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Abstract: Ten mononuclear rare earth complexes of formula [La(btfa)3(H2O)2] (1), [La(btfa)3(4,4′-
Mt2bipy)] (2), [La(btfa)3(4,4′-Me2bipy)2] (3), [La(btfa)3(5,5′-Me2bipy)2] (4), [La(btfa)3(terpy)] (5),
[La(btfa)3(phen)(EtOH)] (6), [La(btfa)3(4,4′-Me2bipy)(EtOH)] (7), [La(btfa)3(2-benzpy)(MeOH)] (8),
[Tb(btfa)3(4,4′-Me2bipy)] (9) and (Hpy)[Eu(btfa)4] (10), where btfa = 4,4,4-trifuoro-1-phenylbutane-
1,3-dionato anion, 4,4′-Mt2bipy = 4,4′-dimethoxy-2,2′-bipyridine, 4,4′-Me2bipy = 4,4′-dimethyl-
2,2′-bipyridine, 5,5′-Me2bipy = 5,5′-dimethyl-2,2′-bipyridine, terpy = 2,2′:6′,2′-terpyridine, phen =
1,10-phenathroline, 2-benzpy = 2-(2-pyridyl)benzimidazole, Hpy = pyridiniumH+ cation) have been
synthesized and structurally characterized. The complexes display coordination numbers (CN) eight
for 1, 2, 9, 10, nine for 5, 6, 7, 8 and ten for 3 and 4. The solid-state luminescence spectra of Tb-9
and Eu-10 complexes showed the same characteristic bands predicted from the Tb(III) and Eu(III)
ions. The Overall Quantum Yield measured (φTOT) at the excitation wavelength of 371 nm for both
compounds yielded 1.04% for 9 and up to 34.56% for 10.

Keywords: lanthanum(III); terbium(III); europium(III); β-diketonate anion; luminescence;
crystal structure

1. Introduction

The coordination chemistry of lanthanides has been the subject of extensive studies
over the last two decades as these compounds revealed unusual physicochemical char-
acteristics including fluorescent and potent magnetic properties because of their unique
4f electrons [1–4]. Many of the lanthanide compounds have been used in technological
devices such as smartphones, solar cells, solid-state lasers emitting in the UV, visible, or
near-infrared (NIR) regions, optical glasses, batteries, increasing the memory storage of
computers [1,2,5–12] as well as chiral sensing of biomolecules [13]. The small ionic size of
lanthanide ions makes them have the ability to replace metal ions inside protein complex
such as calcium [14]. Lanthanide-tagged proteins are valuable for investigating protein
structure, function, and dynamics [14,15]. Additionally, lanthanides, especially, La3+ and
Gd3+ block different types of calcium, potassium, and sodium channels in human and
animal neurons [16]. The lanthanide(III) ions or their compounds binding to DNA and
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cleavage DNA is a growing topic to understand mutations that lead to cancer and treat-
ment of this disease [17,18]. Furthermore, the in vitro and vitro cytotoxic activities of some
Ln(III) complexes especially, La(III) and Ce(III), which showed very promising anti-tumor
activity [19,20].

The general electronic configurations [Xe] 4f0−14 of lanthanide ions (Ln(III)) generate a
variety of electronic energy levels [1–3,12]. The electronic transitions within the 4f orbitals
are shielded by the filled 5s25p6 subshells, and as a result they are becoming less sensitive to
the chemical environments around Ln(III) ions. Consequently, each lanthanide ion exhibits
narrow and characteristic 4f-4f transitions except La3+ (4f 0) and Lu3+ (4f 14). The 4f-4f
transitions in Ln(III) complexes are Laporte forbidden leading to weak light absorption [2,4]
and hence the process of direct excitation of metal electrons is very inefficient. However,
the most prominent feature in the lanthanide compounds is through the “antenna effect”
in which the ligand or linker is used for the excitation process followed by energy transfer
to the lanthanide centers, from which the emission occurs and, in this case, the forbidden
4f -transitions can be fairly enhanced, i.e., partly circumvented [1–3,12]. Charge-transfer, CT
luminescence is generated from an allowed transition from the charge-transfer excited state
to the ground state(s). Two types of charge transfers are found in lanthanide complexes:
the L→MCT (the electronic transition from an organic linker-localized orbital to a metal-
centered orbital) and M→LCT (the electronic transition from a metal-centered orbital to an
organic linker-localized orbital). In some cases, the two processes L→MCT and M→LCT
luminescence may occur with ligand-based luminescence.

The shielding role of the 4f orbitals and size of the Ln3+ cations induce high coordi-
nation numbers and flexible coordination geometries. Following Pearson’s HSAB theory,
lanthanide cations are hard Lewis acids, and thus exhibit strong binding affinity for Lewis
bases derived from O-donor and N-containing ligands. A large number of Ln(III) com-
plexes have been isolated and structurally characterized with the indicated ligands and
specifically with β-diketonate species [21–30]. Herein, we report the synthesis, structural
characterization of a novel series of La(III), Eu(III) and Tb(III) complexes based on 4,4,4-
trifluoro-1-phenyl-butane-1,3-dione (Hbtfa) and their pyridine derivatives (4,4′-Mt2bipy
= 4,4′-dimethoxybipyridine, 4,4′-Me2bipy = 4,4′-dimethylbipyridine, 5,5′-Me2bipy = 5,5′-
dimethylbipyridine, phen = 1,10-phenanthrolinene, terpy = 2,2′:6′, 2′′-terpyridine, 2-benzpy
= 2-(2-pyriyl)-benzimidazole) as well as the photoluminescent properties of Tb(III) and
Eu(III) compounds.

