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A B S T R A C T   

Research on luminescent tetrakis coordination compounds containing trivalent lanthanide ions (Ln3+) has 
greatly increased in the last two decades owing to their unique spectroscopic properties and advantages over 
traditional tris compounds. In this review, we target the synthesis, crystal structure, and luminescence properties 
of Ln3+ tetrakis coordination compounds Q[Ln(L)4] as molecular light emitters with various classes of ligands (L: 
β-diketonates, carbacylamidophosphonates, sulfonylamidophosphonates, alkyldithiocarbamate and carboxyl
ates) and different counterions (Q+). Moreover, we describe their special photophysical features and the po
tential of lanthanide tetrakis complexes in molecular design to obtain efficient luminescent materials. It is also 
discussed the relationship between structural data and experimental-theoretical approaches for the modeling of 
luminescence properties of this class of compounds. Additionally, we highlight some potential applications of 
Ln3+ tetrakis coordination compounds as efficient luminescent materials.   

1. Introduction 

In the last four decades, trivalent lanthanide (Ln3+) complexes 

containing different organic ligands (e.g., β-diketonates, carboxylates, 
phosphonates heteroaromatics, phosphine oxides, and amides) have 
been extensively investigated as molecular light-emitting devices [1–6]. 

Abbreviations: Acac, acetylacetonate; acind, 2-acyl-1,3-indandionate; bfa, benzoyl-2-furanoylmethanate; bind, 2-benzoyl-1,3-indandionate; bipy, bipyridine; btfac 
= btfa, benzoyltrifluoroacetonate; bzac, benzoylacetonate; CAPh, carbacylamidophosphonate; CMPOs, carbamoylmethylphosphine oxides; dbm, dibenzoylmetha
nate; dedtc, diethyldithiocarbamate; detcap, diethyl-2,2,2-trichloroacetylphosphoramidate; dmbap, dimethyl-N-benzoylamidophosphate; dmbm, 1-(4-tert-butyl
phenyl)-3-(4-methoxyphenyl)-1,3-propanedionate; dmbpa, dimethylbenzoylphosphoramidate; DMF, dimethylformamidate; dmpsa, dimethyl(4-methylphenyl- 
sulfonyl)amidophosphate; dmso, dimethylsulfoxide; dmtcap, dimethyl(2,2,2-trichloroacetyl)phosphoramidate; dnsa, dimethyl(2-naphthyl-sulfonyl)amidophosphate; 
dpa, 2,2′-dipyridylamine; dpbsa, N-(bis(benzylamino)phosphoryl)-4-methylbenzenesulfonamidate; dppzca, N-(diphenylphosphoryl)pyrazine-2-carboxamidate; 
dptnta, di-p-tolyl naphthalen-2-ylsulfonylphosphoramidate; dtc, dithiocarbamate; dtp, 1,3-di(2-thienyl)-1,3-propanedionate; dtspa, di-p-tolyl phenyl
sulfonylphosphoramidate; hfa, hexafluroacetylacetonate; hfbc, 3-heptafluoro-butylrylcamphorate; hfbcv, heptafluorobutyrylcarvone; mbind, 2-(4-methyl-benzoyl)- 
1,3-indandionate; mbpspa = sk, bis(4-methylbenzyl)phenylsulfonylphosphoramidate; mtpp, methyltriphenylphosphonium; nta, 2-naphthoyltrifluoroacetonate; otf, 
triflate anion; phen, 1,10-phenantroline; pmsp, N-(diphenylphosphoryl)-4-methylbenzenesulfonamide; ptp, 1-phenyl-3-(2-thienyl)-1,3-propanedionate; SAPh, Sul
fonylamidophosphonatate; sp, dimethyl phenylsulfonylphosphoramidate; tfa, 1,1,1-trifluoro-2,4-pentanedionate; tfacph, 3-trifluoroacetylcamphorate; tpp, tetra- 
phenylphosphonium; tta, 2-thenoyltrifluoroacetonate. 
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The combination of these organic ligands has resulted in the preparation 
of Ln3+-based compounds and materials with different optical properties 
(e.g. photoluminescence, electroluminescence, and mechanolumi
nescence) [7–10]. One of the most investigated classes of Ln3+-com
pounds is the one containing β-diketonates ligands due to versatility and 
efficient non-radiative intramolecular energy transfer (IET) from the 
organic ligands (L) to the lanthanide ion (L → Ln3+) [5,11]. 

These lanthanide complexes have been obtained by different syn
thetic routes, mainly containing ancillary ligands. For example, in the 
absence of strong donor ligands, Ln3+ tris-β-diketonate complexes usu
ally contain solvent molecules (water or ethanol) coordinated with the 
metal ion. In subsequent steps, these molecules can be replaced by other 
classes of organic ligands to yield thermodynamically more stable sys
tems with high emission intensity. Some experimental procedures pre
sent a one-pot route for these complexes [12]. Notably, the water or 
ethanol molecules in Ln3+ systems have worked as strong luminescence 
quenchers [13,14]. Furthermore, various ancillary ligands can provide 
greater structural rigidity, minimizing non-radiative decay processes 
and acting as excellent luminescent sensitizers for the central metal ion. 
The organic ligands that most fulfill these requirements are hetero
aromatics, phosphinoxides, sulfoxides, and amides. On the other hand, 
different electronic structures of the β-diketonates and ancillary ligands 
may result in the interligand intramolecular energy transfer acting as an 
excitation-suppressing channel [11]. 

A relevant chemical feature of Ln3+ tetrakis complexes is the for
mation of a homoleptic system, where four identical ligands lead to an 
octacoordinated {LnO8} polyhedron, where steric interactions prevent 
the binding of other molecules to the metal ion [15]. Compared to tris- 
complex systems of the same ligand, it is also expected that the emission 
quantum yields (as defined in Ref. [16]) of lanthanide tetrakis- 
complexes would be higher by avoiding the coordination with high- 
energy oscillator molecules (i.e., water, alcohols, amines, etc.), which 
may decrease non-radiatively the population of the lanthanide emitting 
level. In addition, the homogeneous environment of tetrakis-diketonate 
complexes with identical ligands causes the Ln3+ ion to be the main 
energy acceptor [17,18]. It is noteworthy that a heteroleptic Sm3+ tet
rakis complex with four distinct β-diketonates has been synthesized and 
comparisons with the corresponding homoleptic systems showed 
enhanced luminescent properties [19]. 

The lanthanide tetrakis-complexes are generally of the type Q[Ln 
(L)4], where Ln, L, and Q are trivalent lanthanide ions (e.g., Eu3+, Gd3+, 
Tb3+), bidentate organic ligands (e.g., β-diketonates), and counterion, 
respectively. These Ln3+ compounds are octacoordinated (Fig. 1), 

producing an anionic species [Ln(L)4]–, where the counterion (Q+) can 
be either inorganic (e.g., alkaline metals) or organic cations (e.g., alky
lammonium, imidazolium, and pyridinium derivatives) [5,20]. 

Although the spectroscopic properties of Ln3+ tetrakis-compounds 
mainly depend on the anionic ligand, they can also depend on the 
counterion, which can disturb the chemical environment of the anionic 
group in the solid state due to intermolecular interactions and steric 
hindrances [21]. Consequently, these properties can be modulated by 
choosing either the appropriate ligand or counterion. Besides, these 
counterions can play an essential role in the physical properties of 
tetrakis-complexes, such as thermodynamic stability, melting point, 
solubility in organic solvents, etc. 

For luminescent applications, Ln3+ complexes have been widely 
employed due to their photophysical features as narrow absorption, 
excitation, and emission peaks, with relatively long excited-state life
times (usually at the micro to millisecond scale), and high color purity 
arising from 4f to 4f transitions [22]. These intraconfigurational tran
sitions are forbidden by Laporte’s rule at zeroth order and are much less 
sensitive to the ligand field, compared to d-metals complexes, due to the 
shielding effects upon the 4f electrons by the filled 5 s and 5p subshells. 
As a result, the weak ligand field effect in the Ln3+ coordination com
pounds leads to a small splitting of the 2S+1LJ energy levels [23]. 

