97 Å, N–H = 0.86 Å and Uiso(H) = 1.2 Ueq(C/N), for aliphatic
carbon atoms C–H and N–H = 0.96 Å and Uiso(H) = 1.5 Ueq(C/N) and finally for water
molecules O–H = 1.00 Å and Uiso(H) = 1.5 Ueq(O). Molecular graphics were generated
with MERCURY software (version 2022.3.0) [21]. Crystal data, experimental details and
refinement results are summarized in Table 1.
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Table 1. X-ray diffraction data collection and refinement parameters for complexes 1–4.

Compound 1 2 3 4

Formula C60H90.8N5O15.4Nd C66.2H106.6N5O17S3.1Gd C65.8H104.6N5O16.5S2.9Tb C66.2H106.6N5O17.1S3.1Dy
MW/g mol−1 1272.85 1502.79 1481.63 1508.04

T/K 293 293 293 293
λ/Å 0.71073 0.71073 0.71073 0.71073

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2/n P21/n P21/n P21/n

a/Å 21.5741(6) 15.4140(3) 15.4180(5) 15.4368(4)
b/Å 11.9763(3) 30.8190(8) 30.8696(11) 30.8542(12)
c/Å 25.0931(7) 16.1547(4) 16.0716(5) 16.1669(4)
β/◦ 90.861(3) 90.248(2) 90.250(3) 90.165(2)

V/Å3 6482.8(3) 7674.1(3) 7649.2(4) 7700.1(4)
Z 4 4 4 4

ρ/Mg m−3 1.260 1.226 1.216 1.301
µ/mm−1 0.862 0.979 1.038 1.118

F(000) 2580.0 2972.0 2936.0 3165.0
Reflections
collected 12,320 14,582 14,533 88,831

R a, wR b

[I > 2σ(I)]
0.0522;0.1223 0.0572, 0.1518 0.0626, 0.1616 0.0529, 0.1119

R a, wR b (all data) 0.0570 0.0839 0.0874 0.0786
S c 1.053 1.164 1.088 1.124

ρmax and ρmin/e Å− 0.9759/–1.3070 3.598/–1.417 3.153/–1.619 2.87/–1.08
CCDC 2,380,352 2,380,353 2,380,351 2,380,354

a R = Σ ||Fo| − |Fc||/Σ |Fo|. b wR = [Σ w(|Fo|2 − |Fc|2)2/Σ w|Fo|2]1/2. c S = [Σ w(|Fo|2 − |Fc|2)2/(no −
np)]1/2, where w ∝ 1/σ, no = observed and np = fitted parameters.

2.4. General Procedure for Synthesis of Compounds n-Bu4N[Ln(Htmpa)4(H2O)]·xDMSO·yH2O
[Ln = Nd3+ (1), Gd3+ (2), Tb3+ (3) and Dy3+ (4)]

A mixture was prepared by combining deionized water (30 mL), the proligand
EtHtmpa (480 mg, 2.04 mmol) and tetrabutylammonium hydroxide solution 40% w/v in
water (1.33 mL, 2.04 mmol). This resultant mixture was maintained at 60 ◦C for 30 min
under continuous stirring. After the hydrolysis, the mixture was cooled to room tempera-
ture, and dimethylsulfoxide (42 mL) was added. Subsequently, a solution containing the
correspondent metal salt (0.51 mmol) previously dissolved in deionized water (6.0 mL)
was added dropwise with constant agitation. The resulting mixture was heated to 60 ◦C
for 15 min and then filtered, leaving the filtrate to rest at room temperature. After 5 days,
suitable crystals for X-ray diffraction experiments were obtained. These crystals were
filtered and air-dried at room temperature for 24 h. The correspondent salts employed in
the synthesis were Ln(CH3COO)3·nH2O [Ln = Nd3+ (n = 1); Gd3+ (n = 4), Dy3+ (n = 3)] or
TbCl3·6H2O.

n-Bu4N[Nd(Htmpa)4(H2O)]·4H2O (1): yield 54% (362 mg; 0.28 mmol). Elemental
analysis (calcd.) for C60H94N5O17Nd (1301.67 g mol−1): C 54.89 (55.36), H 6.95 (7.28), N
4.99 (5.38)%. IR (KBr, cm−1): 3424 (νO–H), 3342, 3250 (νN–H), 2962, 2924 and 2874 (νC–H),
1654 (νC=O), 1528, 1484 (νC=C), 1374 (δN–H), 1232 (νC–O), 850, 766 (γ C–H) cm−1.

n-Bu4N[Gd(Htmpa)4(H2O)]·3DMSO·2H2O (2): yield 31% (222 mg; 0.15 mmol). Ele-
mental analysis (calcd.) for C66H108N5O18S3Gd (1513.04 g mol−1): C 52.32 (52.39), H 7.09
(7.20), N 4.82 (4.63)%. IR (KBr, cm−1): 3422 (νO–H), 3328, 3224 (νN–H), 2966, 2918, 2876
(νC–H), 1644 (νC=O), 1534, 1486 (νC=C), 1374 (δ N–H), 1240 (νC–O), 1030 (νS=O), 852, 766
(γC–H) cm−1.