2. Results and Discussion
2.1. Synthetic Aspects and IR Spectra of the Complexes

The reaction of an ethanolic solution containing the stoichiometric amounts of
La(NO3)3·6H2O and 4,4,4-trifluoro-1-phenylbutane-1,3-dione (Hbtfa) (Scheme 1) in the
presence of NaOH (1:3:3), followed by the addition of H2O and stirring at room temperature
afforded the diaqua complex [La(btfa)3(H2O)2] (1) in a reasonable high yield (78%). This
complex was used as the precursor for the preparation of the La(III)-pyridyl adducts 2–8.
Reactions of [La(btfa)3(H2O)2] (1) with two equivalents of 4,4′-Me2bipy and 5,5′-Me2bipy in
ethanol and/or ethanol-acetone mixture resulted in the formation of bis(bipyridyl) adducts
3 and 4, respectively. Mono(pyridyl) adducts were obtained when 1:1 molar ratio of the
diaqua complex 1 and 4,4′-Mt2bipy, terpy, phen and 4,4′-Me2bipy were used leading to the
isolation of [La(btfa)3(4,4′-Mt2bipy)] (2), [La(btfa)3(terpy)] (5), [La(btfa)3(phen)(EtOH)] (6)
and [La(btfa)3(4,4′-Me2bipy)(EtOH)] (7), respectively in a yield varies from 37 to 74%. A
similar product was also formed, [La(btfa)3(2-benzpy)(MeOH)] (8) when MeOH was used
as a solvent. On the other hand, the in situ reaction of Tb(NO3)3·6H2O, Hbtfa, Et3N and 4,4′-
Me2bipy in ethanol produced the yellow crystalline compound [Tb(btfa)3(4,4′-Me2bipy)]
(9) in 75% yield, whereas the corresponding reaction of Eu(NO3)3·6H2O, five equivalents
of Hbtfa and excess pyridine (py) in ethanol led to the separation of the anionic complex
(Hpy)[Eu(btfa)4] (10) (62% yield). Probably, we should mention that, with the exception
of complex 9, attempts made to obtain good quality crystals suitable for X-ray analysis of
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Tb(III) and Eu(III)-pyridyl adducts, similar to those obtained in this work were failed and
as a result only the two complexes 9 and 10 were synthesized and characterized. However,
complex [Eu(btfa)3(4,4′-Me2bipy)] similar to the Tb-9 was reported [31]. The purity of
the ten compounds was confirmed by elemental microanalyses (see experimental section)
and also with checking their X-ray powder diffractions (Figures S1–S10, Supplementary
Material Section) as well as X-ray structural analysis.

Scheme 1. Structure of 4,4,4-trifluoro-1-phenylbutane-1,3-dione (Hbtfa).

The IR spectra of the complexes under investigation display general characteris-
tic pattern that is similar to most Ln(III) compounds containing tris- and tetrakis(β-
ketonato) anions [24–26]. The strong vibrational band observed over the frequency range
1604–1614 cm−1 of the complexes 1–10 is assigned to the stretching frequency of the co-
ordinated carbonyl, ν(C=O) [24–26]. The weak broad band observed around 3460 cm−1

reveals the ν(O-H) stretching frequency of the coordinated aqua ligands in 1.

2.2. Description of the Crystal Structures 1–10

Partially labelled molecular plots and coordination figures of the title complexes
1–10 are presented in Figures 1–3 and main bond parameters are summarized in Table S1,
respectively. Each La(III) center of the neutral and monomeric complexes 1–8 are ligated
by six oxygen donor atoms of three btfa β-diketonato ligand anions. Coordination number
8 in 1 is achieved by two oxygen atoms of terminal aqua ligands, and in 2 by the two
N-donor atoms of the 4,4′-Mt2bipy chelating ligand. Their La-N/O bond lengths vary in
the range from 2.407(3) to 2.6690(14) Å. The coordination number ten around La1 in 3 and
4 is completed by 4 nitrogen donor atoms of two chelating 4,4′-Me2bipy and 5,5′-Me2bipy
ligands, respectively. Their La-N/O bond distances are in the range from 2.4911(14) to
2.8637(18) Å.

