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ABSTRACT: The reaction of aqueous solutions of EuIII, TbIII, and GdIII ions
with Na2Hpcpa [H3pcpa = N-(4-carboxyphenyl)oxamic acid] afforded three
new isostructural oxamate-containing lanthanide(III) coordination polymers
of general formula {LnIII2(Hpcpa)3(H2O)5·H2O}n [Ln = Eu (1),Tb (2), and
Gd(3)]. Their structure is made up of neutral zigzag chains running parallel
to the [101] direction where double syn−syn carboxylate(oxamate)-bridged
dilanthanide(III) pairs (Ln1 and Ln2) are linked by three Hpcpa2− ligands,
one of them with the μ−κ2O,O′:κO″ coordination mode and the other two
with the μ3-κ

2O,O′:κO″:κO′′′. Additionally, two of those chains are
interlinked through hydrogen bonding and π−π type interactions, resulting
in a porous structure with channels where water molecules are hosted. The
emission properties of 1 and 2 are evaluated as a function of the temperature,
exhibiting an emission in red and green, respectively. The external quantum
yield for 2 is approximately 7 times that obtained for 1, indicating that the
oxamate ligand is a better sensitizer for TbIII ions. The temperature dependence of the dc magnetic properties of 1−3 reveals a
different magnetic behavior depending on the nature of the LnIII ion. A continuous decrease of χMT occurs for 1 upon cooling, and
finally χMT tends to vanish, as expected for the thermal depopulation of the six magnetic 7FJ excited states (J = 1−6) of the EuIII ion
with a nonmagnetic 7F0 ground state. χMT for 2 decreases sharply with decreasing the temperature due to the depopulation of the
splitted mJ levels of the

7F7 ground state of the magnetically anisotropic TbIII ion. A very weak antiferromagnetic interaction between
the magnetically isotropic GdIII ions across the double carboxylate(oxamate) bridge is responsible for the small decrease of χMT at
low temperatures for 3. The dynamic (ac) magnetic properties of 2 and 3 reveal a slow magnetic relaxation with very incipient
frequency-dependent χM″ signals below 6.0 K (2) and frequency-dependent χM″ peaks below 10.0 K (3) under nonzero applied dc
magnetic fields, being thus new examples of field-induced single molecule magnets (SMMs).

■ INTRODUCTION

An important current topic is the development of new
multifunctional materials that combine structural and physical
or/and chemical properties. In this respect, the coordination
polymers (CPs) constitute an important class of molecular
materials, which can be used for this purpose.1,2 There are
already many studies of porosity, good absorption capacity,
and optical and magnetic properties where CPs are used.1,2

Nowadays, the study of coordination compounds, including
the CPs, with 4f metal ions has attracted great interest due to
the enormous potential of working with multifunctional
materials that combine structural diversity with optical and/
or magnetic properties.3,4 There are already many current
applications of substances that contain lanthanide(III) ions in
domains such as medical imaging, catalysis, and optical and
magnetic materials.5−7

One of the characteristics of lanthanide ions is the high
coordination numbers that they have which allow them to
exhibit a broad structural diversity and different topologies in
their CPs. On the basis of the choice of the lanthanide(III) ion
and type of ligand, the CPs can show good optical and
magnetic properties. Conjugated organic ligands with carbox-
ylate groups are used to build CPs with luminescent properties.
Vapor diffusion over solutions of the metal ions and ligands
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and solvothermal methods are the most common preparative
routes of CPs.8

Particularly, aromatic polyoxamato ligands have been widely
used to obtain bimetallic CPs with 3d metals by the “complex-
as-ligand” approach. The great advantage of this type of ligands
is the ability to build CPs with predictable structures9−12 and
tunable magnetic properties, the oxamate bridge transmitting
efficiently the magnetic coupling between neighboring para-
magnetic metal ions.9 The first attempts with these ligands
focused on the preparation and characterization of mixed 3d−
3d and 3d−4f assemblies with strong magnetic interactions
with a few examples of 3d−4f 1D and 2D CuII−LnIII CPs.13−16
Recently, a new 2D DyIIICuIICP with N-(2,6-dimethylphenyl)-
oxamate, displaying ferromagnetic ordering,17 and four
isostructural 3D LnIII−CoIII CPs [Ln = Tb, Dy, Ho, and Er]
with N,N′,N″-tris(4-phenyl)aminetris(oxamate), where the Dy
and Er derivatives exhibit a field-induced slow magnetic
relaxation, were reported.18

On the other hand, there are a few examples of hydrogen-
bonded polymers based on mononuclear complexes with 4f
ions and oxamato ligands exhibiting magnetic and optical
properties.19−22 One of them, namely, Me4N[Dy

III(HL)4]·
2CH3CN [HL = N-(2,6-dimethylphenyl)oxamate; Me4N

+ =
tetramethylammonium cation], featuring a 2D hydrogen-
bonded herringbone net topology, exhibits a single-ion magnet
(SIM) behavior.19 The magnetic and luminescent properties of
a variety of isoreticular metal−organic framework-3 (IRMOF-
3) LnIII ions (EuIII, TbIII, NdIII) with ethyl oxalyl monochloride
and ethyl acetoacetate were reported by Abdelhameed et al.20

They show that these complexes are efficient near-infrared and
visible light emitters, with a quantum yield less than 1% and
1−2% for EuIII and TbIII compounds, respectively. The GdIII

derivative in the series of lanthanide(III)-oxamate complexes
of general formula Na[Ln(4-HOpa)4(H2O)]·2H2O [Ln = Eu,
Gd, Dy, and Ho and 4-HOpa = N-(4-hydroxyphenyl)oxamate]
exhibits a rare slow magnetic relaxation.21 More recently, Vaz
et al.22 reported magnetic and optical studies for the oxamate-
containing GdIII, EuIII, DyIII, and TbIII complexes of formula
Bu4N[EuIII(HL)4(dmso)]·nH2O [H2L = N-(4-Xphenyl)-
oxamic acid with X = F or Cl; Bu4N

+ = tetra-n-
butylammonium cation]. While some of these new complexes
show a field-induced SIM behavior, the monoprotonated
chloro- and fluoro-substituted phenyl(oxamate) ligands
sensitize the lanthanide(III)-based luminescence in the visible
region in efficient ways.
Up to date, trivalent lanthanide ions continue to be widely

used and preferably in luminescent compounds due to their
emission properties.18,20,6,24 However, it is known that the LnIII

ions possess low absorption coefficients in the UV−vis regions,
leading to weak emissions related to the 4f−4f spin-forbidden
transitions (Laporte rules).23,24 An efficient manner to avoid
this problem is to prepare lanthanide(III) complexes with
oxamate ligands that could act as antennas transferring the
excitation energy to the lanthanide emitting levels. In
particular, EuIII and TbIII ions are a good choice because of
their well-distinguishable emission profiles displayed in the red
and green regions, respectively, and long emission decay times
up to milliseconds.23,24 They have potential applications in
light-emitting diodes, optical fibers, or activators in X-ray
detection materials.23−25

Our research group has been working with oxamato ligands,
in particular with the N-(4-carboxyphenyl)oxamic acid (H3
pcpa),26,27 a ligand that afforded a new class of CPs of

transition metals and the first reported example of a hydrogen-
bonded polymer based on a mononuclear six-coordinate FeO6
high-spin iron(II) complex behaving as SIM.26,27 Motivated by
the previous works, we report a new family of oxamato-based
l a n t h a n i d e 2 D C P s o f g e n e r a l f o r m u l a
{[Ln2(Hpcpa)3(H2O)5]·H2O}n [Ln = EuIII (1), TbIII (2),
and GdIII(3)]. The synthesis, crystal structures, photo-
luminescence properties, and magnetic properties of such a
new family are discussed herein in detail. It is noteworthy that
1 and 2 present strong red and green emissions, respectively,
with moderate external quantum yield (ca 7.8% for 2) and high
color purity, up to 99%. The thermal dependence of 1 and 2
was exploited, and 3 was found to exhibit field-induced slow
magnetic relaxation with a very weak antiferromagnetic
coupling between the GdIII ions through the unprecedented
double syn−syn carboxylate(oxamate) bridge.