n-Bu4N[Tb(Htmpa)4(H2O)]·3DMSO·1H2O (3): yield 64% (490 mg; 0.33 mmol). Ele-
mental analysis (calcd.) for C66H106N5O17S3Tb (1496.70 g mol−1): C 52.88 (52.97), H 6.94
(7.14), N 4.78 (4.68)%. IR (KBr, cm−1): 3422 (νO–H), 3328, 3224 (νN–H), 2966, 2920, 2876
(νC–H), 1644 (νC=O), 1534, 1486 (νC=C), 1376 (δ N–H), 1240 (νC–O), 1028 (νS=O), 852, 768
(γC–H) cm−1.
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n-Bu4N[Dy(Htmpa)4(H2O)]·3DMSO·2H2O (4): yield 67% (490 mg; 0.32 mmol). Ele-
mental analysis (calcd.) for C66H108N5O17S3Dy (1518.29 g mol−1): C 52.93 (52.21), H 6.78
(7.17), N 4.78 (4.61)%. IR (KBr, cm−1): 3422 (νO–H), 3328, 3224 (νN–H), 2966, 2918, 2878
(νC–H), 1644 (νC=O), 1534, 1486 (νC=C), 1376 (δ N–H), 1240 (νS=O), 1026 (νS=O), 852, 768 (γ
C–H) cm−1.

3. Results and Discussion

Complexes 1–4 were synthesized through the in situ hydrolysis of the ethyl ester with
tetrabutylammonium hydroxide, as described for several oxamate complexes containing
transition metal ions of the first series [28,29], followed by a stoichiometric reaction with
the correspondent lanthanide(III) acetate salt in DMSO/water solution (Scheme 2). In
this contribution, we demonstrate again that it is possible to obtain the lanthanide(III)
oxamate compounds through one-pot synthesis without isolation of the n-Bu4N(EtHmpa)
salt [20]. Single crystals of the appropriate quality to solve the crystal structure using an
X-ray diffraction experiment were obtained.
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Elemental analysis, IR spectroscopy and thermogravimetric analysis confirm the
chemical structure of all compounds. The IR spectra of complexes 1–4 (Figure S1) are very
similar and exhibit the characteristic stretching vibrations corresponding to the presence of
OH groups (3424–3422 cm−1) and NH groups (3328 and 3224 cm−1) [20]. Additionally, the
downward shifting of the stretching vibrations of C=O groups (1654–1644 cm−1) relative to
the proligand EtHtmpa (1732 and 1680 cm−1) is strong evidence of the ester hydrolysis and
further coordination of these groups to metal ions.

Thermal analysis (TG/DTA) for complexes 1–4 (Figures S2–S5) agrees with the results
proposed by elemental analysis and SCXRD data. For 1, the first weight loss event (4.9%)
occurs in the 38–140 ◦C range, corresponding to the release of approximately 3.6 water
molecules (calcd.: 4.8%). Then, upon continuous heating until 250 ◦C, a small weight loss
occurs (0.6%), which can be associated with 0.4 water molecules (calcd.: 0.4%). Complex 2
exhibits two weight losses from room temperature to 135 ◦C, running at two steps. The first
one, in the range of 38–100 ◦C (6.7%), involves releasing one DMSO and one water molecule
of crystallization (calc.: 6.3%). Then, upon heating, a second weight loss occurs until 149 ◦C
(12.5%), associated with the loss of two DMSO molecules of crystallization and one water of
coordination (calcd.: 12.6%). The resulting unsolvate species n-Bu4N[Gd(Htmpa)4] is stable
until 229 ◦C, when further heating provides the decomposition of the complex. The TG
curves of 3 and 4 have a similar profile, with two events occurring from room temperature
until 142 ◦C for 3 and 147 ◦C for 4. From room temperature until 90 ◦C, a loss of 6.44%
(calcd.: 6.38%) and 6.36% (calcd.: 6.40%) of the initial mass occurs for 3 and 4, respectively.
It can be associated with releasing one DMSO and one water crystallization molecule. Upon
continuous heating, a second event occurs at 142 ◦C (3) and 146.5 ◦C (4), releasing 10.56%
(3) and 11.69% (4) of the mass, which corroborates the removal of two DMSO crystallization
molecules for 3 (calcd.: 10.37%) and two DMSO and one water crystallization molecule for
4 (calcd.: 11.60%).
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The X-ray diffraction patterns of 2–4 are similar, differing from 1 (Figures S6–S9),
confirming their isostructurality. Yet, all of them agree with the simulated X-ray diffraction
patterns extracted from the correspondent retrieved from the cif files, suggesting that the
bulks have the same structure as the single crystals, supporting the purity of the samples.