The CN = 9 was found in the La(III) complexes 5, 6, 7 and 8. In 5 the LaN3O6
“chromophore” around the central La1 is achieved by ligation of one tridentate terpy
chelating ligand, whereas the LaN2O7 “chromophore” in 6–8 complexes is completed by
ligation of two N-donor atoms of one chelating phen molecule and an O atom of terminal
EtOH in 6, two N-donor atoms of one chelating 4,4′-Me2bipy molecule and an O atom of
terminal EtOH in 7 and by ligation of two N-donor atoms of one 2-benzpy molecule and
an O atom of terminal MeOH ligand. The La-N/O bond distances in the nine-coordinated
compounds 5–8 are in the range from 2.4588(17) to 2.7736(18) Å. The O-La1-O bite angles of
the β-diketonate groups fall in the range from 65.96(5) to 71.56(9)◦ in 1–8, and the N-La1-N
bite angles of the chelating ligand molecules in 2–8 vary from 55.86(5) to 61.40(7)◦.
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Figure 1. (a–d) Perspective view and coordination figure of 1–4, respectively.

Figure 2. (a–d) Perspective view and coordination figure of 5–8, respectively.
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Figure 3. (a,b) Perspective view and coordination figure of 9 and 10, respectively.

In a similar coordination fashion, the two complexes [Tb(btfa)3(4,4′-Me2bipy)] (9) and
(Hpy)[Eu(btfa)4] (10) display CN = 8 around. In 9, the Tb1 is formed by six oxygen atoms
of three btfa anions and two N atoms of a 4,4′-Me2bipy chelating ligand. The Tb-N/O bond
distances vary from 2.417(3) to 2.547(3) Å, the O-Tb-O angles from 71.33(10) to 72.12(10) Å
and the N1-Tb1-N2 bite angle is 63.08(10)◦. In 10, the Eu1 in the complex anion [Eu(btfa)4]−,
the eight-coordination is achieved by the oxygen atoms of four β-diketonato anions. The
bond lengths in the EuO8 coordination figure vary from 2.346(6) to 2.451(5) Å, with values
of 2.381(6), 2.403(5), 2.451(5), 2.346(6), 2.362(6), 2.364(5), 2.388(6) and 2.361(6) Å, for Eu1-O1
to Eu1-O8, respectively. The O-Eu-O bite angles of the btfa ligands range from 70.81(18)
to 73.0(2)◦. These bond parameters are in the same range observed for other [Eu(btfa)4]−

complex anions with tetrabutylammonium [Eu-O from 2.340(10) to 2.435(7) Å [32] and
4-dimethylaminopyridinium [Eu-O from 2.356(2) to 2.524(2) Å] [33] as counter cations.

The continuous shape measure theory with the SHAPE software [34,35] was used to
analyze the degree of distortion of the coordination polyhedra in 1–10 from their ideal
polyhedron geometry. For title compounds with CN = 8 with respect to ideal eight-vertex
polyhedra intermediate distortion between various coordination polyhedra is observed.
For LaO8 of 1 the lowest shape measures (CShM’s) values correspond to triangular dodec-
ahedron (TDD-8), Square antiprism (SAPR-8) and Biaugmented trigonal prism (BTPR-8)
with values of 0.380, 2.933 and 3.009. For TbN2O6 of 9 the corresponding values are 0.589,
1.993 and 2.372, respectively and 0.360, 1.992 and 2.394 in EuO8 of 10, whereas in case of
LaN2O6 of 2 the values are 2.179, 1.263 and 2.391, i.e., the lowest value observed for square
antiprism (SAPR-8).

For LaO6N4 polyhedra of 3 and 4 with respect to ideal ten-vertex polyhedra intermedi-
ate distortion is observed with lowest CShM’s for Sphenocorona J87 (JSPC-10) with values
of 1.587 and 1.697, respectively. The next lowest continuous shape measures correspond to
Bicapped square antiprism J17 (JBSAPR-10) and Tetradecahedron (2:6:2) (TD-10).

For title compounds 5–8 with CN = 9 with respect to ideal nine-vertex polyhedra
intermediate distortion between various coordination polyhedra is observed. For LaN3O6
of 5 and LaN2O7 of 6 the lowest CShM’s values correspond to spherical capped square
antiprism (CSAPR-9), tricapped trigonal prism (TCTPR-9), Muffin (MFF-9), and gyroelon-
gated square pyramid (J10) with values of 0.795, 0.840, 1.374 and 1.495, respectively for the
former complex, and 0.554, 1.083, 1.497 and 1.884 in 6. For LaN2O7 of 7 the lowest CShM’s
values correspond to Muffin (MFF-9), spherical capped square antiprism (CSAPR-9) and
capped square antiprism (J10) with values of 0.785, 0.979 and 1.828. For LaN2O7 of 8
the lowest CShM’s values correspond to spherical capped square antiprism (CSAPR-9),
tricapped trigonal prism (TCTPR-9) and Muffin (MFF-9) with values of 1.192, 1.244 and
1.455, respectively.

Packing plots of 1–10 are presented as Figures S11–S20 in the Supplementary Materials
section. The O-H groups of the aqua and alcohol ligands in 1, 6–8 form hydrogen bonds of
type O-H···O and O-H···F; the N-H group of 2-benzpy molecule in 8 forms a hydrogen
bond of type N-H···O (Table 1). The aromatic ring systems in these complexes are involved
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in numerous π···π ring···ring and C-H/F··ring interactions, which further stabilize the
packing of the mononuclear complexes (Tables S2–S11).