Regarding the Ln3+ compounds, the Eu3+ ion is specially investi
gated because of its electronic structure properties, which present both 
the non-degenerate emitting (5D0) and ground state (7F0) levels. This 
allows a deeper analysis of the spectral data (absorption, excitation, and 
emission bands). Based on selection rules, the number of components 
attributed to the 5D0→7FJ electronic transitions (J = 0–6) may be 
correlated with the site symmetry of the Eu3+ chemical environment. 
When the energy level splits into the maximum (2J + 1)-components the 
compound belongs to lower site symmetry (e.g., C2, Ci, and Cs) [2,25]. In 
addition, one of the main features of the Eu3+ emission is that the 
5D0→7F1 transition, nearly 100 % magnetic dipole allowed, is practically 
independent of the chemical environment, enabling it to be used as a 
reference for determining other radiative rates in the Eu3+ compounds 
[11,22]. Moreover, in most cases, there is an efficient ligand-to-metal 
energy transfer process, which can be an efficient sensitization 
pathway to high emission intensities. Another spectroscopic advantage 
is that the Eu3+ ion also has the first 7F1 excited state close to the 7F0 
ground state, thus being able to be thermally populated, giving rise to 
interesting properties in the emission and excitation spectra, as well as 
for applications in luminescent temperature sensors [3,26–29]. 

Concerning the absorption and emission spectroscopic properties of 
Ln3+ complexes, it is important to stress that the intraconfigurational 4f- 
4f transitions are forbidden by the electric dipole (ED) selection rule in 
the zeroth order because they involve states of the same parity (based on 
Laporte’s rule). The fact that such electronic transitions were frequently 
detected puzzled researchers up to the beginning of the 1960 s. The 
usual mechanisms known until then could not explain the experimental 
oscillator strengths for most 4f-4f transitions. In 1962, Judd [30] and 
Ofelt [31] established the theoretical bases for explaining the intensities 
of the f-f transitions, known today as the Judd-Ofelt theory. In the 
framework of the original Judd-Ofelt theory, it was stated that for Ln3+

in non-centrosymmetric ligand fields, the odd component of its Hamil
tonian can act as a perturbation that can promote a configuration 
interaction between the 4fN and opposite parity configurations, such as 
{4f(N− 1)5d1, 4f(N− 1)5g1, 4f(N− 1)6d1, …}. Such a mixing leads to wave
functions with no definite parities, and, as a result, the parity selection 
rule is relaxed, thus allowing 4f-4f transitions by a new mechanism 
known as Forced Electric Dipole (FED). However, there were still some 
4f-4f transitions whose intensities could not be explained by the original 
Judd-Ofelt theory, and they were quite sensitive to the chemical envi
ronment around lanthanide ions, thus being named hypersensitive. In 
1964, Jørgensen and Judd [32] were the first to point out the contri
bution of the ligands’ polarizabilities to the oscillator strengths, nowa
days known as the Dynamic Coupling (DC) mechanism [33–36]. The DC 

Fig. 1. Structure of the anionic moiety [Ln(tfa)4]− (tfa: 1,1,1-trifluoro-2,4-pen
tadionate). Structure from Ref. [24] (CCDC: 1877897). 
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mechanism is based on the interaction between the lanthanide ion 4f 
electrons, and a secondary electric field induced by the polarization of 
the ligands’ electron density due to the incident field, yielding oscillator 
strengths in the same order of magnitude (~10− 6) as the FED mecha
nism. An interesting feature of the Judd-Ofelt theory, including both 
FED and DC mechanisms, is the complete description of the 4f-4f in
tensities, for a specific Ln3+ compound, by only three quantities, known 
as intensity parameters (Ω2, Ω4, and Ω6). 

Recently, contributions from covalence taking into account the 
overlap polarizability concept have been considered in the intensities of 
the 4f-4f transitions theoretical approach [22,34,35]. Nevertheless, from 
the present understanding of the theory of 4f-4f intensities, the DC 
mechanism can be the dominant contribution in some Eu3+ complexes, 
making it the main mechanism responsible for the emission in such 
coordination compounds. 

One of the main drawbacks for luminescent applications of Ln3+ ions 
is their small absorption cross-section because the f-f transitions are 
forbidden in zeroth order, as mentioned above. However, 20 years 
before the FED and DC theories were formulated, the phenomenon of 
intramolecular energy transfer (IET) had already been described 
experimentally in the literature by Weissman [37]. His experimental 
results gave strong evidence showing that Eu3+ emission could be 
observed when the complex was excited at the ligand absorption. In this 
context, the excitation energy could be relayed from the ligand to the 
excited 4f levels. The theoretical understanding of such a process has 
come a long way since then [22,38,39]. 

In 1948, Förster published his seminal work [40] on the energy 
transfer driven by the dipolar interaction between organic molecules. 
However, such a model should not be directly applied to Ln3+ complexes 

because the electronic 4f-transitions are ED forbidden, so the model 
must be modified accordingly to consider the FED mechanism. Five 
years later, Dexter [41] laid the basis for the understanding of energy 
transfer in inorganic solids, including quadrupole interactions. It was 
shown that the purely quantum exchange mechanism could play an 
important role at short distances between sensitizer and activator in
teractions (typically < 4 Å). Even though Dexter set the foundations for 
the theoretical development of the ligand-to-lanthanide energy transfer 
process, more than 40 years passed until the basis of the current model 
developed by Malta, in 1997 [38]. The current modeling for such an IET 
process considers multipole-multipole and exchange interactions. In this 
case, the acceptor transition is a 4f-4f excitation of the lanthanide ion, 
while the donor transitions can be the singlet–singlet (S1→S0) or triplet- 
singlet (T1→S0) from the ligands in the coordination compounds [22]. 
One of the most remarkable achievements of this model is the selection 
rules in the total angular momentum J for the 4f-4f states that are 
accessible via the energy transfer process, either by the multipolar 
mechanism (|J − J’| ≤ λ ≤ J + J’; λ = 2, 4 or 6) or the exchange 
mechanism (ΔJ = 0, ± 1; J = J’ = 0 excluded). This model allowed the 
investigation of the participation of thermally populated excited levels 
of some Ln3+ ions as acceptors for the energy transfer processes. The two 
most common ones are the thermally excited 7F1 level of Eu3+ (at room 
temperature) or the long-lived 7F5 level of Tb3+, both enabling the 
excitation of the emitting 5D0 and 5D4 levels, respectively, by the ex
change mechanism, which usually leads to high effective IET rates for 
these metal ions [42–45]. In the last decade, time-resolved emission and 
transient absorption experiments have corroborated the order of 
magnitude of the IET rates calculated by the current model. In addition, 
most works showed almost quantitative (~100 %) sensitization effi
ciency from the ligand triplet state (T1) to the Ln3+ excited energy levels 
[46–48]. 

Significant development has been made in the field of lanthanide tris 
complexes. However, the study of Ln3+ tetrakis compounds remains 
relatively limited. Fig. 2 illustrates this point by showcasing the results 
of a search conducted on the Scopus® platform. The search specifically 
targeted documents that incorporated the terms “lanthanide” and “tet
rakis” in their titles, abstracts, and keywords, encompassing alternative 
terms such as “lanthanoid” and “rare earths”. Fig. 2a highlights the 
distribution of these documents worldwide, revealing that countries like 
China, the USA, and Russia are at the forefront of lanthanide-tetrakis 
research. Additionally, Fig. 2b presents the timeline evolution of these 
documents, starting from the pioneering works of Melby et al. [49] and 
Bauer et al. [12]. Interestingly, both papers, authored by distinct groups, 
were submitted on the same day (July 17th, 1964). To date, the litera
ture contains less than 600 reported papers focusing on lanthanide tet
rakis compounds. 

In this work, we discuss the preparation, structural, and lumines
cence properties of the Ln3+ tetrakis complexes. This should be a timely 
review given the significant increase in the number of publications 
related to the Ln3+ tetrakis compounds during the last two decades as 
depicted in Fig. 2, which also shows the global contributions. These 
complexes will be denoted as Q[Ln(L)4], with organic chelating ligands 
(L) and different alkaline metals or organic counterions (Q+). The crystal 
structures of some tetra-bidentate, eight-coordinated europium com
plexes {EuO8} or {EuS8} polyhedrons are described and considered. In 
addition, we present spectroscopic experimental data on the lanthanide 
tetrakis complexes and present various current design ideas, synthetic 
routes, structural investigations, and luminescence behaviors. More
over, theoretical aspects of the 4f-4f intensity parameters, rate equations 
excited states modeling, DFT/TDDFT simulations, and emission quan
tum yield are also discussed. Therefore, the synergism involving theo
retical and experimental aspects of these coordination compounds is key 
to a deeper understanding of their intramolecular energy transfer 
mechanisms. Lastly, some aspects regarding the opportunities of the 
Ln3+ tetrakis complexes in areas such as LED functionalization and 
OLEDs, nanomaterials synthesis, nanomaterials functionalization, 

Fig. 2. Scopus search for documents containing the terms “tetrakis” and “lan
thanides” or “rare-earth” or “lanthanoid” in the TITLE, ABSTRACT, and KEY
WORDS. Published papers by (a) country and by (b) year. This search was done 
on May 9th, 2023, and 573 documents were found. 
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mechanoluminescent probes, magnetic-optical composites, and lumi
nescent temperature sensors are summarized and discussed. 