3.1. Crystal Structures

Complex 1 crystallizes in the P2/n space group of the monoclinic system, with different
unit cell dimensions for 1 compared to 2–4, which in turn are then stated to be isostructural
and crystallize in the P21/n space group. In fact, 1 differs from 2–4 regarding the spatial
organization of mononuclear units and the nature and number of crystallization solvent
molecules. Hence, 1 presents four crystallization water molecules, while 2 and 4 present
two water and three DMSO molecules. The thermal analysis of 3 revealed one water and
three DMSO molecules of crystallization. There is some difference in water content found
from crystal structure refinement and TG/elemental analysis, which can be assigned either
to non-structural hydration or to smeared electron density corresponding to disordered
structural water, which cannot be distinguished from residual electronic density in crystal
structures bearing heavy metal atoms.

Due to the lanthanide contraction caused by the progressive electron occupation of
the inner 4f orbitals, the radii of the lanthanides decrease slowly along the lanthanide
series. Therefore, the ability to accommodate ligands around the Ln3+ cation is similar for
the series, consistent with the structural variations observed among the monomers in this
series. Thus, due to the similarities between all three structures of 2–4, we selected the
structure of 3 for a detailed discussion when compared to that of 1.

The structures of 1 and 3 comprise four all-cis-disposed Htmpa ligand units, one
coordinated water molecule and a nine-coordinate metal center, forming a monoanionic
complex. To neutralize the charge system, there is an n-tetrabutylammonium cation,
in addition to four crystallization water molecules (1) or one water molecule and three
crystallization DMSO molecules (3) (Figure 1). Selected bond lengths and angles for 1–4
are listed in Tables S1–S4.

Magnetochemistry 2024, 10, x FOR PEER REVIEW 8 of 21 
 

 

 
Figure 1. ORTEP view of the crystal structures of (a) 1 and (b) 3. Crystallization water molecules 
and hydrogen atoms have been omitted for clarity, and ellipsoids represent 50% probability levels. 

 
Figure 2. (a) Top and side views of the coordination polyhedron around the Nd1 metal center of 1 
with the atom numbering scheme for the donor atoms, showing the distorted muffin geometry. The 
O1D/O3C/O3D atoms compose the triangular base, and the O1A/O1C/O3A/O3B/O1w atoms com-
pose the pentagonal plane with the O1B atom in the capped position. (b) Top and side views of the 
coordination polyhedron around the Tb1 metal center of 3 with the atom numbering scheme for the 
donor atoms, showing the distorted capped square antiprism geometry. The O3A/O3B/O3C/O3D 
atoms compose the square base of the prism, and the O1A/O1B/O1C/O1D atoms compose the quad-
ratic plane of the capped face with the O1W atom in the capped position. 
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hydrogen atoms have been omitted for clarity, and ellipsoids represent 50% probability levels.

The coordination sphere of the nine-coordinate metal center in 1 and 3 consists of
eight carbonyl oxygen atoms from the carboxylate amide groups of the four chelating
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oxamate ligands, as well as the O1W atom from the coordinated water molecule (Figure 2).
According to the SHAPE software (version 2.0) [30], the coordination geometry of 2–4
corresponds to the CSAPR-9 (spherical capped square antiprism, C4v), while 1 corresponds
to the MFF-9 (Muffin, Cs) (Table S9). The values of the SHAPE parameters [S(MFF) = 1.640
(1), and S(CSAPR) = 0.379(2)/0.322(3)/0.383(4)] indicate that distortion concerning the
ideal CSAPR-9 symmetry increases in the following order: 3 < 2 < 4.
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The O1D/O3C/O3D atoms compose the triangular base, and the O1A/O1C/O3A/O3B/O1w atoms
compose the pentagonal plane with the O1B atom in the capped position. (b) Top and side views of the
coordination polyhedron around the Tb1 metal center of 3 with the atom numbering scheme for the
donor atoms, showing the distorted capped square antiprism geometry. The O3A/O3B/O3C/O3D
atoms compose the square base of the prism, and the O1A/O1B/O1C/O1D atoms compose the
quadratic plane of the capped face with the O1W atom in the capped position.

The four units are pointed in the same direction in both 1 and 3, forming a calixarene-
like species around the metal center (Figure 1). In the crystal lattice of 3, the adjacent
mononuclear units interact with each other through self-complementary double hydrogen
bonds between the N–H and C=O groups from each of the four Htmpa ligands leading
to supramolecular layers growing within the ac (3) plane (Figure 3b). These layers are
assembled glide-plane symmetry-related molecules, which are placed alternately pointing
up and down into the hydrogen-bonded chains grown along the [101] and [−101] directions
for the bi-dimensional layer. The shortest intermetallic distances between neighboring
hydrogen-bonded units along the [101] and [−101] are 11.158 and 11.206 Å (2), 11.128
and 11.177 Å (3) and 11.179 and 11.211 Å (4). In 1, the two-dimensional layer is also
assembled, but it is moved onto the ab plane. The self-complementary double hydrogen
bonds between the N–H and C=O groups also occur in this layer, but only along the
[100] direction wherein inversion symmetry molecules are alternately placed as in 3. The
shortest two distinct intrachain intermetallic distances along [100] are 11.466 and 11.443 Å
in 1. However, different from 3, there are no self-complementary double hydrogen bonds
between the N–H and C=O groups in the other chain growing [010] direction responsible
for mounting the dimensional layer. In this pattern, there are only N–H· · ·O=C hydrogen
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bonds between neighboring translation symmetry-related molecules, which, therefore, are
not alternately placed but always pointing towards the same side. The shortest two distinct
intrachain intermetallic distances along [010] are 12.665 and 11.976 Å in 1.
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Figure 3. (a) View of the supramolecular layers of hydrogen-bonded mononuclear units of 1 along the
crystallographic ab plane. (b) View of the supramolecular layers of hydrogen-bonded mononuclear
units of 3 along the crystallographic ac plane, showing the presence of additional hydrogen-bonded
DMSO molecules. Cyan dashed lines represent hydrogen bonds. CH hydrogen atoms, remaining
solvent molecules and tetrabutylammonium cations were omitted for the sake of clarity.