Table 1. Possible hydrogen bonds in 1, 6–8.

D-H . . . A *) Symmetry Code D . . . A (Å) D-H . . . A (◦)

Compound 1

O7-H7A . . . O5 [−1/2 + x, 3/2 − y, 1 − z] 2.871 (3) 118

O7-H7B . . . O8 2.771 (3) 102

O8-H8A . . . O1 [1/2 + x, 3/2 − y, 1 − z] 2.710 (4) 158

O8-H8B . . . O3 [1/2 + x, 3/2 − y, 1 − z] 2.732 (4) 156

Compound 6

O7-H7A . . . F5 [1 − x, −y, 1 − z] 3.027 (3) 103

Compound 7

O7-H7A . . . O6 2.741 (3) 103

Compound 8

N3-H3 . . . O3 [2 − x, 2 − y, −z] 2.856 (3) 162

O7-H7 . . . O2 2.657 (3) 108

*) D = Donor, A = Acceptor.

2.3. Luminescence Emission of Terbium (9) and Europium (10) Complexes

The photoluminescence of 9 and 10 was measured in the solid state at room tempera-
ture. For Compound 9 (Figure 4) the spectrum shows an intense and broad band with two
peak maxima at 300 and 371 nm corresponding to the π→π* transitions of 4,4′-Me2bipy and
btfa− ligands, respectively [36]. The excitation wavelength for the emission spectrum (λem)
is 371 nm. The first emission peak at 492 nm could be attributed to 5D4→7F6 transition,
whereas the most intense band located at 543 nm is attributed to 5D4→7F5 transition. These
were followed by another three peaks at 593, 614 and 650 nm, which could be assigned to
5D4→7F4, 5D4→7F3 and 5D4→7F2 transitions, respectively. Moreover, the very weak bands
observed around 700 nm can be assigned to the 5D4→7F1 and 5D4→7F0 transitions [37–39].

Figure 4. Excitation (left) and emission (right) spectra of compound 9.

For compound 10 (Figure 5), the excitation spectrum monitored at 613 nm (5D0→7F2)
reveals an intense broad band at 371 nm due to the π→π* transition from the coordinated
btfa− ligands to the Eu(III) ion. In addition, the narrow, which was observed at 464 nm is
assigned to 7F0→5D2 f-f transition from the central europium ion [40]. Emission spectrum
of 10 (Figure 5) recorded at excitation wavelength λex = 371 nm exhibits the characteristic
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bands that arise from Eu(III) f-f transitions. At 580 nm (Figure 5, inset left), 5D0→7F0
transition appeared as the weakest intense peak. Furthermore, the pure magnetic dipole
transition 5D0→7F1 at 591 nm, in which its intensity is practically independent of the
Eu3+ environment, is divided into two components due to crystal field splitting of the 7F1
level [41]. the emission spectra of 10 is revealing four main bands at 591 (5D0→7F1), 613
(5D0→7F2), 656 (5D0→7F3) and 704 (5D0→7F4) [31,40,42]. The emission peak centered at
613 nm, which is the strongest peak and corresponds to the hypersensitive band 5D0→7F2
is the one responsible for the observed emission color of the sensitized europium com-
pound. The intensity ratio between 5D0→7F2 and 5D0→7F1 is 5.45 is indicating that the
emission color is shifted to the orange range and the Eu(III) ion is not placed in a posi-
tion with inversion symmetry according to the coordination geometry obtained from the
SHAPE measurement (TDD8-D2d) [43]. In addition, the emission spectrum was recorded
at λex = 464 nm (5D2←7F0) (Figure S21). The luminescence spectrum showed the same
characteristic bands from the europium ion when excited at the longer wavelength with a
measured luminescence Quantum Yield (QY) in the solid state of 14.82% proposing the
possible use of the compound for biomedical applications.

Figure 5. Excitation (black line) and emission (orange line) spectra of 10. Inset, left, shows an enlarged
view of the 5D0→7F0 transition and right the emission color of the complex under UV light radiation.

Emission time decay (τobs) monitored at 546 and 613 nm for 9 and 10, respectively
have been measured in solid state. For both compounds the experimental data fits mono-
exponentially indicating a single coordination sphere around the lanthanide ion (Figure 6).
In order to characterize the sensitization efficiency of the btfa ligand to the excited state
of the lanthanide ions, the Overall Quantum Yield (φTOT) have been measured at the
excitation wavelength of 371 nm for both compounds yielding 1.04% for 9 and up to 34.56%
for 10 (Table 2).

Table 2. Characteristic photoluminescent data for compounds 9 and 10.

Compound λex (nm) τobs (ms) φTOT (%) φLn (%) ηsens (%) τrad (ms)

[Tb(btfa)3(4,4′-Me2bipy)] (9) 371 0.144 1.05 - - -

Hpy[Eu(Btfa)4] (10) 371 0.985 34.56 44.19 78.2 2.229



Inorganics 2021, 9, 74 8 of 14

Figure 6. Excited state decay curves at room temperature for compound 9 and 10 in the microcrys-
talline sample. Continuous lines represent the mono-exponential fittings of the curves.