■ EXPERIMENTAL METHODS
Materials and Methods. All manipulations were carried out

under aerobic conditions. Chemicals were purchased from Sigma-
Aldrich and used without further purification. The Na2Hpcpa salt was
prepared by following a previously reported procedure.26 Elemental
analyses (C, H, N) were performed by Fisons EA1108.

Synthesis of the Complexes. {[Ln2(Hpcpa)3(H2O)5]·H2O}n
[Ln = EuIII (1), TbIII (2), and GdIII (3)], were prepared by slow
diffusion of aqueous solutions in H-shaped tubes as follows: aqueous
solutions of EuCl3·6H2O (0.1 mmol, 0.036 g), TbCl3·6H2O (0.1
mmol, 0.037 g), and Gd2(SO4)3·8H2O (0.1 mmol, 0.037 g) were
placed in one arm of the corresponding H-tube, whereas an aqueous
solution of Na2Hpcpa (0.1 mmol, 0.037 g) was placed in the other
arm. Water was added dropwise to fill the H-tube, which was covered
with parafilm and allowed to stand at room temperature. X-ray
suitable colorless needle-like crystals of 1−3 were grown after 20 days.
Yield: 62 (1), 75 (2), and 77% (3; on the basis of the ligand). They
were collected by filtration, washed with small amounts of water, and
air-dried. Anal. Calcd for C27H27Eu2N3O21 (1): C 31.38; H, 2.63; N,
4.07. Found: C 31.95; H, 2.72; N, 4.04%. Anal. Calcd for
C27H27Tb2N3O21 (2): C, 30.96; H, 2.60; N, 4.01. Found: C, 30.95;
H, 2.65; N, 4.06%. Anal. Calcd for C27H27Gd2N3O21 (3): C 31.06; H
2.61; N 4.02. Found: C, 31.05; H, 2.63; N, 4.00%. Selected IR data
(KBr disk, cm−1): 3444(br), 1649(s), 1603(s), 1409(s), 1311(w),
1181(w), 861(w), and 785(w) for 1; 3435(br), 1649(s), 1603(s),
1536(s), 1411(s), 1311(w), 1181(w), 861(w), and 785(m) for 2;
3435(br), 1649(s), 1603(s), 1536(s), 1411(s), 1311(w), 1181(w),
861(w), and 785(m) for 3.

Physical Measurements. Infrared spectra were recorded on a
PerkinElmer Spectrum 400 FT-IR/FT-FIR spectrometer using KBr
pellets in the wavenumber range of 4000−400 cm−1. A thermal study
was performed in simultaneous LabSYS Evo TG/DTA/DSC
equipment in the temperature range 50−650 °C using platinum
crucibles containing samples of ca. 3 mg at a heating rate of 10 °C/
min under an atmosphere of O2 with a flow of 20 mL/min. Powder X-
ray diffraction data were collected for polycrystalline powders of 1−3
using an Empyrean PANalytical powder diffractometer, using Cu Kα
radiation (λ = 1.54177 Å) at a voltage of 45 kV and a current of 40
mA in the 2θ range 3−50° with a step size of 0.0131°. Diffuse
reflectance spectra were measured in a PerkinElmer Lambda WB1050
spectrometer, operating in the 250 to 2500 nm spectral range, by
means a Praying Mantis accessory. Barium sulfate (BaSO4) powder
was used as a reference as received from Sigma-Aldrich. Photo-
luminescence (PL) emission spectra of the solid samples were
measured using a Horiba-Jobin Yvon spectrofluorometer, Model
Fluorolog-3 (FL3−221), under excitation with a 450 W Xe arc lamp
and Horiba PPD-850 ps photon detector in the UV−vis region. The
excitation and emission bandpass were of 0.8 (1 and 2) and of 3.0 nm
(3). PL emission was corrected for the spectral response of the
monochromators and the detector using a typical correction spectrum
provided by the manufacturer. The luminescence decay curves were
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measured by using a 50 W Xe-pulsed lamp. Low-temperature spectra
were recorded, by using a closed cycle cryostat model CS202AI-X15
(ARS Cryo) monitoring the temperature with a Lake Shore model
332 controller. Quantum yields (QYs) of the LnIII emission of all
complexes were acquired using an integrating sphere (Quanta-φ
equipment, F3029 model, Horiba Jobin Yvon) of Spectralon coupled
by means of optical fibers. The internal and external QYs were
calculated following the method developed by Wrighton et al.28

Variable-temperature (1.9−300 K) direct current (dc) magnetic
susceptibility measurements under applied dc fields of 1 T (T ≥ 50 K)
and 0.01 T (T < 50 K; 1−3), as well as variable field (0−5.0 T)
magnetization measurements at 2.0 K (2 and 3), were carried out on
crushed crystals by means of a Quantum Design SQUID magneto-
meter. Alternating current (ac) magnetic susceptibility measurements
on samples of 2 and 3 were done with a Quantum Design Physical
Property Measurement System (PPMS) under different applied dc
fields at different frequencies and in the temperature range 2.0−10.0
K. The susceptibility data were corrected for diamagnetism
contributions of the constituent atoms and the sample holder (a
plastic bag).
Crystallographic Data Collection and Structure Determi-

nation. All reflections for single crystals of 1−3 were collected on a
Bruker D8 Venture diffractometer using Mo Kα radiation with a
PHOTON detector. The structure was solved by direct methods
through SHELXS-201429 of phase retrieval and then refined by full-
matrix least-squares on F2 with anisotropic thermal parameters for all
non-hydrogen atoms while the hydrogen atoms were stereochemically
positioned and their displacement parameters fixed and set to
isotropic [Uiso(H) = 1.2Ueq (CH or NH2) or 1.5Ueq (water or CH3)].
In addition, some scattered peaks with residual electron density were
still observed in the difference Fourier map located in a void for 1−3.
Attempts were made to assign these peaks as nonstoichiometric water
molecules; however, checkcif alerts arise, such as short distances with
other atoms, like coordination water molecules. Therefore,
PLATON/SQUEEZE30 was used to remove their contribution to
the diffraction data. The Mercury31 and ORTEP332 programs were
used within the WinGX32 software package to prepare artwork
representations. Chimera33 was also employed to prepare illustrations.
Crystallographic data and refinement parameters of 1−3 are
summarized in Table 1, whereas selected bond distances and angles
are listed in Tables S2 and S3, respectively. All crystallographic data
are available from the CCDC. The CCDC numbers are 1992815 (1),
1992814 (2), and 1992813 (3).

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Slow diffusion of

aqueous solutions Hpcpa2− with EuCl3·6H2O, TbCl3·6H2O,
and Gd2(SO4)3·8H2O in H-shaped tubes yielded colorless
needle-like crystals of 1−3 (see Scheme 1). The compounds

were also obtained as polycrystalline samples in practically
quantitative yields by mixing aqueous solutions of the
stoichiometric amounts of the corresponding reagents.
The powder X-ray diffraction (PXRD) pattern of the

synthesized compounds was recorded to confirm their phase
purity. As shown in Figures S1−S3 (see the Supporting
Information), the PXRD patterns coincide with those
simulated from the corresponding single crystal X-ray data,
demonstrating that the crystal structure is truly representative
of the bulk materials.
FT-IR spectra of 1−3 are depicted in Figure S4 (Supporting

Information) together with that of Na2Hpcpa. The spectra of
all three lanthanide compounds are very close and show strong
and broad absorption bands in the range of 3300−3450 cm−1,
which are due to the ν(O−H) stretching vibration of the water
molecules together with ν(N−H) stretching vibrations of the
amide fragment in Hpcpa2− ligand. The characteristic
frequency of the carboxylate fragments of the free ligand
[νas(CO)] at 1661 and 1581 cm−1 in the spectrum of the
sodium salt is shifted toward lower wavenumbers of ca. 1649
and 1535 (1), 1648 and 1536 (2), and 1654 and 1536 cm−1