These intralayer hydrogen-bonded supramolecular synthons are classified by Etter as
R2

2 (10) (Figure 3), except for that responsible for assembling the chain along the [010] in
1, which is as defined as C(8) [31]. The layers of 1 and 3 are packed differently, including
the distinct disposition of tetrabutylammonium cations among them (Figure 4), which are
involved in weaker non-classical hydrogen bonds and vdW interactions with the molecules
of the complexes. In addition, there is a complex pattern of interlayer hydrogen bonding
interactions between coordinated and crystallization DMSO and water molecules governing
the 3D self-assembly of the system. Selected intra- and interlayer hydrogen bond lengths
and angles for 1–4 are listed in Tables S5–S8.
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value of 1.51 Nβ at 2 K is smaller than expected for a decet ground state (Msat = gJJNβ = 
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Three layers are depicted in each panel, while hydrogen atoms and solvent molecules were omitted
for the sake of clarity. Color codes: carbon, gray; nitrogen, light blue; oxygen, red; Nd, light green;
and terbium, green.

3.2. Static Magnetic Properties

Static direct current (dc) magnetic properties for 1–4 are presented in Figure 5 as the
χMT vs. T and M vs. H curves (χM and M being the molar dc magnetic susceptibility and
magnetization per mononuclear unit). The M vs. H/T curves are shown in Supplementary
Materials (Figure S10). Table 2 summarizes all magnetic data for 1–4.
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Table 2. Experimental and calculated magnetic dc data for compounds 1–4.

Complex

Theory χMT (cm3 K
mol−1)

Calculated

χMT (cm3 K
mol−1)

Experimental

Fitting Parameters
∆E 1

(cm−1)g S L J Free Ion
Term

λ
(cm−1)

∆
(cm−1) g zJ

(cm−1)

1 8/11 3/2 6 9/2 4I9/2 1.64 1.53 +258.94 +55.45 1639
2 2 7/2 0 7/2 8S7/2 7.88 7.20 2.0 −0.01
3 3/2 3 3 6 7F6 11.82 11.65 −387.29 −48.64 −0.02 1936
4 4/3 5/2 5 15/2 6H15/2 14.17 14.16

1 ∆E = −J|λ|.

For the neodymium(III) complex 1, a χMT value of 1.53 cm3 K mol−1 (Figure 5a)
is observed at room temperature, which is slightly below the expected value for a Nd3+

ion with a 4I9/2 ground state, well-separated from the first 4I11/2 excited state, in a free
ion approximation (1.64 cm3 K mol−1, with J = 9/2 and gJ = 8/11). Cooling the sample,
the χMT value decreases sharply, reaching 0.75 cm3 K mol−1 at 2.90 K. Under the action
of LF, the 4I9/2 state splits into 5 Kramer doublets, and depending on the symmetry of
this field, the mJ = ±9/2 or ±1/2 states could be the ground state. Hence, the maximum
magnetization value of 1.51 Nβ at 2 K is smaller than expected for a decet ground state
(Msat = gJJNβ = 3.27 Nβ with J = 9/2 and gJ = 8/11) (inset of Figure 5a), being however
close to that observed experimentally for other magnetically isolated Nd3+ ions in Nd-
oxamate compounds [17,32]. The reduced magnetization curves show an almost complete
overlap of the curves (Figure S10a). Due to the symmetry of compound 1, it was possible
to use the Hamiltonian below (Equation (1)) to simulate the magnetic properties of this
compound [33]:

H = λLS + ∆
[

L2
z − L2

]
+ (−κL + 2S)βH (1)

where λ is the spin-orbit coupling parameter; ∆, energy gap between the ML values; κ = or-
bital reduction parameter (κ = 1 was fixed); β is Bohr magneton; L, S and H represent the
angular operator, the spin operator and the magnetic field vector, respectively. Simultane-
ous fitting of χMT vs. T and M vs. H curves using PHI software (version 3.1.6) [34] yielded
the following values: λ = 258.94 cm−1 and ∆ = +55.45 cm−1 (Table 2). The calculated curves
match the experimental data over the temperature range (solid lines in Figure 5a). The λ, ∆
and ∆E (the separation between the ground and the first excited states) values are within
the range observed for similar Nd3+ compounds (see Table 2) [33,35]. Simulations with
negative axial distortion values were performed, showing a very slight decrease in the χMT
product with cooling, which is inconsistent with the fact that compound 1 shows an χMT
product at low temperatures close to 0.8 cm3 K mol−1, a value expected for a ground state
with mJ = ±1/2 [35].