The measured QY at 371 nm of the Terbium compound (9) is relatively low, indicating
a poor efficiency of the sensitization effect due to a potential overlap between the ligand
triplet state and the terbium 5D4 emission resonance level that leads to back energy trans-
fer [44–46]. On the other hand, the sensitization efficiency of the btfa ligand to Eu3+ transfer
(ηsens) for 10 is 78.2% ηsens. This reflects the efficiency in which the energy is transferred
from the excited states of the ligand to the excited states of the lanthanide metal and is
defined as ηsens = φTOT/φLn. The calculated Eu3+ intrinsic quantum yield (φLn) for com-
pound 10 is 44.19%. Since the excitation band corresponding to the 5L6 ← 7F0 f-f centered
excitation transition, around ~395 nm, is not seen in the excitation spectra, φLn could not
be measured in order to compare it with the calculated one [44]. The φLn is calculated
by φLn = τobs/τrad, where τrad is the radiative lifetime that is referred to the lifetime of an
emissive compound in the absence of non-radiative processes and this value is 2.229 ms
for 10. Due to Eu3+ pure magnetic dipole character of the 5D0→7F1 transition, τrad can be
calculated using a simpler equation:

1
τrad

= AMD,0·n3
(

ITOT
IMD

)
(1)

where ITOT/IMD is the ratio of integrated area of 5D0 emission bands from the corrected
emission spectra to the pure magnetic dipole 5D0→7F1 integrated emission band and
AMD,0 and n are a constant equal to 14.65 s−1 and the refractive index in where the sample
is measured (1.517 for solid state), respectively, [40,47]. The obtained results agree with
other Eu(III) [31,32,36,48] and Tb(III) [49,50] β-diketonate compounds.

3. Experimental Section
3.1. Materials and Physical Measurements

4,4,4-Trifluoro-1-phenylbutane-1,3-dione, 4,4′-dimethoxy-2,2′-bipyridine 4,4′-dimethyl-
2,2′-bipyridine, 5,5′-dimethyl-2,2′-bipyridine, 2,2′:6′,2′-terpyridine, 1,10-phenathroline, 2-
(2-pyridyl)benzimidazole, were purchased from TCI Europe N. V. (Zwijndrecht, Belgium).
Lanthanum(III) nitrate salts, Ln(NO3)3·6H2O (Ln = La, Tb and Eu) were obtained from
Strem Chemicals (Kehl, Germany) and the other chemicals were of analytical grade quality.
Infrared spectra of solid complexes were recorded on a Bruker Alpha P (platinum-ATR-cap)
spectrometer (Bruker AXS, Madison, WI, USA). Elemental microanalyses were carried
out with an Elementar Vario EN3 analyser (Langenselbold, Germany). The X-ray powder
patterns (See supplement materials: Figures S1–S10). were measured on a Bruker D8
Advance diffractometer (Bruker AXS, Madison, WI, USA) with a LynxEye detector in
Bragg–Brentano θ/θ geometry, with the sample dispersed thinly on a zero-background Si
sample holder, λ(CuKα) = 1.54060 Å, scans from 5◦ to 50◦ 2θ, stepsize 0.02◦.
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3.2. Syntheses of the Complexes

[La(btfa)3(H2O)2] (1). To an ethanolic solution (40 mL) containing NaOH (6 mmol,
0.240 g, 6.0 mmol) was added Hbtfa (1.300 g, 6.0 mmol) and La(NO3)3·6H2O (0.866 g,
2.0 mmol). The solution was stirred for 1 h at room temperature. Then, 80 mL of deionized
water was added to the reaction mixture and stirred overnight. The colorless precipitate,
which was separated was collected by filtration and dried at 80 ◦C. (yield: 1.28 g, 78%),
Anal Calcd for C30H22F9LaO8 (820.38 g/mol): C, 43.9; H, 2.7; N, 0.0. Found: C, 42.8; H, 2.6;
N, 0.0%. Selected IR bands (ATR-IR, cm−1): 3658 (m), 3460 (br), 1608 (s), 1574 (s), 1526 (m),
1487 (m), 1465 (m), 1328 (s), 1284 (s), 1244 (m), 1180 (s), 1143 (s), 1072 (m), 944 (m), 778 (m),
695 (m), 630 (m), 580 (m).

[La(btfa)3(4,4′-Mt2bipy)] (2). The complex [La(btfa)3(H2O)2] (90 mg, 0.110 mmol) and
4,4′-dimethoxy-2,2′-bipyridine (28 mg, 0.129 mmol) were dissolved in ethanol (20 mL) and
the solution was stirred for ~2 h, at room temperature. The reaction mixture was then
filtered and allowed to crystallize at room temperature. After ten days, the light pink single
crystals, which separated were collected by filtration and dried in air (yield: 81 mg, 73.7%).
Anal. Calcd for C42H30F9LaN2O8 (1000.59 g/mol): C, 50.4; H, 3.0; N, 2.8. Found: C, 50.5 H,
3.1; N, 2.7%. Selected IR-bands (ATR-IR, cm−1): 1604 (s), 1562 (s), 1529 (m), 1487 (m),
1459 (m), 1314 (m), 1281 (s), 1245 (m), 1179 (m), 1138 (s), 1074 (m), 1038 (w), 1023 (m),
940 (w), 831 (m), 772 (s), 699 (s), 628 (m), 577 (s), 508 (m).