(3). This spectroscopic feature is a diagnostic of the

Table 1. Crystal Data and Details of Structure Determination for 1−3

compound 1 2 3

empirical formula C27H27Eu2N3O21 C27H27Tb2N3O21 C27H27Gd2N3O21

formula weight 1033.46 1047.38 1044.02
crystal system monoclinic monoclinic monoclinic
space group Cc Cc Cc
a/Å 24.306(9) 24.247(7) 24.352(6)
b/Å 19.878(9) 19.906(5) 19.900(5)
c/Å 7.450(3) 7.428(2) 7.4533(17)
β/ ° 104.911(16) 105.045(8) 104.857(7)
V/ Å3 3478.0(2) 3462.3(16) 3491.2(14)
Z 4 4 4
T/K 298 298 298
radiation Mo Kα Mo Kα Mo Kα

wavelength/Å 0.71073 0.71073 0.71073
ρcald/g cm−3 1.974 2.009 1.986
μ/mm−1 3.665 4.144 3.858
reflections collected 20354 24035 18369
goodness-of-fit on F2 1.041 0.917 1.050
R1,

a wR2
b (I > 2σ(I))a 0.0825, 0.1724 0.0762, 0.1704 0.0636, 0.1181

CCDC deposit number 1992815 1992814 1992813
aR1 = Σ||Fo| − |Fc||/Σ|Fo|. bwR2 = (Σ[w(Fo2 − Fc

0)2]/Σ[w(Fo2)2])1/2

Scheme 1. Synthesis of Compounds 1−3

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.0c03226
Inorg. Chem. 2021, 60, 6176−6190

6178

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c03226/suppl_file/ic0c03226_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1992815&id=doi:10.1021/acs.inorgchem.0c03226
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1992814&id=doi:10.1021/acs.inorgchem.0c03226
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1992813&id=doi:10.1021/acs.inorgchem.0c03226
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c03226/suppl_file/ic0c03226_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c03226/suppl_file/ic0c03226_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1992815&id=doi:10.1021/acs.inorgchem.0c03226
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1992814&id=doi:10.1021/acs.inorgchem.0c03226
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1992813&id=doi:10.1021/acs.inorgchem.0c03226
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03226?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03226?fig=sch1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.0c03226?rel=cite-as&ref=PDF&jav=VoR


carboxylate coordination in 1−3 as confirmed by their X-ray
structures (see below). The vibration mode at 787 cm−1 is due
to the Ln−O elongation.20

The TG curves of 1−3 are shown in Figure S5 (Supporting
Information). The complexes lose about 10% of their weight
up to 170 °C that can be assigned to the loss of six water
molecules [calcd/found = 10.4/9.04 (1) and 10.32/9.26%
(2)]. In the case of 3, it can be attributed to the loss of 10
water molecules [calcd/found = 10.35/16.08%] because of its
hygroscopic character. This first mass loss is followed for a
quasi-plateau until 350 °C. Two major mass losses occur
between 350 and 450 °C which are due to the decomposition
of the anhydrous phases. The final residues of the thermal
decomposition of 1−3 can be attributed to the respective
lanthanide oxides (Ln2O3).
Diffuse reflectance spectra of 1−3 in the UV−vis−NIR were

collected at room temperature. They are depicted in Figure
S6a (Supporting Information). The spectrum of 1 exhibits
characteristic absorption lines assigned to 7F0 →

5D0,1,2,3 and
7F0 → 5L6 transitions at 536, 525, 465, 416, and 394 nm,
respectively.34 The spectrum of 2 shows only one band in the
whole spectral range which occurs at 487 nm, and it is due to
the 7F6 → 5D4 transition.35 From the spectra in Figure S6b
(Supporting Information) and using the Kubelka−Munk
theory,36 the optical band gap was determined from the solid
state spectra following the procedure early described.37 The
band gap Eg for all samples was obtained from the [F(R∞)hv]

2

vs hv plots (Figure S6b). The values of Eg are ca. 3.61 (1), 3.43
(2), and 3.52 eV (3), indicating that compounds 1−3 could be
considered as nonconducting materials with high diffuse
reflectance greater than 77%, in the spectral range from 400
to 1400 nm. These values of Eg are greater than other ones
reported in the literature for the [Eu(H2L

n)(NO3)3](H2O)x
macrocyclic complexes, ca. 2.16 (Eu−OPDA), 2.66 (Eu−

DAP), and 2.66 eV (Eu−EDA) [H2L
n is the macrocyclic ligand

derived from 2-hydroxy-5-methyl-1,3-benzenedicarbaldehyde
and o-phenylenediamine (OPDA, n = 1), ethylenediamine
(EDA, n = 2), and 1,3-propanodiamine (DAP, n = 3)],37 as
well as the eight-coordinate [Eu(TTA)3(phen)] (TTA =
thenoyltrifluoroacetone and phen = 1,10-phenanthroline, 3.26
eV).38 The band gap for metallo-organic compounds is defined
as the energy gap between the HOMO and LUMO levels.39

This is an important factor in controlling the magnitude of Eg
for the design of the molecular structure that can lead to
improving the optical and the magnetic properties.

Description of the Structures. The crystallographic
results reveal that compounds 1−3 are isostructural neutral
zigzag chains running parallel to the [101] direction [Figures 1
(1), S7 (2), and S8 (3)] that crystallize in the monoclinic Cc
space group. Therefore, only the structure of the EuIII

derivative will be described in detail, and we will refer to the
other two compounds when needed. The asymmetric unit of 1,
which is shown in Figure 1a [those of 2 and 3 are shown in
Figures S7a and S8a, respectively], comprises two crystallo-
graphically independent EuIII metal ions (Eu1 and Eu2), three
anionic Hpcpa2− ligands, and six water molecules, five of them
being coordinated, whereas the remaining one is free.
Eu1 and Eu2 in 1 are eight coordinate (as the corresponding

lanthanide cations in 2 and 3) with three (Eu1)/two (Eu2)
water molecules, four (Eu1)/three (Eu2) carboxylate-oxygen
atoms, and one (Eu1)/two (Eu2) amide oxygens defining a
geometry between triangular dodecahedron (D2d) and square
antiprism (D4d; see Table S1) after the SHAPE program,40 The
values of the Eu1−O bond lengths cover the range 2.20(2)−
2.59(2) Å [2.201(19)−2.60(2) (Tb1−O) and 2.221(14)−
2.626(16) Å (Gd1−O)], while those of Eu2−O range from
2.27(3) to 2.62(2) Å [2.20(3)−2.588(19) (Tb2−O) and
2.25(2)−2.569(15) Å (Gd2−O)] (see Table S2). Those bond

Figure 1. (a) A view of the contents of the asymmetric unit of 1 with the atom numbering of the metal environment. (b) A perspective view of a
fragment of the zigzag chain of 1 running along the crystallographic a axis. (c) A view of the arrangement of two neighboring chains parallel to the
ac plane. Color code: C (gray), N (blue), O (red), Eu (aqua), H (white). Symmetry code: (i) = 1/2 + x, 1/2 − y, 1/2 + z; (ii) = x, y, z − 1. The
same atom numbering has been adopted for 2 and 3 [Figures S7a and S8a].
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length values are coherent with similar structures deposited in
the CSD,41 with a mean value for the Ln−O bond length (Ln
= EuIII, TbIII, and GdIII) of 2.450 (Eu−O), 2.385 (Tb−O), and
2.403 Å (Gd−O).42 Also, it could be verified more specifically
for the LnIII−O(water) and LnIII−O(oxamate) distances which
also agree with the previously reported structures.21,22,43−45