For isotropic gadolinium(III) complex 2, the χMT vs. T curve follows a Curie law over an ex-
tensive temperature range, with a χMT value at room temperature of 7.67 cm3 K mol−1, slightly
lower than the expected value for a Gd3+ ion with a 8S7/2 ground state (7.88 cm3 K mol−1 with
S = 7/2 and g = 2) (Figure 5b). Upon cooling, the χMT product remains constant until ap-
proximately 13 K, after which a decrease is observed, reaching a value of 6.32 cm3 K mol−1

at 2.0 K. The slight decrease in the χMT at low temperatures may occur due to weak in-
termolecular antiferromagnetic interactions. The reduced magnetization curves show an
almost complete overlap (inset of Figure S10b). A saturation effect is observed with a
magnetization value of 7.05 Nβ at 50 kOe, close to the expected value for isotropic Gd3+

ions (Msat = 7 Nβ with S = 7/2 and g = 2). Using the PHI software, simultaneous fitting
of the χMT vs. T and M vs. H was performed through a mean-field model considering an
effective intermolecular interaction (zJ) between the Gd3+ ions. The calculated curves match
the experimental data over the temperature range and, particularly, the decrease in χMT
at low temperatures (solid lines in Figure 5a). The calculated value of g = 2.0 agrees with
the expected value for this isotropic ion (g = 2.0). The calculated zJ value of −0.01 cm−1 is
consistent with a small but non-negligible interaction, likely a dipolar interaction.
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For terbium(III) complex 3, χMT is 11.65 cm3 K mol−1 at room temperature and
gradually decreases until around 50 K, when the decrease becomes steeper, reaching
6.89 cm3 K mol−1 at 2.0 K (Figure 5c). The expected χMT value for Tb3+ ions with a 7F6
ground state is well-separated from the first 7F5 excited state in a free-ion approximation is
11.88 cm3 K mol−1 (S = 3, J = 6 and gJ = 3/2). The decrease in χMT upon cooling from room
temperature is due to the depopulation of higher energy mJ states, resulting from the LF
splitting. Hence, the reduced magnetization curves do not overlap (inset of Figure S10) but
show apparent saturation with a maximum value of 4.76 Nβ at 2.0 K and 5.0 T. This value is
smaller than expected for a tredecet ground state (Msat = 9 Nβ with J = 6 and gJ = 3/2) (inset
of Figure 5c). The experimental magnetic data were fitted using the previously presented
Hamiltonian (Equation (1)). This fit showed good agreement between the experimental
and theoretical data. The calculated λ value of −387.29 cm−1 is consistent with related
terbium(III) compounds [33]. The calculated ∆ parameter of −48.64 cm−1 is within the
range observed in similar terbium(III) compounds and has a negative sign, confirming an
mJ = ±6 (ground state). To improve the fit at low temperatures, a zJ component was added,
yielding a value of −0.023 cm−1, like that observed for 2.

For dysprosium(III) complex 4, a decrease in the χMT is 14.16 cm3 K mol−1 at room
temperature. According to the free ion approximation model, this value is very close to
the expected one for a Dy3+ ion with a 6H15/2 ground state, well-separated from the first
6H13/2 excited state (14.17 cm3 K mol−1 with J = 15/2 and gJ = 4/3). As the sample is
cooled, a gradual decrease in the χMT is observed (Figure 5d), reaching 10.00 cm3 K mol−1

at approximately 13 K. This smooth decrease in the χMT product is characteristic of the
depopulation of higher energy mJ states resulting from the LF splitting. Below 10 K, a
more pronounced decrease is observed; however, in this case, this effect may be related to
weak intermolecular antiferromagnetic interactions, already observed and quantified in
compounds 2 and 3. The reduced magnetization curves do not overlap (Figure S10), and
no saturation effects are observed, even at the lowest temperature and highest field. The
maximum M value of 5.3 Nβ at 2.0 K and 7.0 T is smaller than expected for a hexadecet
ground state (Msat = 10 Nβ with J = 15/2 and gJ = 4/3).

Based on the crystal structure and the formal charge of the atoms in the structure, it is
possible to determine the easy magnetization axis in compounds containing dysprosium(III)
ions and its energy barrier through the electrostatic model (Table S10) [36]. In the case
of 4, this axis lies in the xz plane (crystallographic ac plane), intersecting these axes at
an angle close to 45 degrees (Figure 6a). By observing the crystal packing of 4, it can be
noted that there is an alternation in the directions of the anisotropy axis, which justifies
the presence of antiferromagnetic interactions in this compound and possibly in the others
presented in this contribution (Figure 6b). However, despite the simplicity of providing the
easy axis of magnetization using the Magellan software [36], high-level quantum chemical
calculations such as Complete Active Space Self-Consistent Field (CASSCF calculations)
could give further insights into the effects of crystal field, the nature of the Dy–O bond, and
the covalent factors influencing the magnetic properties of these compounds.