2. Counterion (Qþ) 

The counterions (Q+) in the lanthanide tetrakis complexes (Q)[Ln 
(L)4] play an important role in their properties, such as solubility, 
thermal stability, structure, and luminescence. The Ln3+ tetrakis com
pounds contain alkali-metal cations (Li+, Na+, K+, Cs+, and Rb+) or, 
mainly, organic counterions (e.g., imidazolium, pyrrolidinium, quater
nary ammonium, phosphonium, etc.). The source of the organic coun
terions normally contains anions as simple inorganic species such as 
halides (except fluoride); but tetrahedral and octahedral non- 
coordinating anions are also used, such as [BF4]–, [AlCl4]–, [PF6]– or 
[SbF6]− [13,50]. Fig. 3 shows the most common organic counterions. 
Several works have been reported on the anionic lanthanide complex 
ions [Ln(L)4]– with cyclic aromatic and non-aromatic organic counter
ions presenting carbon chains bonded to the nitrogen heteroatom as can 
be seen in Table 1. 

3. β-diketonate complexes 

Among the organic ligands used in the preparation of lanthanide 
coordination compounds, the β-diketones are the most common ones, 
partially due to the wide commercial availability (for some of them) and 
the relative ease of Ln3+-based complexes preparation [5]. In general, 
these chelating agents present high absorption coefficients and hence, 
can act as an efficient sensitizer in optical materials [5,11]. On the other 
hand, several Ln3+ β-diketonate complexes present some limitations for 
applications in technologies, given that they have weak photo- and 
thermal stabilities [1,3], even though photo-instability may be used in 
UV sensing [51]. Then, for example, the design of organic ligands and 
the incorporation of these complexes into polymeric systems improve 
their optical and thermal properties. 

3.1. Syntheses and characterization 

β-diketones are characterized by the presence of two carbonyl 
groups, usually separated by a methylene group as the α-carbon (Fig. 4). 
It is noteworthy that studies with α-substituted β-diketones are 

Fig. 3. Most common Q+ organic counterions in lanthanide tetrakis complexes.  
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significantly less common than the corresponding species with substi
tution at the terminal carbon atoms [52,53]. The simplest β-diketone is 
acetylacetone, Hacac, and other ligands from the same class can be 
obtained by the substitution of the central methylene or terminal methyl 
groups, the latter being much more frequent. The most common sub
stituents in such positions are alkyl, perfluoroalkyl, aromatic, or 

heteroaromatic groups, and some examples of their structural formula 
can be seen in Fig. 4. 

The keto-enol equilibrium and the presence of two carbonyl groups 
adjacent to the α-carbon make its hydrogen acidic, which can generate 
the corresponding β-diketonate conjugated base under mild conditions 
because it is additionally stabilized by conjugation of the anionic charge 
[54]. A large variety of aliphatic–aromatic or heteroaromatic substitu
ent R1 and R2 groups (Fig. 4) can be used to design β-diketone ligands 
with different electronic and structural features. In general, when 
chromophores groups R1 or R2 are placed in the ligand, they can increase 
the absorption of the molecule and the emission intensity of the Ln3+ ion 
via intramolecular energy transfer, known as the antenna effect. There 
are some examples of β-diketone ligands (Fig. 4) where the α-carbon can 
also contain different substituent groups. The α-carbon can be used as a 
reactive site in cyclization reactions to form cyclic β-diketones (or 
β-triketone), for example in the case of 2-acyl-1,3-indandiones [55]. 

The R1 and R2 substituents in the β-diketone structure (Fig. 4) have 
significant effects on the physical and chemical properties of the ligands 
as well as the correspondent Ln3+-complexes [5]. Alkyl groups in the 
α-carbon tend to increase the amount of the keto tautomer because it 
increases the pKa of the α-hydrogen, while with electron-withdrawing 
groups (e.g., CF3), the enol form is dominant due to the higher acidity 
of the central hydrogen [56]. Concerning the terminal R1 and R2 

branched alkyls like t-butyl increase the solubility in organic solvents, 
and the volatility, while unsaturated and fluoroalkyl groups lead to more 
acidic species. In addition, aromatic groups give rise to stronger light 
absorption due to the conjugation with the β-diketonate system [11]. In 
designing Ln3+ complexes, the choice of the ligands’ substituent plays a 
paramount role, given that they influence the ligand energy levels. 
particularly, the first excited S1 and triplet T1 and hence, in the intra
molecular energy transfer (IET) process. 

For the preparation of the Ln3+ coordination compounds, β-diketone 
ligands are usually previously deprotonated to remove the α-hydrogen, 
leading to a negatively charged enolate ion. Thus, tetrakis species will be 
anionic [Ln(β-diketonate)4]− , which requires a cationic counterion 
(Q+). For such purpose, alkali metal ions can be employed [57,58], but it 
is common to use counterions with an organic moiety such as those 
containing alkyl and phenyl groups [59–65], alkyl phosphonium [66], 
organic dyes [67]. As can be seen in Fig. 3, the indexes n, m, z, and x 
stand for the number of carbon atoms that are present in the 
substituents. 

Generally, aromatic β-diketonate ligands have a triplet state (T1) that 
aligns well in energy with the Eu3+ levels, specifically 5D1 and 5D0, 
enabling efficient spectral overlap. However, the T1 state of these li
gands can occasionally be situated below the 5D4 level of Tb3+ ions, 
making them less effective as sensitizers for Tb3+ complexes. Yet, Tb3+

β-diketonate complexes with an intense green emission were obtained 
with aliphatic ligands such as acac and tfa ligands [68,69]. Nevertheless, 
a few examples of tetrakis β-diketonates with other lanthanide ions, such 
as Pr3+, Nd3+, Lu3+ [63], Sm3+ [19,64], and Er3+ [67], can be found in 
the literature. Worth mentioning is that some Tb3+ β-diketonate com
plexes with aromatic ligands, having a T1 state in the appropriate energy 
position, are being employed as optical thermometers [59]. 

3.2. Crystal structure 

From a structural point of view, lanthanide tetrakis complexes that 
contain the β-diketonate ligands have certainly been the most investi
gated ones. The majority of the reported crystal structures of these 
complexes are the ones with Eu3+ ions [21,63,79–86]. They are gener
ally those with the highest luminescence intensity usually due to the T1 
state position of the organic moiety [5,87]. Crystalline structures for 
several lanthanide tetrakis complexes with organic counterions have 
been reported [88–90]. Most of these structures present some level of 
disorder, mainly concerning the aromatic ring substituents and the 
presence of near counterion. Furthermore, crystals with organic cations 

Table 1 
Lanthanide tetrakis β-diketonate complexes with crystallographic data, Space 
group, and CCDC (Cambridge Crystallographic Data Centre) codes, determined 
by single-crystal X-ray diffraction.  

Ln3+ complex 
anion 

Q+ counterion Space group CCDC Ref. 

[La(nta)4]− [NEt4]+ P21 (N◦ 4) 1964553 [70] 
[Ce(tta)4]− [C9H7N]+ P21/c (N◦ 14) 1242744 [71] 
[Pr(tta)4]− [N(C2H2-Et)4]+ P2/n (N◦ 13) 1158231 [72] 
[Pr(dbm)4]− [C5H10NEtH]+ P21/n (N◦ 14) 1844859 [63] 
[Nd(tta)4]− [C5H6N]+ P21/c (N◦ 14) 1270464 [73] 
[Nd(hfa)4(H2O)]− [N(C2H5)4]+ P21/n (N◦ 14) 631505 [74] 
[Sm(tta)4]− [C7H9N]+ P21/a (N◦ 14) 112912 [75] 
[Sm(tta)4]− [C8H12N]+ P2/n (N◦ 7) 112913 [75] 
[Sm(tta)4]− [N(C2H2-Et)4]+ C2/c (N◦ 15) 1158232 [76] 
[Sm(hfa)4]− Na+ C2/c (N◦ 15) 1548951 [77] 
[Sm(nta)4]− [C6mim]+ P21/c (N◦ 14: 

b2) 
712707 [78] 

[Sm(tta)4]− [C6mim]+ P21/c (N◦ 14: 
b2) 

712706 [78] 