The O−Eu1−O bond angles span from 65.3(8) to 146.0(9)°
[65.1(9)−141.5(9) (O−Tb1−O) and 66.0(7)−147.3(8)°
(O−Gd1−O)] while those around Eu2 cover the range
63.0(7)−152.2(9)° [63.8(7)−146.1(8) (O−Tb2−O) and
63.6(5)−151.3(6)° (O−Gd2−O)] (see Table S3). Those
angles were compared with some reported compounds in the
literature. In this comparison, coordination compounds with
an eight-coordinated lanthanide (Ln = TbIII and GdIII) already
described with the same coordination sphere (three water
molecules, one bidentate ligand (oxygen), and three oxygen
atoms) for GdIII and other similar spheres (three water
molecules, two bidentate ligand (oxygen), and one oxygen
atom) for TbIII.44,45 However, coordination compounds of
EuIII with a similar coordination surrounding to that of the
compounds reported in this work were not found, not even
eight-coordinated compound. Therefore, a EuIII ninth-coordi-
nated compound was used in the analysis of angles.43 This
analysis revealed similar angle values in relation to those
reported here. The angles of the compounds reported in the
literature43−45 range from 64.20(5) to 143.73(6)° for EuIII,
67.2(2) to 147.3(2)° for TbIII, and 52.2(2) to 153.7(2)° for
GdIII.
Double syn−syn carboxylate(oxamate) groups connect Eu1

and Eu2 into pairs within each chain, the europium−europium
separation being 5.062(2) Å for Eu1···Eu2 [5.026(2) (Tb1···
Tb2iii) and 5.059(2) Å (Gd1···Gd2); symmetry code: (iii) =
1/2 + x, 3/2 − y, 1/2 + z]. These couples are in turn
interlinked by three Hpcpa2− ligands, one of them through the
μ-κ2O,O′:O″ coordination mode and the other two across the
μ3-κ

2O,O′:κO″:κO′′′ one, resulting in neutral 1D CPs [Figure
1b]. Two root mean square deviation (rmsd) planes were fitted
through the atoms that connect the lanthanide cations across
the oxamate bridge in the double syn−syn conformation cited
above. The planes were defined as A and B and fitted through
the C6A,C9A,O4A,O5A and C6C,C9C,O4C,O5C sets of
atoms, respectively. The angles between the A and B planes

are 9.9(14)° (1), 11.3(14)° (2), and 7.0(11)° (3). These
values indicate a higher torsion for 2. The rmsd of those planes
ranges from 0.00927 to 0.0694.
The values of the metal−metal distances through these

extended bridges are 10.220(4), 12.332(5), and 12.220(5) Å
for Eu1···Eu2i, Eu1···Eu1i and Eu2···Eu2i, respectively. The
corresponding values in the other two compounds are
10.163(3), 12.264(4), and 12.193(4) Å for Tb1···Tb2, Tb1···
Tb1iv, and Tb2···Tb2iii (2) [symmetry code: (iv) = −1/2 + x,
3/2 − y, −1/2 + z] and 10.231(3), 12.353(3), and 12.240(3)
Å (for Gd1···Gd2i, Gd1···Gd1i, and Gd2···Gd2i; 3).
Additionally, the interaction between two parallel chains by

means of hydrogen bonds and π−π interactions results into a
supramolecular 2D network (Figure S9a) in which the shortest
interlayer contact between the europium atoms is 6.119(3) Å
(Eu1 and Eu2ii) [6.099(2) Å (Tb1v and Tb2) and 6.121(2) Å
(Gd1 and Gd2ii); symmetry code: (v) = −1/2 + x, 3/2 − y,
−3/2 + z]. These π−π interactions take place along the
crystallographic c axis with values of the distance between
centroids of 3.725(2) Å (1), 3.714(2) Å (2), and 3.727(8) Å
(3) (see Figure S9a).
The interaction between two chains is established by

hydrogen bond interactions, which occurs along b and c axes.
The connection between two chains throughout O−H···O
type hydrogen bonds along the b axis can be seen in Figure
S9a. These intermolecular interactions involve oxygen atoms
that belong to coordinated water molecules (O2W, O3W,
O4W, and O5W) and oxamate-oxygen atoms (O1B, O2B, and
O5B). In addition, the connection between chains is also noted
along the c axis (Figure S9b). Those interactions involve
coordinated water molecules (O1W, O2W, and O4W) and
oxamate-oxygen atoms (O1A, O2A, O5A, and O2C). The
molecular contacts involve the O−H···O type of interactions
and are established mainly by water molecules and oxamate-
oxygen atoms. At least, N−H···O hydrogen bonds and C−H···
O type interaction occur between the ligand and the free water
molecule (O6W). The geometric parameters of the hydrogen
bond interactions for all structures (1−3) are summarized in
Table S4.
Those inter- and intramolecular interactions lead to the

formation of pores which can be viewed parallel to the
crystallographic ab plane (Figure S10). The water molecules of

Figure 2. (a) Room temperature EuIII excitation spectrum monitoring the 5D0 →
7F2 transition at 615.6 nm (green line) and the emission spectrum

upon excitation at 394 nm (red and blue lines). The inset shows the amplified emissions corresponding to the 5D1 →
7F0,1,2 and

5D0 → 7F0
transitions (red line). (b) Emission spectra as a function of the temperature.
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crystallization are hosted in these pores forming water channels
that grow along the crystallographic c axis.
Photoluminescence Results. Solid-state emission spectra

have been collected for 1 and 2 as a function of the
temperature in the UV−vis region. In addition, the
phosphorescence spectra of solid samples of 3 (Figure S11)
were measured in order to investigate the excited energy levels
of the ligand, and its matching with emitting levels of
compounds 1 and 2. The values of the energies for 3 were
determined from the excitation and emission spectra, ca. 29412
cm−1 (∼340 nm) and 22727 cm−1 (∼440 nm) for the singlet
(S1) and triplet (T1) states of the ligand, respectively.
Both excitation and emission spectra of 1 taken at room

temperature are shown in Figure 2. The excitation spectrum
was acquired by monitoring the hypersensitive 5D0 →

7F2 Eu
III

transition at 615.6 nm in Figure 2a. The characteristics bands
related to EuIII excited states were identified at 375 (7F0 →
5G4,5,6), 394 (7F0 →

5L6), 416 (7F0 →
5D3), 464 (7F0 →

5D2),
525 (7F0 →

5D1), and 534 nm (7F1 →
5D0).

34 In addition, one
broad band centered at 340 nm is observed and assigned as a
metal−ligand charge transfer. The emission spectra of 1 under
excitation of 394 nm, at room temperature, show the typical
emission bands of this ion, the first three being centered at
525.4, 536.0, and 554.8 nm corresponding, respectively, to the
5D1 →

7F0,1,2 transitions. The following one is the 5D0 →
7F0

transition at 578.7 nm. The 5D0 →
7F1 (orange, O) transition

at 590.8 nm has a magnetic dipole (MD) nature, and it is
known to be less affected by the site symmetry. The transition
centered at 615.4 nm is assigned to the hypersensitive 5D0 →
7F2 transition (red, R). It is the most intense of all transitions
observed, which has electric dipole (ED) character, being
strongly influenced by the local environment. Two additional
EuIII weak emission bands are observed at 651.8 and 698.8 nm,
corresponding to the 5D0 → 7F3 and 5D0 → 7F4 transitions,
respectively. The 5D0 →

7F6 transition cannot be observed due
to the experimental conditions, being out of range of the
detector. Further, a single 5D0 →

7F0 line in the spectra and the
intensity of the 5D0 →

7F2 (R) transition, which is greater than
that of the 5D0 →

7F1 (O), indicates that the Eu
III ion lies in a

coordination environment without an inversion center.24 By
amplifying the emission spectra of 1 in the region 500−580 nm
(red line in inset of Figure 2a), it is possible to see some other
europium weak transitions centered at 525.6, 536.4, and 558.8
nm labeled as 5D1 →

7F0,1,2.
Figure 2b shows the emission spectra of 1 under excitation

of 394 nm at different temperatures (15 to 300 K); the pattern
and the position of the barycenter of each observed EuIII

transition do not change with the temperature. The ratio of the
integrated areas of the R and O transitions [R/O = I(5D0 →
7F2)/I(

5D0 → 7F1)] were also calculated at different temper-
atures (Figure S12). Such a ratio is generally used as a measure
of both the degree of covalence of the bonds between the
lanthanide and the donor atoms of the ligand and of the
symmetry of the coordination environment even at different
temperatures.46 This figure shows that the R/O ratio is almost
temperature independent (its value covering the very narrow
range 5.26−5.28 nm (from 16 to 243 K), indicating a
moderate degree of covalence and that the EuIII ions occupy a
temperature independent low symmetry coordination center.
However, a slight reduction was observed from 5.28 nm at 243
K to 5.20 nm at 300 K, which is probably related to structural
changes.