[La(btfa)3(4,4′-Me2bipy)2] (3). The diaqua complex 1 (103 mg, 0.126 mmol) and 4,4′-
dimethyl-2,2′-bipyridine (42 mg, 0.227 mmol) were dissolved in ethanol (20 mL) and the
solution was stirred for ~3 h, then filtered and allowed to crystallize at room temperature.
After twenty days, the small colourless single crystals of [La(btfa)3(4,4′-Me2bipy)2], which
separated were collected by filtration and dried in air (yield: 103 mg, 71.1%). Anal. Calcd
for C54H42F9LaN4O6 (1152.82 g/mol): C, 56.3; H, 3.7; N, 4.9. Found: C, 56.5 H, 3.5; N,
4.7%. Selected IR-bands (ATR-IR, cm−1): 1611 (s), 1578 (m), 1531 (m), 1514 (w), 1486 (m),
1473 (m), 1441 (w), 1308 (m), 1280 (s), 1237 (m), 1179 (s), 1124 (s), 1074 (m), 1026 (w), 941 (w),
915 (w), 821 (s), 758 (s), 700 (s), 576 (s), 514 (m).

[La(btfa)3(5,5′-Me2-bipy)2] (4). The diaqua complex 1 (115 mg, 0.140 mmol) and 5,5′-
dimethyl-2,2′-bipyridine (60 mg, 0.324 mmol) were dissolved in 40 mL ethanol/acetone
(4:1) and the solution was stirred for ~2 h, then filtered and allowed to crystallize at room
temperature. After seven days, the well grown colorless single crystals, which separated
were by filtration and dried in air (yield: 139 mg, 86.0%). Anal. Calcd for C54H42F9LaN4O6
(1152.82 g/mol): C, 56.3; H, 3.7; N, 4.9. Found: C, 56.4 H, 3.5; N, 4.8%. Selected IR-bands
(ATR-IR, cm−1): 1614 (s), 1593 (m), 1569 (m), 1522 (w), 1506 (w), 1384 (m), 1284 (s), 1240 (m),
1195 (m), 1179 (m), 1122 (s), 1067 (w), 1038 (w), 956 (w), 922 (w), 863 (w), 786 (s), 680 (s),
646 (w), 563 (m), 471 (w).

[La(btfa)3(terpy)] (5). The complex [La(btfa)3(H2O)2] (106 mg, 0.129 mmol) and
2,2′:6′,2′′-terpyridine (32 mg, 0.137 mmol) were dissolved in 30 mL ethanol/acetone (3:1)
and the solution was stirred for ~3 h, then filtered and allowed to crystallize at room tem-
perature. After ten days, the isolated well shaped colorless single crystals were collected
by filtration and dried in air (yield: 68 mg, 51.5%). Anal. Calcd for C45H29F9LaN3O6
(1017.62 g/mol): C, 53.1; H, 2.9; N, 4.1. Found: C, 52.9 H, 3.0; N, 4.2%. Selected IR-bands
(ATR-IR, cm−1): 1612 (s), 1597 (m), 1574 (s), 1531 (m), 1519 (m), 1471 (s), 1316 (m), 1281 (s),
1239 (m), 1174 (m), 1144 (m), 1126 (s), 1071 (m), 1023 (w), 809 (w), 793 (w), 761 (s), 695 (s),
650 (w), 576 (s), 501 (w).

[La(btfa)3(phen)(EtOH)] (6). This complex was isolated as colorless single crystals
using 1,10-phenanthroline (1:1 molar ratio) instead of 4,4′-Me2bipby and a procedure
similar to that described for complex 3 (yield: 37.3%). Anal. Calc. for C44H32F9LaN2O7
(1010.62 g/mol): C, 52.3; H, 3.2; N, 2.8. Found: C, 52.2 H, 3.1; N, 2.9%. Selected IR-bands
(ATR-IR, cm−1): 1609 (s), 1573 (s), 1519 (m), 1487 (m), 1468 (s), 1371 (w), 1317 (m), 1285 (s),
1243 (m), 1178 (m), 1131 (s), 1074 (m), 1025 (w), 941 (m), 843 (w), 762 (s), 700 (s), 578 (s),
510 (w).
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[La(btfa)3(4,4′-Me2bipy)(EtOH)] (7). A procedure similar to that described for complex
3 was used but equimolar amounts of 4,4′-dimethyl-2,2′-bipyridine (23 mg, 0.124 mmol)
and [La(btfa)3(H2O)2] were used. The complex [La(btfa)3(4,4′-Me2bipy)(EtOH)] was ob-
tained as colorless single crystals after twelve days (yield: 73 mg, 62.9%). Anal. Calc. for
C44H36F9LaN2O7 (1014.66 g/mol): C, 52.1; H, 3.6; N, 2.8. Found: C, 52.3 H, 3.4; N, 2.9%.
Selected IR-bands (ATR-IR, cm−1): 1611 (s), 1579 (w), 1534 (w), 1487 (w), 1451 (s), 1317 (m),
1291 (s), 1236 (m), 1183 (m), 1136 (m), 1074 (m), 1033 (m), 1007 (m), 920 (w), 833 (s), 761 (s),
697 (m), 629 (m), 576 (m), 514 (w).