3.3. Dynamic Magnetic Properties

Dynamic alternating current (ac) magnetic properties for 1–4 are presented in Figures 7–10,
respectively, in the form of the χM

′ and χM
′′ vs. ν curves (χM

′ and χM
′′ being the in-

phase and out-of-phase ac magnetic susceptibilities per mononuclear unit, and ν is the
frequency). Table 3 summarizes all magnetic ac data for 1–4 obtained using CC-FIT2
software v5.8.0 [37,38].
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Under zero dc field, frequency-dependent χM
′ and χM

′′ signals were observed in 4
with χM

′′ maxima at temperatures ranging from 2 to 6 K, indicating the occurrence of slow
magnetic relaxation, as shown in Figure 10a. Upon applying a static dc field of 1.0 kOe, the
temperature at which χM

′′ appears shifts to 8 K, as illustrated in Figure 10b. The χM
′ and

χM
′′ vs. ν curves were fitted to the generalized Debye model [39] to extract temperature-

dependent relaxation times (τ). The resulting τ versus T−1 (so-called Arrhenius plots)
are shown in Figure 10c for a zero-dc field and Figure 10d for a dc field of 1.0 kOe. All
parameters determined from these fitting processes, such as the isothermal and thermal
susceptibility, χS and χT, relaxation time and its distribution, τ and α, are summarized in
Tables S11 and S12. The distribution of relaxation times is relatively narrow, with α close to
0.2 at zero dc field (Table S11). For a dc field of 1.0 kOe, α approaches the value of 0.5 at a
low temperature (Table S12).
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Table 3. Selected ac magneto-structural data for some mononuclear oxamate-containing Ln-SMMs and Ln-SIMs.

Compound Ln···Ln a

(Å) Ln CN
b Sym. c HDC

(kOe) Ueff/kB (K) τ0 (s) τQTM (s) C
(s−1 K−1) n A

(s−1 K−n) Process Ref.

1 11.466 Nd 9 Cs 1.0 34(2) 8.0(9) × 10−8 4.87(3) 5.6(2) Orbach + Raman This work
2 11.158 Gd 9 C4v 1.0 1746(12) 1.80(2) Bottleneck This work
3 11.128 Tb 9 C4v 5.0 21(5) × 10 1.2(5) × 10−11 889(3) × 10 Orbach + Raman + Direct This work
4 11.179 Dy 9 C4v 0 6.6(2) × 10−5 520(32) 2.5(3) Raman + QTM This work

1.0 9.06(7) × 10−3 3.2(3) × 10−4 9.0(3) Raman + QTM This work
n-Bu4N[Nd(L1)4(DMSO)]2·3H2O 11.169 Nd 9 D3h 1.0 16.7(5) d 1(3) × 10−4 0.005(4) 4.7(2) Orbach + Raman [19]
n-Bu4N[Nd(L2)4(DMSO)]2·2H2O 11.228 Nd 9 D3h 1.0 4.9(1) d 9.5(7) × 10−4 0.03(4) 11(1) Orbach + Raman [19]

[Nd(L3)3(DMSO)2]n 8.8709(3) Nd 9 C4v 1.0 42.7(2) 2.3(1) × 10−8 26.7(1) 3.9(1) Orbach + Raman [34]
Na[Gd(L4)4(H2O)]2·2H2O 7.3014(7) Gd 9 C4v 1.0 13(1) 6.1 × 10−6 2(1) × 10−5 3 2.9(1) Direct + Raman [14]

n-Bu4N[Gd(L1)4(DMSO)]2·2H2O 11.0272(6) Gd 9 D3h 1.0 4.5(5) × 103 1.6(1) Bottleneck [18]
n-Bu4N[Gd(L2)4(DMSO)]2·3H2O 10.6005(7) Gd 9 D3h 1.0 1.1(1) × 103 1.8(1) Bottleneck [18]

{Gd2(L5)3(H2O)5·H2O}n 10.163(3) Gd 8 Td 1.0 3.27 d 5.4 × 10−6 Orbach [35]
[Gd(L6)3(DMSO)2]n·nH2O 6.702 Gd 9 C4v 1.0 1.9(2) 125.89 Bottleneck [17]

6.702 Gd 9 C4v 2.5 2.1(1) 39.81 Bottleneck [17]
Me4N[Dy(L7)4]2CH3CN 9.032(1) Dy 8 D2d 1.0 93.66 d 2.88(8) × 10−10 Orbach [13]

Na[Dy(L4)4(H2O)]2·2H2O 7.2881(4) Dy 9 C4v 1.0 16(1) 1.4(9) × 10−8 2(5) 9 Orbach + Raman [14]
n-Bu4N[Tb(L1)4(DMSO)]2·2H2O 10.9998(5) Tb 9 D3h 2.0 2.04 × 10−4 20(6) 3.5(2) Raman + QTM [18]
n-Bu4N[Tb(L2)4(DMSO)]2·3H2O 10.6121(2) Tb 9 D3h 1.0 6.6(9) 3.8(2) 13.7(3) × 101 Raman + direct [18]