In addition, the spectral properties of the EuIII compound
may be more accurately studied by using the Judd−Ofelt
theory47,48 in order to calculate the experimental intensity Ω2
and Ω4 parameters, radiative emission rates (Arad), radiative
lifetime (τrad), and branching ratios β02 and β04 as well as the
number of water molecules at the coordination sphere of the
EuIII ion (q) and the quantum efficiency (η).
The value of A0→J could be calculated by using eq 1:
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where e is the electron charge, n0 is the index of refraction of
the host, ω is the frequency of the transition, ℏ is Planck’s
constant, Ωλ is the Judd−Ofelt intensity parameters,47,48 and
⟨7J∥U(λ)∥5D0⟩

2 is the reduced matrix element for λ = J = 0, 2,
and 4, given by Carnall et al.,49 and that the total radiative
decay rate, Arad, for the particular case involving the Eu

III ion is
written in terms of the integrated area of their emission spectra
I0J according to eq 2:
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where A01 is the spontaneous decay rate for the 5D0 → 7F1
transition given by A01 = A01′n3 with A01′ = 14.65 s−1 in
vacuum and I0J is the area of the emission curves. The intensity
parameters Ωλ could be calculated through eq 3:
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with λ = J = 0, 2, and 4. The reduced matrix elements,
⟨5D0∥U(λ)∥7F2⟩2 = 0.0032 and ⟨5D0∥U(λ)∥7F4⟩2 = 0.0023,
were taken from Carnall et al.49 The predicted radiative
lifetime τrad is given by the inverse of the total area under the
emission curves, τrad = 1/Arad, and the branching ratios are
given by β0J′ = A0J′/Arad, with J′ = 1, 2, or 4.
Some values of the Ω, τrad, and β0J′ parameters for selected

temperatures are summarized in Table 2. One can see therein

how all these parameters are quasi temperature independent in
the temperature range 16−243 K, as illustrated also by Figure
S13, and somewhat more accentuated changes are observed
from 243 to 300 K. The value of Ω2 at 16 K is 9.12 × 10−20

cm2, and it is slightly smaller at 300 K (8.78 × 10−20 cm2),
showing that structural changes influence the optical proper-
ties. These Ω2 values may be understood as a consequence of
the hypersensitive behavior of the 5D0 →

7F2 transition to the

Table 2. Radiative Decay Rates Arad, Lifetime τrad, Ω2, Ω4
Judd−Ofelt Parameters; and β0J Branching Ratios for
Selected Temperatures

1

temperature Arad τrad Ω2 Ω4 β01 β02 β04

[K] [s−1] [ms] [10−20 cm2] [%]

16 416.2 2.40 9.12 7.05 14.8 80.9 4.3
50 418.6 2.39 9.18 7.11 14.7 81.0 4.3
140 419.4 2.38 9.20 7.08 14.7 81.0 4.3
243 418.8 2.39 9.19 7.03 14.7 81.0 4.3
300 413.6 2.42 9.05 7.00 14.9 80.8 4.3
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local symmetry of EuIII,50 indicating that the europium ion is in
a lower polarizable chemical environment. Moreover, the
calculated value of Ω2 at room temperature is in good
agreement with those reported by Vaz et al.22 for two Eu(III)-
oxamate complexes of formula Bu4N[Eu

III(HL)4(dmso)]·
nH2O where H2L = N-(4-Xphenyl)oxamic acid (X = F or
Cl) [Ω2 = 8.75 × 10−20 (Eu−F) and 8.43 × 10−20 cm2 (Eu−
Cl)], but it is far from the values reported for EuIII β-
diketonate compounds such as Eu(TTA)3·2DMSO51 (30.9 ×
10−20 cm2) as well as for the [Eu(btfa)3(4,4′-bpy)(EtOH)]
(30.9 × 10−20 cm2) and [Eu(tta)3·2H2O] (40.0 × 10−20

cm2).52,53 Another aspect to be considered is that the
asymmetry around rare-earth ions and their polarization are
determined by the Ω2 parameter, while Ω4 depends on long-
range effects,37,54 these and the higher values of Ω2 compared
to those of Ω4 in the whole temperature range, implies that the
5D0 →

7F2 transition efficiency increases, as observed for EuIII

in the macrocyclic complexes [EuH2L
n(NO3)3](H2O)x,

37

resulting into a red emission of the EuIII ions.
Concerning to the radiative lifetime (τrad) at 16 and 300 K,

the obtained values are 2.40 and 2.43 ms, respectively. This
smaller increase correlates with the values of Ω2, which are
sensitive to the structural changes in the neighborhood of the
lanthanide ion (short-range effect).37,54 The present τrad values
can be compared to those obtained for Cs3[Eu(dpa3)]·8H2O
(dpa = dipicolinate) in the solid state (2.6 ms).55 The analysis
of the β0J’ branching ratios [β01 = 14.8%, β02 = 80.9% and β04 =
4.3% (at 16 K), and β01 = 15.0%, β02 = 80.7%, and β04 = 4.3%
(at 300 K)] show that they follow the β02 > β01 > β04 trend in
the whole temperature range, in agreement with the order of
the relative intensities, 5D0 →

7F2 >
7F1 >

7F4.
The excitation and emission spectra of 2 performed at room

temperature are shown in Figure 3a. The excitation spectrum
(green color) was acquired by monitoring the emission at 543
nm, corresponding to the 5D4 → 7F5 transition, where the
observed broad band at 345 nm is assigned to the π−π*
transition of the ligands, and the peaks at 486 and 377 nm are
due the 7F6 → 5D4 and 5D2 absorptions,35 respectively. The
emission spectra of 2 were acquired exciting the ligand band at
345 nm and the 5D2 and

5D4 excited states of TbIII at 377 and
489 nm, respectively. It can be noted that the more intense

emission is observed by exciting the ligand (330−370 nm
range), evidencing an effective ligand to metal ion energy
transfer, the so-called antenna ef fect. The spectra in Figure 3a
and b show typical emission bands corresponding to 5D4 →

7F6
(blue, B) at 487.6 nm, 5D4 →

7F5 (green, G) at 541.8 nm, and
5D4 →

7F4 (587 nm) and 5D4 →
7F3 (620 nm) f−f transitions

of TbIII.35 As expected, the 5D4 →
7F5 transition has magnetic

dipole (MD) character, which is dominant over the other ones,
indicating that the TbIII can emit green light when excited with
UV radiation.
Figure 3b shows the temperature dependent-emission

spectra of 2. As in the case of 1, it is observed that the
pattern of the spectra and the position of the TbIII transitions
do not change with the temperature, as well as the G/B ratio
(see Figure S12) presenting values between 1.51 and 1.59 in
the whole temperature range. The TbIII G/B quotient provides
the same information as the R/O one, and this indicates that a
low degree of covalence occurs here and also that the TbIII ion
occupies a temperature independent low symmetry coordina-
tion center.