[La(btfa)3(2-benzpy)(MeOH)] (8). A mixture containing La(NO3)3·6H2O (37 mg,
0.085 mmol), NaOH (11 mg, 0.275 mmol), 2-(2-pyridyl)benzimidazole (16 mg, 0.082 mmol)
and 4,4,4-trifluoro-1-(2-phenyl)-1,3-butanedion (57 mg, 0.26 mmol) dissolved in methanol
and (40 mL) was stirred for ~3 h and the resulting solution was then filtered and allowed
to crystallize at room temperature. After fifteen days, the separated colorless crystals of
complex 8 were collected by filtration and dried in air (yield: 44 mg, 51.3%). Anal. Calc.
for C43H31F9LaN3O7 (1011.62 g/mol): C, 51.0; H, 3.1; N, 4.2. Found: C, 50.9 H, 3.3; N, 4.1%.
Selected IR-bands (ATR-IR, cm−1): 1611 (s), 1575 (s), 1525 (w), 1457 (m), 1433 (s), 1316 (m),
1283 (s), 1240 (m), 1183 (s), 1132 (s), 1074 (m), 1054 (m), 1026 (w), 940 (w), 833 (w), 743 (s),
699 (m), 577 (m), 504 (w).

[Tb(btfa)3(4,4-Me2bipy)] (9). A mixture containing Tb(NO3)3·6H2O (112 mg, 0.25 mmol),
4,4′-dimethyl-2,2′-bipyridine (18.4 mg, 0.1 mmol) and triethylamine (0.014 mL, 0.1 mmol)
dissolved in ethanol (10 mL) was added to another ethanolic solution (10 mL) of 4,4,4-
trifluoro-1-phenyl-1,3-butanedione (Hbtfa) (64.8 mg, 0.30 mmol). The mixture solution
was stirred for 30 min, then filtered and allowed to stand at ambient temperature. The
yellow crystals, suitable for X-ray analysis, which obtained after two weeks were collected
by filtration and dried in air. (yield: 74 mg, 30% based on Tb(NO3)3·6H2O). Anal. Calc. for
C42H30F9N2O6Tb (988.60 g/mol): C, 51.0; H, 3.1; N, 2.8. Found: C, 50.9; H, 3.0; N, 2.9%.
Selected IR bands (cm−1): 3064 (w), 1612 (s), 1565 (s), 1489 (s), 1474 (s), 1386 (m), 1320 (s),
1293 (s), 1244 (m), 1181 (s), 1133 (s), 1076 (m), 937 (m), 830 (m), 766 (m), 701 (m), 632 (m),
580 (m), 515 (m).

(Hpy)[Eu(btfa)4] (10). An ethanolic solution (10 mL) of Eu(NO3)3·6H2O (112 mg,
0.25 mmol) was added to another ethanolic solution (10 mL) containing 4,4,4-trifluoro-
1-phenyl-1,3-butanedione (Hbtfa) (318.5 mg, 1.25 mmol) and pyridine (py) (118.6 mg,
1.5 mmol). The resulting mixture was stirred for 30 min, then filtered and allowed to
stand at ambient temperature. The yellow crystals, which obtained after two weeks were
collected by filtration and dried in air (yield: 169 mg, 62% based on Eu(NO3)3·6H2O). Anal.
Calcd for C45H30EuF12NO8 (1092.66 g/mol): C, 49.5; H, 2.8; N, 1.3. Found: C, 49.3; H, 2.7;
N, 1.4%. Selected IR bands (cm−1): 3247 (w), 3175 (w), 3069 (m), 1614 (s), 1579 (s), 1538 (s),
1486 (s), 1378 (w), 1319 (s), 1292 (s), 1247 (s), 1180 (s), 1125 (s), 1075 (s), 1024 (m), 1001 (m),
942 (m), 808 (w), 795 (m), 767 (s), 717 (s), 679 (s), 631 (s), 600 (w), 578 (s), 513 (w), 458 (w),
426 (w).