[Sm(hfa)4]− [C6mim]+ P21/n (N◦ 14: 
b2) 

712708 [78] 

[Eu(bzac)4]− [C5H12N]+ P21/n (N◦ 14) 1233179 [79] 
[Eu(dbm)4]− [C9H15N]+ Pca21 (N◦ 29) 1298166 [80] 
[Eu(dbm)4]− [C3H5N2]+ Pbcn (N◦ 60) 1297041 [81] 
[Eu(dbm)4]− [C4H10ON]+ Pca21 (N◦ 29) 1296828 [82] 
[Eu(dbm)4]− [HNEt3]+ Ia (N◦ 9) 160256 [83] 
[Eu(hfa)4]− Cs+ Pbcn (N◦ 60) 1123675 [84] 
[Eu(tta)4]− [C7H10N]+ P21/n (N◦ 14) 1280079 [85] 
[Eu(dbm)4]− [TEA]+ Cc (N◦ 9) 1430893 [86] 
[Eu(dbm)4]− [PMP]+ P1̄ (N◦ 2) 1540564 

[86] 
[Eu(dbm)4]− [TMP]+ Pca21 (N◦ 29) 1062305 [86] 
[Eu(tta)4]− [PMP]+ P4̄ 21c (N◦ 114) 1407234 

[86] 
[Eu(tta)4]− [TMP]+ P4̄ 21c (N◦ 114) 1407236 

[86] 
[Eu(dbm)4]− [C5H10NEtH]+ P21/n (N◦ 14) 1844860 [63] 
[Eu(nta)4]− [(CH3) 

C5H4NC4H9]+
P42/n (N◦ 86) 679355 [21] 

[Gd(nta)4]− [(CH3) 
C5H4NC4H9]+

P21/c (N◦ 14) 679357 [21] 

[Lu(dbm)4]− [C5H10NEtH]+ P21/n (N◦ 14) 1844861 [63]  

Fig. 4. β-diketone ligands in Q[Ln(L4)] coordination compounds containing R1 

and R2 as substituent groups. 

I.F. Costa et al.                                                                                                                                                                                                                                  



Coordination Chemistry Reviews 502 (2024) 215590

6

usually present an appreciable mechanoluminescence intensity 
[82,88,89] with Et3NH[Eu(dbm)4] being one of the most recognized 
complexes for triboluminescent for more than 30 years [89]. Concerning 
the characterization of these complexes, mass spectrometry has shown 
that in solution the [Eu(L)4]– is present as an isolated anion [91] with 
recent theoretical studies focusing on the structure of such complexes in 
solution [92]. 

The crystal structure of octa-coordinated Ln3+ tetrakis-(β-diketo
nate) complexes {LnO8} with bidentate ligands usually is governed by 
interligand steric effects and molecular packing interactions [93]. 
Moreover, the distortions of coordination geometry in these complexes 
lead to symmetries without a center of inversion (Fig. 5). Therefore, the 
4f-4f transitions (absorption and emission) of the Ln3+ ions are allowed 
by the Forced Electric Dipole (FED) and Dynamic Coupling (DC) 
mechanisms in this condition, together with the Laporte-allowed Mag
netic Dipole (MD). This optical feature together with a high degree of 
structural rigidity also contributes to increasing luminescent intensity, 
given that the brightness of an emitter is defined as B = QL

Ln × εL, where 

εL is the molar absorption coefficient and QL
Ln is the overall quantum 

yield [16,94]. 
Most of tetrakis β-diketonate-based complexes reported were pre

pared with organic counterions (Table 1), mainly 1-alkyl-3-methylimi
dazolium [21,59,90,92,95,96], trialkylammonium [89,96], and 
tetraalkylammonium [21,88,97,98]. However, there are some com
plexes with the following cations morpholinium [82], amphiphilic/ 
surfactant ammonium [99,100], phosphonium [101,102], pyridinium 
[21], and alkali metals [24,50,103]. 

The Q+ counterions mostly affect the solid-state structure of com
pounds, given that for the same ligand in the tetrakis anion, a compound 
can have a bulky ammonium counterion, a small alkali metal cation, or a 
more planar 1-alkyl-3-methylimidazolium derivative. For example, the 
smallest Eu–N distance is 5.6 Å for the planar C4mim[Eu(nta)4], while 
the bulkier Bu4N[Eu(nta)4] has a value of 8.9 Å [21]. It should be noted 
that stacking interactions such as π–π or cation-π play a major role in this 
kind of structure (Fig. 6) [21]. The interaction between the [Eu(L)4]– 

anionic moiety and the cation will dictate the shape and size of the 
{EuO8} coordination sphere polyhedron which will, in turn, govern all 
4f-4f transition intensities due to ligand field interactions. 

3.3. Spectroscopic properties 

One of the most interesting photophysical features of Ln3+ tetrakis 
coordination compounds containing β-diketonate ligands are their 
photoluminescent properties mainly compared to the hydrated tris 
species in terms of emission intensity, considering the same ligand. It is 
noteworthy that some reviews were reported on the optical properties of 
this class of tetrakis compounds, especially the work by Binnemans [5]. 
In the last two decades, several applications of these complexes have 
appeared, including but not limited, to LEDs and OLEDs [50,97,104], 
luminescent thermometers [24], and solar concentrators [102]. 

The photoluminescence properties of Ln3+ tetrakis complexes have 
been used in several areas of advanced materials such as sol–gel mate
rials, mesoporous materials, vermiculite clay surfaces [96], ionic liquids 
[20,66,78,92,101,105,106], ionogels [107], luminescent polymer films 
[61,108], and magnetic mesoporous silica nanosphere [95]. 

The effects of different counterions as well as of the β-diketonate 
ligands on the luminescence properties of Ln3+ tetrakis complexes have 
been investigated quite extensively [60,62,78,100,109]. For example, 
our group has performed a systematic study on the Cnmim[Ln(tta)4] 
complexes (Ln3+: Eu3+ and Gd3+) with different imidazolium counter
ions [Cnmim: 1-alkyl-3-methylimidazolium (alkyl: n-propyl–n-octyl)]. 
These coordination compounds were synthesized by a one-pot method 

Fig. 5. Idealized coordination polyhedra for tetrakis complexes with different 
symmetries, following the classification inspired by Bauer et al. [12]. The 
central Ln3 + ion and the ligating atoms are indicated by blue and green 
spheres, respectively. Some symmetry operation axes are also shown. 

Fig. 6. a) Packing of the Bu4N[Eu(nta)4] compound in the crystallographic ab plane (b) Perspective view of the crystal packing along the [97] direction. Adapted 
with permission from Ref. [21]. Copyright 2009, American Chemical Society. 
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following the traditional tetrakis synthesis [109]. Thermal analysis data 
revealed that they are thermostable until 210 ◦C and X-ray powder 
diffraction patterns indicated that an isomorphic series is obtained for 
long substituent chains (n = 5, 6, and 7). Furthermore, emission spectra 
for similar Gd3+-compounds in solid-state presented a phosphorescence 
band of the tta ligand in the same spectral region with barycenter around 
20,700 cm− 1. According to these spectral data, the carbon chain size (n) 
affects slightly the emitting triplet state energy position. Similar pho
toluminescent behavior was found for complexes in solutions of the 
corresponding ionic liquids [Cnmim]Br (Fig. 7), demonstrating that the 
coordination polyhedra of these complexes does not change substan
tially in the solution, as commonly seen for other solvents, which can be 
due to the non-coordinating characteristics of the 1-alkyl-3-metyhlimi
dazolium and bromide ions [109]. 

Regarding the photoluminescence properties of complexes, they 
present the characteristic 5D0→7FJ transitions (J = 0 – 4) of the Eu3+ ion 
with generally high 4f-4f intensity parameters and somewhat high 
intrinsic quantum yield (QEu

Eu), as they have no water molecules bonded 
to the lanthanide ion [59,90,97,98,100,102]. Most of the complexes 
have a somewhat high photostability in both the solid and solution 
phases, presenting them as good candidates for lighting applications 
[90]. 

The high Ω2 values for the Eu3+ compounds corroborate the strong 
emission intensity of the 5D0→7F2 transition, which as it has been dis
cussed in the literature [2,15,36], is more sensitive to angular distor
tions. On the other hand, as it has been also discussed in the literature, 
Ω4 and Ω6 are more dependent on covalency. In general, Eu3+ tetrakis 

complexes that are not quenched by LMCT states tend to have relatively 
high intrinsic quantum yields, as was found for the C7mim[Eu(tta)4] 
compound with a 90 % intrinsic quantum yield in the solid state [109]. 
Therefore, the experimental and theoretical analyses indicate the high 
efficiency of the intramolecular energy transfer (IET) process. When 
solubilized in the ionic liquids all complexes have the same emission 
profile, thus suggesting that all [Eu(tta)4]− complexes have similar 
structure. The physical chemistry treatments on these experimental in
tensity parameters are described in section 8. 