Thermal Quenching. In order to examine the nonradiative
quenching behavior, the normalized total integrated intensity
(IT/I16K) evaluated from the emission spectra of 1 and 2 in the
spectral range 16−300 K is shown in Figure 4. This can be
approximately analyzed using the Mott-Seitz model involving
two nonradiative processes (eq 4):56

= + −Δ

+ −Δ −

I I C E kT

C E kT

/ (1 exp( / )

exp( / ))
T 16K 1 A1

2 A2
1

(4)

where I16K and IT stand for the integrated area of the 5D0 →
7F0−4 transitions at 16 K and another temperature, C1 and C2

are the ratios between the nonradiative and radiative
probabilities, and ΔEA1 and ΔEA2 represent the activation
energies required to activate the thermal quenching processes.
The best-fit parameters are summarized in Table 3 with
correlation coefficients r2 higher than 0.99. It is noteworthy to
mention that similar values of the C1 parameter and ΔEA1,2
energies are obtained for both complexes, which can be
associated with a similar observed thermal quenching of 1 and
2. On the other hand, the difference observed in the values of

Figure 3. (a) TbIII excitation spectrum monitoring the 5D4 →
7F5 transition at 542 nm (green line) and the room temperature emission spectra

upon excitation at 345, 377, and 489 nm, blue, red, and black lines, respectively. (b) TbIII emission spectra as a function of temperature under
excitation at 345 nm.
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C2 could be associated with the difference of the thermal
quenching between 1 and 2. These found values are
compatible with those reported for other EuIII and TbIII

complexes.56,57

The temperature at which the complexes lose half of their
emitting efficiency, the thermal quenching (TQ1/2) value, can
be calculated through eq 5:

= −ΔE k CTQ /( ln(1/ ))i1/2 Ai B (5)

where the activation energies (ΔEAi) and the Ci constants are
given in Table 3. In this case, as the ΔEA1 values are very small

compared with those of ΔEA2, we consider these last ones in
the calculations.

Emission Lifetimes, Quantum Yield, and Color
Coordinates. The luminescence lifetimes of the excited states
of EuIII (5D0) and TbIII (5D4) ions are estimated from the
decay curves shown in Figure 5, by monitoring the emissions at
615.5 and 543 nm corresponding to their respective 5D0 →

7F2
and 5D4 → 7F5 transitions. The decay curves were fitted
through a single exponential function I(t) = I0 exp(−t/τ)
where τ is the decay time and I0 is the intensity at t = 0. At
room temperature, the values of the lifetime τ of the 5D4
multiplet and 5D0 for TbIII and EuIII, respectively, were
determined to be 0.438(2) and 0.308(1) ms (Table 4). They

corroborate the crystallographic data about the existence of a
single chemical environment for both EuIII and TbIII ions in 1
and 2. In addition, the values of τ are in good agreement with
those reported for similar homodinuclear systems,58,59 the
value for the TbIII complex being greater than that for the EuIII

one. The fact that the energy gap between the emitting levels
of TbIII is greater than the one of EuIII accounts for this feature.
In general, relatively shorter lifetimes, as obtained here for 1
and 2, appear when the nonradiative decay channels are
associated with vibronic coupling due to the presence of
solvent molecules, as very well explained by de Sa ́ et al.60 for a
series of β-diketonate compounds. Now, in agreement with the
Jud−Ofelt theory,47,48 the nonradiative decay rate, Anrad, could
not be calculated theoretically, but it can be obtained from the
experimental lifetime (τexp) and radiative decay (Arad) through

Figure 4. Variation of the total normalized integrated intensity (IT/
I16K) as a function of the temperature.

Table 3. Best-Fit Parameters for the Thermal Dependence
of the Total Integrated Intensity from Figure 4

1 2

C1 0.27 0.61
ΔEA1/meV 7(1) 7(1)
ΔEA1/cm

−1 54 54
C2 98 401
ΔEA2/meV 120(10) 130(10)
ΔEA2/cm

−1 1021 1058
TQ1/2/K 304(25) 252(20)

Figure 5. Luminescence emission decay curves for (a) 1 and (b) 2. Symbols and solid lines represent the experimental and simulated data,
respectively.

Table 4. Photometric Parameters: Experimental Lifetimes
(τ) of the Fitted Decay Curves, CIE (x,y) Coordinates, and
Values of the CCT (K) and Color Purity (CP) for 1 and 2

T
(K) τ (ms)

iQY
(%)

eQY
(%) CIE

CCT
(K)

CP
(%)

1 16 (0.651,
0.341)

6468 89.7

300 0.308(1) 1.8 0.8 (0.648,
0.341)

6535 88.8

2 16 (0.278,
0.599)

2537 98.7

300 0.438(2) 7.8 6.8 (0.275,
0.594)

2489 96.5
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the expression (τexp)
−1 = Arad + Anrad. The obtained value of

Anrad is 2833.1 s−1. This value is much greater when compared
to that of Arad due to the small τexp measured for 1.
The intrinsic quantum efficiency (η) for 1 (ca. 12.7%) was

calculated through the ratio of τ and τrad obtained by the
Judd−Ofelt theory. The internal and external quantum yields
(iQY and eQY) for 1 and 2 are listed in Table 4. They are 1.8
and 0.8% for the 5D0 → 7FJ emission of 1 under 394 nm
excitation. These QY values could be associated with the
EuIII 5D0 →

7F4 (698.8 nm, 14310 cm−1) and the TbIII 5D4 →
7F3 (698.8 nm, 16129 cm−1) energy gaps that match with
overtones of C−H or O−H vibration frequencies. This match
of energy could be the origin of a small emission quantum
yield and a temperature-dependent luminescence, as observed
for 1. The observed lower efficiency of the 5D0 level also could
be explained by the rate between the emission quantum yield
(iQY) and the intrinsic quantum efficiency (η), k = iQY/η,
where k is related to all processes involved in the efficiency of
light absorption by the sensitizer, the energy transfer to the
emitting state, and the decay rates that populate the emitting
state.20,61 k for 1 is ca. 0.14, a value which agrees with the
inefficient process of the absorption of the excitation light and
the subsequent energy transfer from the ligand to the EuIII ion.
In the case of 2, the values of iQY and eQY, under an
excitation of 345 nm, are 7.8 and 6.8%, respectively. This value
of QY is comparable with the previously reported one for EuIII,
and it is 3.5 times greater than that of the TbIII oxamate-
terminated IRMOF-320 [ca. less than 1% (EuIII) and 1−2%
(TbIII)].
After Latva et al.62 and Yang et al.,63 for an efficient ligand to

metal energy transfer, the energy gap (ΔE) between the triplet
excited state (T1) and the excited state of LnIII ions should be
from 2000 to 5000 cm−1 for EuIII and TbIII. The triplet energy
level of the ligand (22831 cm−1) is higher than the lowest EuIII

excited state at 578.7 nm (17280 cm−1), ΔE[T1 − 5D0] = 5551
cm−1, and the 5D4 TbIII energy level at 487.6 nm (20508
cm−1), ΔE[T1 − 5D4] = 2323 cm−1. These energy gaps
indicate that the mechanisms of EuIII and TbIII complexes
correspond to a ligand (organic and inorganic) sensitized
photoluminescence process (antenna ef fect). These results
point to the fact that Hpcpa2− is a more efficient sensitizer for
TbIII luminescence than for the EuIII one, and they reveal that
the ligand could be used to afford new luminescent materials.

Figure 6a shows the color diagram for 1 and 2 as a function
of the temperature. The values of the CIE 1931 color
coordinates (x,y) do not shift so much, and they remain in the
red region, being (0.651, 0.341) (1)/(0.278, 0.599) (2) at 16
K and (0.648, 0.341) (1)/(0.275, 0.594) (2) at 300 K (see
Table 4). These values are close to those reported by Vaz et al.
for N-phenyloxamate-containing EuIII and TbIII compounds.22

The thermal dependence of the correlated color temperature
(CCT), for both compounds (Figure 6b), was calculated by
using the McCamy formula: CCT = −437n3 + 360n2 − 6861n
+ 5514.31, where n = (x − xc)/(y − yc), x and y being the
chromaticity coordinates, and xc = 0.3320 and yc = 0.1858, the
coordinates of chromaticity epicenter extracted from McCamy
et al.,64 for both compounds are shown in Figure 6b. The
values of the CCT for 2 range from 6468 to 6535 K by
changing the sample temperature from 16 to 300 K,
respectively (see Table 4), exhibiting a small increase (ca.
1%) when the temperature of the sample was increased but still
compatible with temperature for daylight (CIE Standard
Illuminant D65).