Ligand abbreviations: L1 = N-4-(chorophenyl)oxamate; L2 = N-4-(fluorophenyl)oxamate; L3 = N-(4-methylphenyl)oxamate; L4 = N-4-(hydroxyphenyl)oxamate; L5 = N-(4-
carboxyphenyl)oxamic acid; L6 = N-(phenyl)oxamate; L7 = N-(2,6-dimethylphenyl)oxamic acid. a Shortest intermolecular Ln···Ln distance. b Coordination number of the Ln
ion. c Symmetry around the Ln ion according to the continuous shape measurements [30]. d Original values were converted from cm−1 to K for comparative purposes.
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Relaxation processes of Dy-based SIMs have been analyzed, considering a combination
of Orbach relaxation process at higher temperatures, Raman at intermediate temperatures
and quantum tunneling of magnetization (QTM) at low temperatures [5]. Consequently,
the data obtained for 4 were analyzed using Equation (2) below.

τ−1 = CTn + τ0
−1 exp(−Ueff/kBT) + τQTM

−1 (2)

The first term of the right side of Equation (2) represents the Raman process, the second
term represents the Orbach process and the third term represents the QTM relaxation
processes. A combination of Raman and QTM processes better described the data. For
the zero dc field, resulting in the best-fit parameters as C = 520(32) s−1 K−n, n = 2.5(3) and
τQTM = 6.6(2) × 10−5 s. Under a 1.0 kOe dc applied field, the best-fit parameters were
C = 3.2(3) × 10−4 s−1 K−n, n = 9.0(3) and τQTM = 9.8(1) × 10−3 s. These parameter values
are consistent with the energy barrier observed for Dy3+ ions with the same coordination
number [40].

Unlike 4, compounds 1–3 show no χM
′′ signal under zero dc magnetic field above

2.0 K, indicating fast relaxation processes through QTM. Applying a static dc field, however,
induces slow magnetic relaxation in 1–3, as shown in Figures 7a, 8a and 9a. Relaxation times
for 1–3 were determined by fitting the χM

′ and χM
′′ vs. ν curves to the generalized Debye

model [39]. The resulting Arrhenius plots are shown in Figures 7b, 8b and 9b, respectively.
The determined values of χS and χT, τ and α for 1–3 are summarized in Tables S13–S16.

For 1, the relaxation time was accurately determined within the 2–5 K temperature range.
The distribution of relaxation times was narrow, with α close to 0.1 (Table S12). The Arrhenius
plot was fitted considering Raman and Orbach processes, as reported previously [41,42]. The
best fit parameters are Ueff = 34(2) K, τ0 = 8.0(9) × 10−8 s, C = 4.87(3) s−1 K−n, n = 5.6(2).
These results are consistent with values reported by other authors for Nd-based molecular
material [41,42]. The direct process (τ−1 = A Hn1T) was ruled out for this complex as
the field-dependent results deviated significantly from the typically exponential values
(n1 = 2–4) described by other researchers, as shown in Figure S11 [43].

For 2, under an applied field of 1.0 kOe, the SMR was observed within the temperature
range of 2–16 K, as shown in Figure 8a. The distribution of relaxation times is narrow,
reaching a maximum value at 2 K with α close to 0.2 (see Table S14). Therefore, the
Arrhenius plot of 2 (Figure 8b) was fitted by considering the Raman process, resulting in
the following values: C = 1746(12) s−1 K−n and n = 1.80(2). These values suggest that the
magnetic relaxation mechanism in the Gd3+ compound is associated with the bottleneck
effect, as expected for n values near 2 [12–16]. This is consistent with findings reported by
other authors for field-induced Gd-based SIMs [12,13,15,16,44].

Although compound 3 showed frequency dependence in out-of-phase magnetic sus-
ceptibility under a 1.0 kOe magnetic field (Figure S12, Table S15), peaks in the χM

′′ vs. ν
curves were only observed under a 5.0 kOe dc magnetic field, as shown in Figure 9a. The
distribution of relaxation times is broad at low temperatures (α value close to 0.6 at 2 K),
suggesting multiple relaxation processes occurring within this temperature range. Above
5.0 K, the distribution is relatively narrow, where α begins to decrease from a value close to
0.2, as shown in Table S16. The Arrhenius plot of 3 (Figure 9b) was fitted considering the
Orbach, Raman, Direct and QTM processes [12,39]. The best fit was obtained considering
the Orbach and Direct processes, resulting in Ueff = 21(5) × 10 K, τ0 = 1.2(5) × 10−11 s,
A = 889(3) × 10 s−1 K−1. These values are consistent with findings reported by other
authors for field-induced slow magnetic relaxation for Tb-based SIMs [45].