Carlos et al. [21] demonstrated that there is a great influence of the 
[NBu4]+, [C4mim]+ and [C4mpyr]+ counterions of the Q[Eu(nta)4] 
complexes (nta: naphthoyltrifluoroacetonato) on the structural behavior 
of the diketonate anion as well as in their luminescent properties. When 
the excitation spectra of these complexes are recorded under the elec
tronic transition of the diketonate ligand, the absolute emission quan
tum yields (QL

Eu) values are in the range of 53–77 %, showing the highest 
values compared with that reported for tris complexes [Eu 
(nta)3(dmso)2] (where dmso: dimethylsulfoxide), which has the emis
sion quantum yield of 75 % [110]. It is noteworthy that usually, the Ln3+

tetrakis(β-detonate) complexes exhibit higher luminescence intensities 
than those respective tris complexes. 

Excitation spectroscopy is an important luminescent technique of 
lanthanide compounds and materials for providing qualitative data (e.g., 
structural, intramolecular energy transfer) as well as quantitative in
formation (e.g., temperature sensing from integrated intensities [28]). 
Therefore, the proper designation of the transitions is essential, and 
wavelengths calculated from the energy levels of the lanthanide-free ion 

Fig. 7. (a) Structural formulas of [Eu(tta)4]- complex and Cnmim counter ions. Emission spectra of the Cnmim[Eu(tta)4] compounds (b) in solid-state and (c) in 
solution at 1 % in mol of each [Cnmim]Br ionic liquid (n = 3 to 8) and (d) The CIE diagram for the and their corresponding Cnmim[Eu(tta)4] with [Cnmim]Br (3 ≤ n 
≤ 8) solutions. Photographs of these systems taken with a digital camera under ambient light and excitation at 365 nm are also presented. Adapted with permission 
from Ref. [106]. 
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[2,111] are an excellent guide. However, this cannot be the only crite
rium assignment of excitation transitions because it can lead to incorrect 
attributions as proposed for NEt4[Ln(dbm)4] complexes [112,113]. 
Three additional criteria are essential to consider for proper assignment 
bands in the excitation spectrum, namely, the population of the initial 
level in the transition, the selection rules between the levels involved in 
the transition, and the ligand field splitting of the energy levels (or Stark 
levels). For the transition to have a measurable intensity (assuming it is 
allowed), the thermal population of the initial level must be sizable, 
when using common excitation sources such as lamps. It is well-known 
that, in thermal equilibrium, the population (Boltzmann distribution) of 
a given level decreases exponentially with its energy concerning the 
ground state [2]. So, at room temperature, this condition restricts energy 
levels at most 2,000 cm− 1 above the ground state [2]. For most Ln3+

ions, the starting levels are thus limited to the ground state, except for 
Eu3+ [2,114], and possibly for Dy3+, Sm3+, and Tb3+ ions [43]. It is 

noteworthy that the manifold of high-lying energy levels is large enough 
to accommodate and account for all transitions in the excitation spectra 
of lanthanide ions by starting at the ground state (and the thermally 
populated levels), particularly, when the Stark energy levels are 
considered. 

Advance luminescent materials have also been fabricated by using 
Ln3+ tetrakis complexes as molecular light emitters into polymer 
matrices. Biju et al. presented a poly(methyl methacrylate) (PMMA) film 
containing a Q[Eu(L)4] type complex [98]. Fig. 8 shows the one- 
dimensional nanostructures fabricated from and electrospinning 4- wt 
% doped PMMA solution, leading to nanowires with a cross-section 
diameter from 200 to 300 nm. In addition, PMMA films doped with 
the same amount of the Eu3+ complex exhibited high luminescence 
under sunlight. 

Leite Silva et al. reported the preparation of hydrophobic thin 
Langmuir-Schaefer [99] films based on the [Eu(dbm)4]– complexes with 
several amphiphilic surfactant cations while Zhou et al. described for 
Langmuir-Blodgett film [107]. The same group also prepared solid-state 
lighting devices by merging blue LED devices with europium and 
terbium tetrakis complexes C26H56N[Eu(dbm)4] and Na[Tb(acac)4] 
dissolved in polymeric films (PMMA and PVDF) [115] or mixed with 
cyanoacrylate glue [100]. The functionalized LED devices presented an 
interesting emission intensity stability during the continuous operation 
of the LED chip (λex ≈ 400 nm), producing devices containing the special 
properties of the lanthanide 4f-4f transitions (Fig. 9). Furthermore, it is 
possible to observe the absence of the LED emission in the C26H56N[Eu 
(dbm)4]-functionalized chip, showing that the ~ 400 nm radiation is 
being efficiently absorbed by the emitting complex [115]. 

Aside from LED-functionalization, the groups of Ilmi [64], Cremona 
[50], and Biju [97] also prepared OLED electroluminescent devices 
containing tetrakis complexes. The latter was one of the first works to 
produce OLEDs devices using Ln3+ tetrakis complexes, showing that the 
emission lines for this type of device are of the same profile as the 

Fig. 8. (a) Scanning Electron Microscopy (SEM) images showing nanowires of 
(Bu4N[EuL])2-doped PMMA resin (4 wt%) at low magnification, with a scale 
bar of 1 μm. (b) Photograph of a PMMA film containing 4 wt% of (Bu4N[EuL])2 
under natural daylight. Adapted with permission from Ref. [98]. Copyright 
2014, American Chemical Society. 

Fig. 9. (a) Schematic LED prototypes fabricated from film compositions containing polymers (PMMA or PVDF) doped with Tb and Eu tetrakis complexes. (b) 
Emission spectra and (c) emission intensities of these prototypes when monitored over 24 h of continuous operation: (1) C26H56N[Eu(dbm)4]/PMMA, λem = 613 nm 
(2.8 V), (2) Na[Tb(acac)4]/PMMA, λem = 548 nm (3.2 V), (3) C26H56N[Eu(dbm)4]/PVDF, λem = 613 nm (2.8 V), and (4) Na[Tb(acac)4]/PVDF, λem = 548 nm (3.2 V), 
(5) bare near-UV LED, λem = 380 nm (3.2 V). (d) Photographs of the near-UV (390 nm) LEDs coated with (1) 1 wt%, (2) 5 wt%, (3) 1 wt%, and (4) 5 wt%. Adapted 
with permission from Ref. [115]. Copyright 2023, The Royal Society of Chemistry. 
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powder ones. In most recent years, Sm3+, Eu3+, Tb3+, and Dy3+ tetrakis 
complexes were also applied as optical thermometers with surprising 
sensibilities, and low-temperature uncertainties [24,59]. 

The photoluminescence spectra of dpaH[Ln(hfa)4] compounds (Ln: 
Sm3+, Eu3+, and Tb3+; hfa: hexafluroacetylacetonate and dpa: 2,2′- 
dipyridylamine) exhibit those bands due to the Sm3+ (4G5/2→6H5/2-11/ 

2), Eu3+ (5D0→7F0-4) and Tb3+ (5D4→7F6-0) transitions [64]. For the 
Sm3+ and Eu3+ complexes (Fig. 10), no broadband arising from the hfa 
ligands can be seen in their emission spectra, suggesting an efficient 

ligand-to-metal intramolecular energy transfer. On the other hand, the 
presence of the broad emission band in the Tb3+ complex spectrum 
indicated a less efficient IET process [64]. This work also reports the 
structural analysis and electroluminescence (EL) data, allowing the 
fabrication of orange and red OLEDs based on the Sm3+ and Eu3+ tet
rakis (hfa) complexes as emitting layers, respectively. On the other 
hand, the Tb3+ tetrakis complexes were not used in the OLED fabrication 
because of the absence of green emission and present low overall 
quantum yield (QL

Tb = 3.8%) due to low energy transfer efficiency. 

Fig. 10. Emission spectra of the dpaH[Ln(hfa)4] compounds in the solid-state: (a) Sm3+, (b) Tb3+, the 5D4 → 7F2,1,0 emissions are shown in the inset, and (c) Eu3+. (d) 
CIE color diagram and (e) the structural formula of the complexes. Adapted with permission from Ref. [64]. Copyright 2022, Elsevier. 