65 CCT for 1 remains almost constant between
16 (2537 K) and 227 K (2528 K), then decreasing ca. 2%
upon warming, reaching 2488 at 300 K. The CCT values for
both 1 and 2 indicate that they are very stable in the
temperature range 16−300 K and adequate for red and green
OLED applications, respectively.
In addition, another important spectroscopic parameter, the

color purity (CP), for the two complexes was calculated
through eq 6:66

=
− + −

− + −
×

x x y y

x x y y
CP

( ) ( )

( ) ( )
100%i i

d i d i

2 2

2 2
(6)

where (x,y) for each sample given in Table 4, (xi, yi) = (0.333,
0.333), and (xd, yd) are, respectively, the color coordinates of
the overall light emitted by each complex, the standard white
light, and the dominant wavelength point, (0.688, 0.331) for
red and (0.29, 0.60) for green colors. The found CP’s values
are nearly temperature-independent (see Figure S14). The
values of CP for 1 are 89.7 and 88.8% at 16 and 300 K,
respectively, whereas those for 2 are 98.7 (at 16 K) and 96.5%
(at 300 K).

Static (dc) and Dynamic (ac) Magnetic Properties of
1−3. The χMT vs T plot of 1 [χM is the dc magnetic
susceptibility per one EuIII ion] is shown in Figure 7. The value

Figure 6. Thermal dependence of (a) CIE 1931 chromaticity coordinate diagram with Tb and Eu emission positions and (b) the CCT values for 1
and 2.
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of χMT at 300 K is 1.20 cm3 mol−1 K. Upon cooling, this value
continuously decreases, and it tends to vanish as T approaches
zero. This behavior is as expected for a EuIII ion with a
nonmagnetic 7F0 ground state, being separated from the
thermally accessible 7FJ excited states (J = 1−6), which result
from the splitting of the 7F ground term (S = L = 3) due to the
first-order spin−orbit coupling effects. In this case, the 7F1 and
7F2 excited states are close enough to the lowest 7F0 state to be
thermally populated at room temperature.
The dc magnetic susceptibility data of 1 obey the expression

given by eq 7, which takes into account the seven states 7FJ (J
= 0−6) generated by spin−orbit coupling67,68

χ β= [ + −

+ − + −

+ − + −

+ − [ + +

+ + + + ]

−

− −

− −

− − −

− − − −

N kTx x

x x

x x

x

( /3 ) 24 (27 /2 3/2)e
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7e 9e 11e 13e )

x
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M
2

3 6

10 15

21 3

6 10 15 21 (7)

with x = λ/kT. Least-squares fitting of the magnetic data
through eq 8 leads to λ = 356(2) cm−1 and R = 2.2 × 10−5 (R
is the agreement factor described as ∑[(χMT)calcd −
(χMT)obs]

2/∑[(χMT)obs]
2). As shown in Figure 7, an excellent

theory−experiment agreement is achieved. The obtained value
of λ is within the range of those reported for other EuIII

complexes,22,67−71 being similar to that deduced from the
spectroscopic data. In fact, λ is the energy difference between
the 7F1 (578.8 nm, 17277 cm−1) and 7F0 (590.8 nm, 16926
cm−1) states, that is, 351 cm−1.
The χMT versus T plot of 2 (χM being the magnetic

susceptibility per one TbIII ion) is depicted in Figure 8. The
value of χMT at room temperature is equal to 11.42 cm3 mol−1

K. It is somewhat below the calculated one for a magnetically
isolated TbIII ion with a 7F6 low-lying state (χMT = 11.82 cm3

mol−1 K, 4f8, J = 6, L = 3, gJ = 3/2, and S = 3). This difference
can be attributed to the crystal field effects on the ground state
issued from the spin−orbit coupling. χMT continuously
decreases upon cooling because of the thermal depopulation
of the MJ states,

72 and it reaches 8.50 cm3 mol−1 K at 1.9 K.
Magnetization data for 2 were collected in the field and
temperature ranges of H = 0−5 T and T = 2.0−10.0 K,
respectively. The reduced magnetization M versus H/T plots
are shown in the inset of Figure 8. The magnetization increases

rapidly below 1 T and then gradually reaches 4.60 μB at 2.0 K
under 5 T. This value is much lower than the expected
saturation value of 9 μB for a single TbIII ion. This feature
together with the nonsuperposition of the isothermal magnet-
ization curves demonstrate the occurrence of magnetic
anisotropy and/or low-lying excited states in 2.
The dc magnetic susceptibility data of 2 were analyzed

through the following Hamiltonian eq 8:

λ β κ= + Δ[ − + ] + − +H LS L L SL L H1/3( ( 1) ( 2 )z
2

(8)

where the first, second, and third terms stand for the spin−
orbit coupling, the axial ligand-field component (x = y ≠ z),
and the Zeeman effect, respectively, while λ, Δ, and κ are the
spin−orbit coupling parameter, the energy gap between theML
components, and the orbital reduction parameter, respectively.
The best-fit parameters obtained by using the VPMAG
program73 are λ = −265(1) cm−1, Δ = −22.2(3) cm−1, and
θ = −0.095(1) K with R = 1.5 × 10−5. In the fitting process, we
kept constant κ = 1. θ is a Curie−Weiss parameter that was
introduced in the fit to account for the possible very weak
intrachain magnetic interactions (see below the analysis of the
magnetic data of 3).
The obtained value of the λ value for 2 is similar to that

found in other Tb(III) complexes.74 The most important point
in the analysis through this simple Hamiltonian is that it is
clearly indicative of the occurrence of a negative value of Δ. In
fact, the shape of the χMT curve cannot be reproduced with a
positive Δ value. A very different shape of the χMT curve and a
different magnetic moment for the ground state would occur
for Δ > 0.70 The negative value of Δ implies that the lowest
energy state is that of the highest value of ML (that is ML = 3)
,and so, in principle, the ground state would be the highest MJ
value (that is, MJ = ± 6). In contrast, Δ > 0 would mean that
the smallest value of ML (ML = 0) would correspond to that of
the lowest energy, and so, the lowest MJ value would be the
ground state (that is, MJ = 0). Although a lower symmetry can
mix different MJ values in the wave functions, the fact that
Hamiltonian eq 8 can reproduce quite well the corresponding
magnetic data is indicative of a dominant axial symmetry.

Figure 7. χMT against T plot for 1: (○) experimental; () best-fit
curve through eq 7 (see text). Figure 8. Temperature dependence (○) of χMT for 2: (○)

experimental; () best-fit curve through eq 8 (see text). The inset
shows the M against H/T isothermal curves for 2 in the temperature
range 2.0−10.0 K (1 T = 10.000 G). The solid lines are only eye
guides.
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In the absence of an external applied dc magnetic field, there
is no out-of-phase ac magnetic susceptibility (χM″) signal for 2,
suggesting a fast quantum tunneling of the magnetization
(QTM). However, very incipient values of χM″ occurred below
6.0 K under the application of nonzero dc fields (see Figure
S15 left and right for Hdc = 0.1 and 0.25 T, respectively),
indicating that 2 is an example of field-induced SMM. Their
incipient character precluded us to carry out any further
analysis.
The χMT versus T plot of 3 (χM being the magnetic

susceptibility per one GdIII ion) is shown in Figure 9. The χMT

value of 7.73 cm3 mol−1 K at room temperature is as expected
for a magnetically isolated GdIII ion with a 8S7/2 ground term
(χMT = 7.875 cm3 mol−1 K for SGd = 7/2 with g = 2.0). This
χMT value remains constant upon cooling down to ca. 50 K,
and it further decreases to 7.37 cm3 mol−1 K at 1.9 K. The
small deviations from the Curie law behavior in the low
temperature range are likely due to very weak antiferromag-
netic interactions between the GdIII ions and/or zero-field
splitting effects.
Looking at the structure of 3, two intrachain exchange

pathways could be (i) the double syn−syn carboxylate-
(oxamate) bridges (gadolinium···gadolinium separation of ca.
5.1 Å) and (ii) the three extended Hpcpa2− linkers
(gadolinium···gadolinium distances greater than 10.2 Å).
Given the large gadolinium···gadolinium separation through
this last pathway, the intrachain magnetic interaction through
it can be discarded and the magnetic coupling across (i) is
predicted to be very small. In this respect, it deserves to be
noted that a very weak ferromagnetic interaction [J = +0.037
cm−1, the spin Hamiltonian being defined as H = −JSGd1·
SGd2)] was reported for the digadolinium(III) compound of
formula [Gd2(ppbet)6(bipy)2](ClO4)6·3H2O (ppbet = pyr-
idiniopropionate) where the two GdIII ions are connected by
quadruple syn−syn carboxylate bridges.74