Table 3 compares the results of mononuclear complexes and coordination polymers
based on oxamate containing Kramer LnIII ions (Ln = Nd, Dy, and Gd) and non-Kramer
LnIII ions (Tb) in low coordinate that exhibited SMR phenomena. Additionally, it is worth
emphasizing that an ideal point group symmetry such as C∞v, D4d, S8, D5h, D6d and
D∞h could suppress the unwanted QTM process [5]. Once these precise geometries are
unlikely to be realized in molecular complexes in general, taking into account the oxamate
derivatives (Table 3). The suppression of QTM phenomena can be achieved by diluting
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the paramagnetic complexes within an isostructural diamagnetic matrix, which can reduce
the dipolar interactions and/or by applying an external static dc magnetic field. Only
4 exhibits the SMR at zero dc field, while all other oxamate compounds synthesized up
to date (Table 3) behave as field-induced SMMs. In the case of 4, the Raman and QTM
mechanisms are dominant. Dysprosium(III) ions are anisotropic; thus, the observation
of the SRM phenomena is expected for Dy-complexes. The fitting results show that the
QTM occurs for Dy3+ complexes in some extensions, even with an application of an Hdc of
1.0 kOe, which is not strong enough to suppress the QTM. Additionally, the extension of
the QTM in this complex does not preclude the observation of SMR phenomena in 4. The
energy of the barrier for spin reversal was obtained in the Magellan software (Table S10).
The minimum energy of the crystalline structure was calculated as −187 cm−1, while
the minimum energy barrier for the spin reversal was determined as +22.9 cm−1. This
value is very close to the experimental one determined through the fits of magnetic data
(+23.63 cm−1 or 34 K, see Table 3), indicating that the model employed describes the energy
values with reasonable precision [36].

Neodymium(III)–oxamate compounds exhibited the Orbach and Raman mechanism
that accounts for the SMR phenomena, as observed for all Nd-complexes of Table 3, even
with different local symmetries around the metal ion and ligands containing donor [N-4-
(methyl)oxamate] or electron-withdrawing groups [N-4-(chlorophenyl)oxamate and (N-
4-(fluorophenyl)oxamate)]. Comparing the value of the energy barrier of 1 and the other
compounds of Table 3, the energy barrier values are higher for complexes containing only
oxamate-donor ligands. Comparing the energy barrier of 1 and 4 with Hdc ̸= 0, due to the
higher anisotropy and mJ states of 4, a higher energy barrier for 4 is achieved.

In contrast to Nd3+, Tb3+ and Dy3+ ions, Gd3+ ions are isotropic, and the SMR is
not expected for such complexes. However, a very low magnetic anisotropy with a low
value of zero-field splitting (D~0.1 cm−1) can be found experimentally for gadolinium(III)
compounds. With the application of a magnetic field, the asymmetric surrounding of the
gadolinium(III) ions can increase the D value parameter, which can cause a split in the
ground state doublet (ms = ±7/2) and, consequently, the admixture with the ground and
some excited states. Consequently, the SMR cannot be explained in many cases by consid-
ering the conventional over-barrier mechanisms or suppression of tunneling, which occurs
with anisotropic systems. When the SMR phenomena are observed in Gd3+ complexes, the
interaction between the magnetic ion and its environment should be considered. Focusing
on the case of nine-coordinate gadolinium(III) ions, the phonon bottleneck mechanism
is predominant, observed for 2 and the other three compounds from Table 3, with D3h
and C4 symmetries. The phonon bottleneck effect occurs when the dc field is applied,
suppressing QTM relaxation. It arises when the energy from lattice modes generated
by relaxing spins, transitioning from excited to ground states, cannot be dissipated into
the thermal reservoir at a sufficiently fast rate. However, for {Gd2(L5)3(H2O)5·H2O}n
(L5 = N-(4-carboxyphenyl)oxamic acid), the mechanism involved is Orbach, while for
Na[Gd(L4)4(H2O)]2·2H2O (L4 = N-4-(hydroxyphenyl)oxamate) it is attributable to direct
and Raman processes.

In the case of terbium(III) complex 3, a non-Kramer ion, the SMR is not expected
without an external magnetic field [5]. Moreover, the application of a small external
magnetic field can induce SMR; therefore, most terbium(III) complexes exhibit behavior
characteristic of field-induced single-molecule magnets (SMMs) or field-induced single-
ion magnets (SIMs). Besides the external field, an ideal molecular symmetry causing
appropriate local symmetry around the metal centre can also cause SMR in mononuclear
Tb compounds. In the case of 4, the fit of the Arrhenius plot reveals that the magnetic
dynamics follow the power law corresponding to Orbach and direct processes. Comparing
this compound with other Tb–oxamate complexes, it is noticed that 3 has the highest energy
barrier. Probably, this result is associated with the higher value of the magnetic field to
promote the SMR.
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4. Conclusions

In summary, we synthesized four lanthanide(III) complexes with the ligand N-(2,4,6-
trimethylphenyl)oxamate featuring a calixarene-like structure. The gadolinium(III), ter-
bium(III) and dysprosium(III) complexes are nine-coordinated and isostructural, with
CSAPR-9 symmetry, while the neodymium(III) complex, with a nine-coordinate (MFF-9)
geometry, is not. The dysprosium(III) complex 4 is the first example of an oxamate-based
Ln-SIM without applying a dc field. The neodymium(III), gadolinium(III) and terbium(III)
complexes behave instead as field-induced Ln-SIMs. These results suggest that by improv-
ing the geometry around the metal center and using oblate ions, it would be possible to
improve the performance of oxamate-based Ln SIMs, reaching higher temperatures and
higher energy barriers for spin reversal.
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