Fig. 11. (a) Structural formula of the Q[Tm(acac)4] compounds (Q: Li+, Na+, and K+), (b) Emission spectra of [Tm(acac)3(H2O)3] and Q[Tm(acac)4] compounds 
recorded at 298 K, under excitation at 325 nm, (c) Energy level diagram of [Tm(acac)4]− complex. The acac ligand state energies, S0, S1, and T1 are displayed on the 
left. ISC represents the intersystem crossing process, ET and bET represent the forward and backward energy transfer processes, respectively, and (d) CIE of the Q[Tm 
(acac)4] compounds. Adapted with permission from Ref. [103]. Copyright 2011, Elsevier. 
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Usually, Tm3+ tris complexes do not emit blue light (1G4→3H6) due 
to a small energy gap (~6,100 cm− 1) between the 1G4 and 3F2 levels. 
This could favor the coupling of vibrational modes, which quench the 
blue luminescence [103]. However, our group successfully prepared 
Tm3+ tetrakis complexes using a simple one-pot synthesis. These com
pounds, Q[Tm(acac)4] (Q: Li+, Na+, and K+), exhibit a strong and nar
row blue emission (centered at 480 nm) at room temperature (Fig. 11). 
Additionally, they are chemically stable and anhydrous. These Tm3+

tetrakis complexes can efficiently serve as the blue component in full- 
color systems. 

3.4. Circularly polarized luminescence 

Some chiral lanthanide tetrakis complexes have been studied by 
electronic circular dichroism (CD) and circularly polarized photo
luminescence (CPL) phenomena, for evaluating chiral configurations 
around Ln3+ ion [57,116–124]. Interestingly, lanthanide compounds 
display highly efficient CPL emitters both in solution and solid state 
[124–126]. These material classes have further found promising pho
tonic applications such as molecular photoswitches [127], optical 
quantum information [119], data storage [119], spintronics [119], se
curity inks [128], lasers [129], organic electroluminescent (EL) devices 
for 3D displays [130,131], chirality sensing [125,132], probe biological 
materials [132,133], or medical image contrasts [134–136]. 

There are some examples of Ln3+ tetrakis complexes with well-define 
stereochemical configuration that are stereospecifically designed with 
chiral β-diketonate ligands, such as heptafluorobutyrylcarvone (hfbcv), 
3-trifluoroacetyl-(+)-camphorate (tfacph), 3-heptafluoro-butylryl- 
(+)-camphorate (hfbc). β-diketonate ligands containing camphor 
framework have been intensively studied in the last two decades. For 
example, in 2008, Lunkley et al. reported the largest CPL activity [137] 
ever measured to that date for cesium tetrakis(3-heptafluoro-butylryl- 
(+)-camphorato) Eu3+ complexes Q[Ln((+)-hfbc)4] in EtOH and CHCl3 
solutions, they also showed the solvent and counterions (Q: Na+ and 
Cs+) effects on CPL activities [137]. Moreover, Lunkley et al. showed the 
chiroptical properties of a series of tetrakis complexes Q[Ln((+)-hfbc)4] 
with different encapsulated alkali metals as counterion (Q: Na+, K+, 
Rb+, and Cs+) [137]. Thus, they observed that the luminescence in
tensities presented an increasing following the order Na < K < Rb < Cs, 
in CHCl3 solutions. Since then, the Cs[Eu((+/− )-hfbc)4] compound has 
been used as a reference system once exhibits a very large CPL asym
metry ratio [133]. Di Bari et al. [130] explored the circularly polarized 
luminescence and electroluminescence (CP-EL) light properties in the 
europium tetrakis complex Cs[Eu((+/− )-hfbc)4], they employed for the 
first time a chiral lanthanide complex as the emitter in a fabricated 
OLED, demonstrating effectively the obtained circularly polarized 
electroluminescence (Fig. 12). 

Zinna et al. obtained a high CPL red luminescence of the solid-state 
Eu3+ complexes containing chiral α,β-unsaturated ketone ligand, 
under near-UV excitation [118]. Recently, Marydasan et al. [125] syn
thesized a series of optically active Eu3+ heterobimetallic complexes 
with the general formula Q[Eu((+)-tfacph)4] (Q: Na+, K+, Rb+, and Cs+) 
using chiral 3-trifluoroacetylcamphorate [(+)-tfacph] ligand. These 
coordination compounds produce one-dimensional polymeric crystals 
(Fig. 13), which exhibit a strong circularly polarized luminescence and 
show promising antibacterial activity. 

3.5. Tricarbonyl ligand derivated from 2-acyl-1,3-indandione 

Over the past decades, there has been a growing interest in tri
carbonyl 2-acyl-1,3-indandione (acind) as ligands. The molecular 
structure of these ligands is characterized by six- and five-membered 
rings coupled together, containing an aliphatic or aromatic as a sub
stituent bonded to the carbon atom of the acyl moiety. Their syntheses 
have been performed from the reaction either between phthalate and 
ketone or between 1,3-indandione and aliphatic ester, in a few steps, 
usually by Claisen-Schmidt condensation (Fig. 14) [54,55]. 

This class of cyclic β-diketone ligands are good chelating agents for 
the Ln3+ complexes due to the presence of at least two α-carbonyls 
present in the structure of the ligand, forming coordination compounds 
with relatively high thermal and photostability [61]. Moreover, one of 
the main features of these ligands is the wide UV–vis absorption range, 
which can be tunned through alterations of the substituent groups (R1) 
as aliphatic, aromatic, and heteroaromatic moiety [138]. The electron- 
donating or accepting characteristics of the substituent moiety provide 
diversified photophysical properties for their coordination compounds. 
Similarly to aliphatic β-diketone, Eu3+ cyclic β-diketonate complexes 
present high-intensity emission from the metal ion, suggesting an 
operative ligand-to-lanthanide ion IET process [61,139–142]. 

One of the great advantages of Ln3+ compounds with the acind li
gands is due to the presence of the wide absorption (excitation) band in 
the spectral range from 250 to 525 nm, showing that these compounds 
are excited in the UV region, which is a desirable property for Ln3+

complexes. Despite these advantageous features, the luminescence 
properties of the 2-acyl-1,3-indandione complexes have been sporadi
cally studied. It is worth mentioning that until now, the main studies on 
Ln3+ complexes containing acind ligands have been dedicated to Ln3+

tris diketonate systems [139–142]. The systematic study about the 
structural and the photoluminescent properties showing the ligand-to- 
metal energy transfer processes of the Ln3+ tris(acind) complexes was 

Fig. 12. (a) Structural formula of the two enantiomers of the Cs[Eu(hfbc)4] 
compound. (b) Electroluminescence spectrum of the device containing Cs[Eu 
(hfbc)4] as emitting layer. (c) Circularly polarized electroluminescence spectra 
of Cs[Eu(+)(hfbc)4] and Cs[Eu(-)(hfbc)4]-based OLEDs. (d) Device architecture 
showing the thin film containing the Eu3+ complex-based active layer, sand
wiched between a PEDOT:PSS-coated indium-tin oxide anode and a Ba/Al 
cathode, where PEDOT: poly(3,4-ethylenedioxythiophene) and PSS: poly
styrenesulphonic Adapted with permission from Ref. [130]. Copyright 2015, 
John Wiley and Sons. 
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reported for the first time by Teotonio et al. [139,141]. Besides, the 
photoluminescence behavior of these Eu3+ and Gd3+ tris complexes 
containing different ancillary ligands was described. In 2009, they also 
reported the electroluminescent properties of these 1,3-indandionate 
complexes acting as an emitting layer in OLED devices [140]. 

The photophysical and structural properties of this compound were 
also investigated experimentally and theoretically. Recently, Malina 
et al. [61] described the first structural and luminescence study about 
four Eu3+ tetrakis (acind) compounds prepared with 2-benzoyl-1,3- 
indandione (bind) or a 2-(4-methyl-benzoyl)-1,3-indandione (mbind) 
ligands. They investigated the influence of the [N(Et)4]+ or [N(Bu)4]+

counterions on the thermal and spectroscopic properties of the com
plexes, in MeCN solutions, solid-state, and their doped polymer film 
systems [61]. 