Taking into account the above considerations, we have
analyzed the dc magnetic susceptibility data of 3 by means of
four approaches noted I−IV. Complex 3 was considered a
magnetically isolated mononuclear compound in I with g

(average Lande ́ factor) and D (zero-field splitting) as variable
parameters through the spin Hamiltonian H = D(Sz

2 − 63/12)
+ gβHS. The best-fit parameters were 2.00(1) and ±0.54(2)
cm−1, respectively. In II, the GdIII derivative was also
considered a mononuclear species but having intermolecular
magnetic interactions. The best-fit parameters in such a case
are g = 2.00(1) and θ = −0.15(1) K (θ is a Curie−Weiss term
accounting for the intermolecular magnetic interactions). In
III, compound 3 was viewed as a simple dinuclear Gd(III)
complex with a magnetic exchange interaction through double
syn−syn carboxylate(oxamate) bridge (H = −JSGd1·SGd2). Best-
fit parameters for III were g = 2.00(1) and J = −0.04(1) cm−1.
Finally, model IV is like III but including also D as a variable
parameter. The best-fit parameters for IV were g = 2.00(1), |D|
= 0.10 cm−1, and J = −0.015 cm−1. The calculated curve
matches very well the experimental data in the whole
temperature range explored using values of either +0.1 cm−1

or −0.1 cm−1 for D. So, we could not determine the sign of D.
Let us briefly comment on the best-fit data obtained for 3. It

is clear that the first approach leads to a value of D too large
given the isotropic nature of the 8S7/2 ground term of the GdIII

ion. The fact that the reduced isothermal magnetization curves
of 3 practically superpose indicates a very small, if any,
magnetic anisotropy, and by the way, the magnetization at 5 T
tends to a quasi-saturation value of 6.90 μB (inset of Figure 9).
The values of θ or J through II and III, respectively, also seem
excessive in light of the structure of 3 and keeping in mind the
magneto-structural study of the above-mentioned
[Gd2(ppbet)6(bipy)2](ClO4)6·3H2O dimeric complex.
Although we are not aware of previous magneto-structural
reports on digadolinium(III) complexes with double syn−syn
carboxylate(oxamate) bridges to compare the obtained value
of J for 3 through IV, the best−fit parameters through this last
approach seem physically reasonable.
As in 2, no χM″ signal was found for 3 with the lack of an

applied dc magnetic field because of the QTM effects. With
nonzero applied external fields, the imaginary components of 3
exhibit a broad maximum shifting toward higher temperatures
with increasing modulation frequency and are also field
dependent (see Figure 10 with Hdc = 0.1, 0.25, and 0.5 T).
A second incipient relaxation process is observed below 2.5 K
under higher dc fields (Figure 10b and c) whose incipient
character precludes its modeling. In this respect, it should be
noted that two relaxation processes have been also observed in
a few examples of GdIII compounds.75−80

By using the positions of the broad maxima of the χM″ signal
of 3 at a given frequency of the oscillating ac magnetic field, we
are able to calculate the relaxation times (τ = 1/2πν at T =
Tmax). The values of the effective energy barrier (Ea) and pre-
exponential factor (τ0) at each applied dc magnetic field were
then obtained through fitting data to the Arrhenius equation (τ
= τ0 exp(Ea/kT) which brings out values of Ea = 2.27 cm−1 and
τ0 = 5.4 × 10−6 s (Hdc = 0.1 T), Ea = 26.6 cm−1 and τ0 = 3.8 ×
10−8 s (Hdc = 0.25 T), and Ea = 64.5 cm−1 and τ0 = 1.7 × 10−10

s (Hdc = 0.5 T; Figure 11).
As discussed above, we cannot unambiguously determine

the sign of D from static magnetic susceptibility measurements;
however, these dynamic magnetic measurements clearly
suggest a negative value for D. In fact, from the energy barrier
at Hdc = 0.1 T (ca. 2.27 cm−1), a value of D = −0.19 cm−1 is
obtained through the expression Ea = D(S2 − 1/4) where S =
7/2. This value is on the same order as that obtained by static
magnetic susceptibility measurements (|D| = 0.1 cm−1).

Figure 9. Temperature dependence (○) of χMT for 3: (○)
experimental; () best-fit curve through model IV (see text). The
inset shows the M against H/T isothermal curves for 2 in the
temperature range 2.0−10.0 K (1T = 10.000 G). The solid lines are
only eye guides.
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Nevertheless, this is not the case for greater applied dc fields
where much greater energy barriers are obtained by fit.
Theoretical calculations carried out on a GdIII-ethylenediami-
netetraacetate chain compound77 have shown that activation
barriers greater than 3.5 cm−1 cannot correspond to any
excited states on gadolinium sites, and then, they are fictitious
ones. Slow-rate spin-phonon transitions between GdIII levels
which are not separated by any energy barrier could account
for this behavior in 3. Overall, the unexpected findings of the
existence of slow magnetic relaxation in the case of the
isotropic gadolinium(III) center need further detailed
magnetic and theoretical studies on more examples of
structurally characterized SMMs with this rare-earth cation.

■ CONCLUSIONS
Three novel isostructural CPs have been synthesized by using
the dideprotonated form of N-(4-carboxyphenyl)oxamic acid
(H3pcpa) as a ligand toward Eu(III) (1), Tb(III) (2), and
Gd(III) (3) ions. The different bridging modes of the ligand
could promote the formation of 1D polymers which are
interlinked by hydrogen bonds and π−π type interactions,
resulting in supramolecular 2D networks, as revealed by single
crystal X-ray analysis. The lanthanide ions in 1−3 are eight-
coordinate, occupying two crystallographically independent
low-symmetry sites. Detailed solid-state optical studies are
presented for the first time for the oxamate-containing
compounds 1 and 2. The observed temperature dependence
of the Ω, τrad, β0J, R/O, and G/B parameters is indicative of
their thermal stability within the temperature range studied.
The external emission quantum yield of 2 (7.8%) was
improved compared with previously reported complexes,
indicating that the oxamate as a ligand is an effective sensitizer
of the TbIII ions, and this strategy could be considered suitable
for applications in lighting or as active media in green OLEDS.
The three compounds have dc magnetic behavior typical of
lanthanide(III) ions. The EuIII complex is paramagnetic with
the thermal population of exciting magnetic levels over the
diamagnetic ground level governing its properties. A very good
agreement between the values of the spin−orbit coupling
constant was achieved for this compound through the analysis
of the magnetic properties and luminescence measurements. A
very weak but non-negligible antiferromagnetic coupling
between the GdIII ions of 3 through the unprecedented double
syn−syn carboxylate(oxamate) bridge was found. The ac
susceptibility measurements reveal that 2 and 3 show field-
supported slow magnetic relaxation. This static bias field-
induced magnetic relaxation is common to other weakly
coupled lanthanide compounds, regardless of the magnetically
isotropic or anisotropic nature of the LnIII ion.
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Figure 10. Temperature dependence of out-of-phase susceptibility
(χM″) for 3 under an applied static field Hdc = 0.1 (a), 0.25 (b), and
0.5 T (c) and under ±5.0 G oscillating field at frequencies up to 10
kHz (1 T = 10.000 G).

Figure 11. Arrhenius plots for 3 under applied dc fields of 0.1, 0.25,
and 0.5 T (1 T = 10.000 G). Open circles are the experimental data,
whereas the solid lines are the best fits with one activated Orbach
process (see text).
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