3.3. Single Crystal X-ray Diffraction Analysis

Single-crystal data of 1–8 complexes were measured on an APEX II CCD diffractome-
ter (Bruker-AXS; Madison, WI, USA) and those of 9 and 10 on a D8 Venture (Bruker-AXS,
Madison, WI, USA). Table S12 summarizes crystallographic data, intensity data collection,
and structure refinement specifications. Data collections were performed at 100(2) K with
Mo–Kα radiation (λ = 0.71073 Å); computer programs APEX and SADABS [51,52] were
used for data reduction, LP, and absorption corrections. The program library SHELX [53,54]
was used for solution (direct methods) and refinement (full-matrix least-squares methods
on F2). Anisotropic displacement parameters were applied to all non-hydrogen atoms.
H atoms (Uiso) were obtained from difference Fourier maps. Additional software: Mer-
cury [55] and PLATON [56]. CCDC deposition numbers: CCDC 2099334–CCDC 2,099,343
for 1–10, respectively.
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3.4. Luminescence Measurements

Solid state fluorescence spectra of compounds 9 and 10 were recorded on a Horiba
Jobin Yvon SPEX Nanolog fluorescence spectrophotometer (Fluorolog-3 v3.2, HORIBA
Jovin Yvon, Cedex, France) equipped with a three slit double grating excitation and emis-
sion monochromator with dispersions of 2.1 nm/mm (1200 grooves/mm) at room tem-
perature. The steady-state luminescence was excited by unpolarized light from a 450 W
xenon CW lamp and detected at an angle of 22.5◦ for solid state measurement by a red-
sensitive Hamamatsu R928 photomultiplier tube. The instrument was adjusted to obtain
the highest Background-to-noise ratio. Spectra were corrected for both the excitation source
light intensity variation (lamp and grating) and the emission spectral response (detector
and grating).

The excited state decay curves were measured in the same instrument in the phos-
phorescence mode using a 450 W xenon pulsed lamp (λ = 371 nm, 1.5 ns pulse). The
measured decays were analyzed using the Origin software package. Both decay curves
fitted monoexponentially: I(t) = I0 exp

(
− t

τobs

)
. The fit quality was determined by the χ2

method of Pearson. Absolute Quantum Yield measurements were acquired in the G8 Quan-
tum Integrating Sphere from GMP with an interior reflective coating made of Spectralon®

(Zürich, Switzerland). Then, the ΦTOT was calculated following Equation (2):

Φ =
Ec − Ec(blank)

La − Lc
(2)

where La is the calculated area of the outgoing amount of light without interaction with a
sample (blank) at the used λexc and Lc after interaction with the sample. Ec referees to the
calculated area from the emission spectrum of the sample and Ec (blank) from the emission
spectrum of the Blank.

4. Conclusions

The interaction of Ln(NO3)3·6H2O (Ln = La(III) or Tb(III)) with 4,4,4-trifuoro-1-
phenylbutane-1,3-dione (Hfta) in ethanol, methanol and/or mixed ROH-acetone and Et3N
or NaOH in the stochiometric ratio 1:3:3 afforded the neutral mononuclear tris(β-ketonato)
compounds, where in the presence di-nitrogen donor or terpy ligands allow the central
Ln(III) ions display a variety of CN (8–10) and geometries: [La(btfa)3(4,4′-Mt2bipy)] (2),
[La(btfa)3(4,4′-Me2bipy)2] (3), [La(btfa)3(5,5′-Me2bipy)2] (4), [La(btfa)3(terpy)] (5), [La(btfa)3
(phen)(EtOH)] (6), [La(btfa)3(4,4′-Me2bipy)(EtOH)] (7), [La(btfa)3(2-benzpy)(MeOH)] (8)
and [Tb(btfa)3(4,4′-Me2bipy)] (9). When excess Hfta is used, the tetrakis(β-ketonato)
anionic complex (Hpy)[Eu(btfa)4] (10) was isolated. This trend in reactions of Ln(III)
salts and β-diketonate derivatives seems to be universal, where many compounds and
pyridyl adducts of similar structural formulas have been isolated and structurally charac-
terized [24–26,31,57–61].

Studying the luminescence of the tris(β-ketonato) Tb (9) and tetrakis(β-ketonato) Eu
(10) complexes revealed efficient energy transfer in the visible region from the ligands to
the central Ln(III) ion. Similar luminescent emission trend was observed in the UV and
visible regions in other related β-ketonate derivatives [24–26,57–61]. However, it should be
mentioned that incorporating strong chelating polypyridyl ligands into the Ln(III)-tris(β-
ketonato) significantly enhances the emission luminescent properties of the compounds
in the visible and NIR regions [25,62]. Recently, it has been demonstrated that incorpo-
ration of β-diketonate into calix [4] arene ligand skeletons enhances their corresponding
lanthanide-centered luminescence and magnetic relaxivity properties [63,64], which make
them suitable candidates, especially Gd(III), in magnetic resonance imaging (MRI) and in
developing nanomaterials for sensing and bioimaging [64].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/inorganics9100074/s1, Figures S1–S10: PXRD data of compounds 1–10, Figures S11–S20:
crystal packing of compounds 1–10, Table S1: crystallographic data for coordination compounds

https://www.mdpi.com/article/10.3390/inorganics9100074/s1
https://www.mdpi.com/article/10.3390/inorganics9100074/s1
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1–10, Tables S2–S11: Non-coordinative interactions in 1–10, Table S12: Crystallographic data and
processing parameters of 1–10, Figure S21: Emission spectrum of 10 measured at the 464 nm excitation
wavelength, and CCDC deposition numbers: CCDC 2099334–CCDC 2099343 for 1–10, respectively.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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