Fig. 13. (a) Structural formula of Q[Eu((+)-tfacph)4], where Q: Na+, K+, Rb+, and Cs+. (b) Molecular structure of the Cs[Eu((+)-tfacph)4] complex. (c) Network 
structure showing its one-dimensional arrays (highlighted areas). (d) Emission spectra, (e) CPL spectra of the nanostructures formed from Q[Eu((+)-tfacph)4] 
complexes in dmso (2.0 mM, λex: 371 nm). Lifetime plots of (f) Cs[Eu((+)-tfacph)4], (g) Rb[Eu((+)-tfacph)4], (h) K[Eu((+)-tfacph)4], and (i) Na[Eu((+)-tfacph)4]. 
The inset photographs show the luminescent dmso solutions of the corresponding samples under excitation at 365 nm (UV lamp). Adapted with permission from 
Ref. [125]. Copyright 2022, The Royal Society of Chemistry. 

Fig. 14. General scheme of Claisen-Schmidt condensation for the synthesis of 
2-acyl-1,3-indandione (acind). 

Fig. 15. Structural formulas of carbamoylmethylphosphine oxides (CMPOs) and their derivatives N, P and N, P, S, carbomoylamidophosphonate (CAPh) and sul
fonylamidophosphonate (SAPh). 
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4. Carbamoylmethylphosphine oxides, 
carbacylamidophosphonate, and sulfonylamidophosphonate 
complexes 

The carbamoylmethylphosphine oxides (CMPOs) and their de
rivatives carbacylamidophosphonate (CAPh) and sulfonylamido
phosphonate (SAPh) ligands (Fig. 15) have emerged as potential 
sensitizers for Ln3+ ions. Unlike the aforementioned compounds with 
traditional diketonate whose chemical and physical properties have 
been studied for over 80 years, only in the last decades, investigations 
addressing structural and spectroscopic properties of Ln3+-complexes in 
the solid state have been reported [143–145]. The first studies on these 
ligands were mainly focused on the field of chemical separation owing to 
their capabilities to act as excellent extractants for lanthanide and 
actinide ions, as well as for some d-block transition metal ions 
[143–145]. 

The presence of COCH2PO, CONHPO, or SO2NHPO donor groups 
with different chemical features in the bi- or multifunctional organic 
groups can significantly expand the range of metal ions capable of acting 
as charge density acceptors, forming complexes with higher chemical 
stability [146,147]. Furthermore, the wide possibility of substituent 

groups in CMPOs, CAPhs, and SAPhs ligands can also be explored to 
slightly tune the chemical properties and, consequently, expand their 
functionalities. In the case of CAPh and SAPh, the lower acidity of the 
amine group as compared with the methylene group in acethylacetonate 
(acac) derivatives can lead to the formation of compounds in which 
these ligands act as monodentate ones [148–150]. Also, steric hin
drances in the first coordination sphere due to bulkier substituent groups 
also play a role in the stability of the compound. In tetrakis compounds, 
additional interactions between ligand and countercation (e.g., Na+) 
must be considered an important factor [144]. 

A typical synthesis CMPOs involves the reaction (2)-chloro-N,N- 
dialkylacetamides R’R’’NC(O)CH2Cl and disubstituted-phosphine ox
ides HP(O)R2R3 (Michaelis-Becker reaction) or disubstituted- 
alkoxyphosphines ROPR2R3 (Arbusov reaction) as depicted in Scheme 
1 in Fig. 16 for a CMPO decorated with pyridine [144]. Thus, the se
lection of R1 depends on the acetamide precursor, whereas R2 and R3 on 
the phosphine precursor that can be produced via Grignard reaction 
with organomagnesium salts [151,152]. This strategy allowed the 
preparation of symmetric, R2 = R3 = alkyl or aryl, [144] as well as 
asymmetric, R2 and R3 distinct, CMPOs [153,154]. 

CAPh ligands are prepared from the reaction between an 

Fig. 16. Structural formulas of carbamoylmethylphosphine oxides (CMPOs) and their derivatives N, P and N, P, S, so-called carbomoylamidophosphonate (CAPh) 
and sulfonylamidophosphonate (SAPh). 
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alkylacetamide and diethylphosphorochloridate under an argon atmo
sphere (see Scheme 2 in Fig. 16) [65]. Additionally, the products of C- 
acylation of heteroaromatic groups with Kirsanov isocyanate were also 
investigated by Tolmachev et al. to prepare new CAPh dia
midophosphate ligands presenting P-morpholine bonds [155]. The sul
fonylamidophosphonate (SAPh) ligands are generally obtained by a 
synthetic process that consists of four consecutive steps, starting with 
the preparation of an alkylsulfonamide or arylsulfonamide precursor 
(RSO2NH2) that reacts with PCl5 yielding a second intermediate phos
phorimidic trichloride (RSO2NPOCl2) derivative. This later undergoes 
subsequent reaction with sodium alkoxide to form the substituted- 
(ylsulfonyl)phosphorimidate that after acidification lead to the respec
tive substituted-(ylsulfonyl)phosphoramidate [156,157] (see Scheme 3 
in Fig. 16). 

Contrary to what is performed to synthesis lanthanide tetrakis- 
diketonate complexes, in which the weaker bases may be used to 
neutralize the reaction medium and increase the reaction yield, to obtain 
complexes with CAPhs ligands strong bases are generally required due to 

the lower acidity of the amino group as compared with α-carbon in 
β-diketonate ligands. Thus, compounds of formula Na[Ln(CAPh)4] have 
been synthesized in anhydrous solvents and using the sodium salt 
(NaCAPh) of the ligand dimethylbenzoylamidophosphophate, CAPh: 
[C6H5CONPO(OCH3)2]− , previously prepared from the reaction be
tween the neutral ligand and sodium alkoxide. To synthesize similar 
compounds with Cs+ counter ion, both sodium and cesium salts of the 
ligand were used as precursors [158]. 

LnCl3⋅nH2O + 3NaCAPh + CsCAPh → CsLnCAPh4 + 3NaCl + nH2O 
(Ln: La, Pr, Nd, Sm – Er, Yb) 

For reactions carried out in the presence of tetraethylammonium 
[NEt4]+, the alkaline metal was replaced by this cation, leading to the 
NEt4[Ln(CAPh)4] compounds. Furthermore, some anions and solvents 
with high coordinating ability may play an essential role in the class of 
Ln3+ tetrakis-complexes formed because they can stabilize the charge of 
additional counterion. In this context, coordination compounds of for
mula [Na2Eu(dppzca)4(OTf)DMF], where Ln: Sm3+, Eu3+, Gd3+, Tb3+, 
and Dy3+ and OTf: triflate anion, were successfully obtained by Pham 

Fig. 17. Some structural formulas of carbamoylmethylphosphine oxides (CMPOs), carbomoylamidophosphonate (CAPh), and sulfonylamidophosphonate 
(SAPh) ligands. 
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et al. [159]. Fig. 17 depicts the molecular formulas and key functional 
groups present in the CAPh, and SAPh ligands. 

Compounds of formula Q[Ln(detcap)4], where Q+: 1-ethyl-3-methyl
imidazolium [C2mim]+ or 1-butyl-3-methylimidazolium (C4mim) and, 
Ln: Eu or Tb; detcap: diethyl-2,2,2-trichloroacetylphosphoramidate 
(detcap) ligand were prepared even in water/ethanol solution using 
NaOH as the base [65]. This reaction can be carried out under milder 
conditions probably due to the higher acidity of the detcap ligand caused 
by the 2,2,2-trichloroacetyl substituent which is an electron- 
withdrawing group. 

The typical synthetic method to prepare coordination compounds of 
formula Na[Ln(SAPh)4] also uses sodium salt of the ligand as the pre
cursor. In general, the salt is obtained from the reaction between 1 
equiv. of sodium carbonate and 2 equiv. of HL in a mixture of water/2- 
propanol (1:3), which is then mixed with a solution of the lanthanide 
salt to yield coordination compounds Na[Ln(SAPh)4]. These products 
were also used by Olyshevets et al. to obtain novel compounds con
taining amino quaternary organic cations [146]. 

4.1. Syntheses and characterization 

The coordination of CAPh and SAPh ligands is usually determined by 
comparing the IR spectrum of the Ln3+ complex with either the 
respective free ligand or their sodium salts. In neutral ligands, the N-H 
stretching vibration generally leads to a medium or low intense broad 
absorption band in the 3,200–2,900 cm− 1 range. However, it is located 
at a lower wavenumber for secondary sulfonamides than for phos
phoramide ligands [157]. Furthermore, absorption bands due to over
tones of the N-H deformations (~1,462 cm− 1) may be also observed 
around 2,900 cm− 1 [160]. Although CAPhs act as monodentate neutral 
ligands in some complexes containing nitrate ions [150], in all homo
leptic tetrakis [Ln(CAPh)4]− and [Ln(SAPh)4]− complexes the absence 
of absorption bands due to the vibrational modes of the NH group in
dicates ligand deprotonation to form Ln3+ tetrakis-complexes. The 
deprotonation process leads to strong π conjugations involving both 
O=C–N–P=O and (O=)2S–N–P=O moieties of the CAPh and SAPh li
gands, respectively. The delocalized negative charge on the chelating 
ring contributes to the high charge-donating capacity of the anionic li
gands, which coordinate to Ln3+ ion in a bidentate chelation mode via 
oxygen atoms of both carbonyl and phosphoryl groups for CAPh and, 
sulphonyl and phosphoryl groups for SAPh. 

A systematic vibrational analysis of the CAPh ligand coordination to 
the Ln3+ ion was carried out by Amirkhanov et al. [161,162]. It was 
observed that the strong absorption band due to the ν(C=O) stretching 
shift to lower wavenumber [Δν(C=O) ~ 100 cm− 1] for the Ln3+ com
plexes in comparison to the positions for the free ligands. Furthermore, a 
smaller shift toward the lower wavenumbers for the ν(P=O) and ν(N–P) 
vibrational modes due to the ligand coordination is also observed. The 
differences between the absorption bands assigned to the ν(C=O) and 
ν(C–N) stretching modes provide further evidence of the chelating 

coordination of CAPhs ligands. Despite the significant decrease from ~ 
460 to ~ 270 cm− 1 in the Δν = ν(C=O) − ν(C–N) values due to the 
deprotonation of the free ligand forming the sodium salts, further 
reduction is observed upon chelation in Ln3+ tetrakis complexes to ~ 
240 cm− 1. 

For neutral SAPh ligands, the absorption bands in the spectral range 
of 1,344–1,328 and 1,255–1,235 cm− 1 are attributed to the νas(O=S=O) 
and ν(P–O) modes, respectively. As a result of coordination with the 
lanthanide ion in tetrakis complexes, these bands shift at around 83 and 
60 cm− 1 towards the lower wavenumbers than those bands in free li
gands. When compared to the IR spectra of the sodium salts, NaSAPh, 
these bands are either unshifted or only slightly shifted towards lower 
wavenumbers in the complexes. 

In addition to the vibrational modes from the carbomoyl ligands, the 
absorption bands assigned to the metal–ligand ν(Ln–O) stretching modes 
in the range 170–300 cm− 1 and those due to the δ(O–Ln–O) bending 
vibration in the interval 80–130 cm− 1 are usually employed as evidence 
of the Ln3+ tetrakis complex formation. The Raman and IR spectral 
analyses of these regions are important because they can establish a 
correlation between the number of absorption bands observed in these 
regions and the type of expected coordination polyhedron (Table 2) 
[162]. 

4.2. Crystal structure 

The structural properties of Ln3+ tetrakis compounds with CAPh and 
SAPh ligands have been investigated based on single-crystal X-ray 
diffraction data. In this case, suitable single crystals are usually obtained 
by recrystallizing the crude powder product in alcohol solutions. Inter
estingly, almost all Q[Ln(CAPh)4] and Q[Ln(SAPh)4] compounds stud
ied so far have their structural data also described. When the Q+

counterion is an alkali metal cation, in addition to electrostatic in
teractions among these cations and anionic complexes, structures are 
also stabilized by interactions between donor atoms in the substituent 
groups of the ligand and the Q+ cation. This behavior is mainly observed 
in the compounds with CAPh ligands containing phosphonate P(–OR)2 
groups. For example, in the Ln3+ tetrakis compounds of dime
thylbenzoylamidophosphate Cs[Ln(CAPh)4] [158], each Cs+ ion is co
ordinated by four oxygen atoms from P–OCH3 moieties and four oxygen 
atoms from P=O, which acts as a bridge between the Ln3+ and Cs+ ions. 
Similar interactions have been observed for systems containing Na+ ions 
as a counterion [161]. On the other hand, in tetrakis compounds with 
phosphine oxide moieties, the counterion is better stabilized upon co
ordination by donor atoms of the heteroaromatic group such as piper
azine [159]. Other anions from the lanthanide salts and solvent 
molecules have also completed the first coordination sphere of the Na+

ion. Additionally, intra and intermolecular π⋅⋅⋅π and C–H⋅⋅⋅π interactions 
have played an important role in crystal packing. For Nd3+ and Tb3+

tetrakis(dimethylbenzoylamidophosphate) presenting ammonium de
rivative [NEt4]+ as counterions show different crystal structures 
compared to the Gd3+ system. In the former, the anionic complex [Ln 
(dmbpa)4]− is linked to the NEt4+ counterion via C–H⋅⋅⋅π interactions and 
by layers parallel to the ab crystallographic plane. For NEt4[Gd 
(dmbpa)4], the most predominant interaction between the cation and 
anion occurs via weak C–H⋅⋅⋅O interactions [15]. 

Unlike complexes with CAPh ligands, Na+ counterion in tetrakis 
SAPh complexes may interact with the oxygen atoms of the O=S=O 
groups and the nitrogen atom from the chelating ring, even when these 
ligands also have phosphonate or amine substituent groups [163,164]. 
The coordination number of the sodium ion in Na[Ln(SAPh)4] com
pounds is usually either 6 or 4 (Fig. 18), leading to polymeric chains. 
However, some compounds have two types of independent crystallo
graphic polymeric chains, in which the counterions present different 
coordination numbers [165]. Although the lower coordination number 
is not common for Na+ ions, it has been assigned to crystal packing. The 
Na–O=S=O and Na–N(chelating ring) distances are in the interval 

Table 2 
The number of normal modes for stretching and bending vibrations in Na[Ln 
(dmtcap)4]H2O (dmtcap: dimethyl(2,2,2-trichloroacetyl)phosphoramidate). 
Data from Ref. [162].  

Vibrational mode IR and Raman 
Activities 

Allowed 
fundamentals 

Observed 

Oh D4d D2d Pr Nd 

ν(Ln–O) stretches Raman 2 3 6 2 2 
IR 1 2 4 2 2 
Raman-IR 
coincidences 

0 0 4 0 0 

δ(O–Ln–O) 
deformations 

Raman 2 4 9 3 3 
IR 1 3 5 2 2 
Raman-IR 
coincidences 

0 0 5 0 0  
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2.261–2.350 Å and 2.620–2.870 Å, respectively. 
Intra and intermolecular interactions are relevant in controlling the 

crystal packing in compounds with SAPh ligands. For instance, π⋅⋅⋅π 
stacking interactions between the benzyl rings of the dibenzyl(phenyl
sulfonyl)amidophosphate (sb) ligands remain interconnections between 
two different units of [Tb1(sb)4]− and [Tb2(sb)4]− . The phenyl and 4- 
methylphenyl rings of the sk ligand have been shown to participate in 
short contacts or π⋅⋅⋅π stacking interactions [163]. Furthermore, intra 
and intermolecular weak C–H⋅⋅⋅π interactions have been found in a large 
number of coordination compounds with SAPh ligands [157]. 

From the point of view of the coordinated CAPh ligands, the average 
values of C–O (~1.219 Å) and P–O (~1.461 Å) bond lengths are longer 
than in the free ligand. On the other hand, there is a decrease in the C–N 
(1.393 Å) and P–N (~1.667 Å) bond lengths. Similar behavior is 
observed for the S–O and P–O bonds that undergo elongations, while 
S–N and P–N bonds undergo contractions upon coordination of the SAPh 
ligands to the lanthanide ions [157]. 

The eight oxygen atoms around Ln3+ ions in the complexes with 
CAPh ligands are at the vertices of a distorted square antiprism coor
dination polyhedron. For complexes with SAPh ligands in this distorted 
coordination geometry, trigonal dodecahedron, and bicapped trigonal 
prism have been the most common coordination polyhedra. Likewise, in 
coordination compounds presenting different [Ln(SAPh)4]− units, the 
{LnO8} polyhedron has been described as intermediate between 
dodecahedral and square antiprism [165]. The Ln–O bond lengths in 
both [Ln(CAPh)4] and [Ln(SAPh)4] complexes are found in the same 
range as those for tetrakis β-diketonate complexes [5,142,166]. It should 
be pointed out that in both kinds of complexes, the Ln-O=P (phosphoryl) 
bond lengths are shorter than the Ln–O=C (carbonyl) and Ln–O=SO 
(sulfonyl) bonds in CAPh and SAPh ligands, respectively. These struc
tural data reflect the higher affinity of phosphoryl groups to coordinate 
with the Ln3+ ions. In this case, it is expected that the Ln3+ chemical 
environment is more distorted in the CAPhs, SAPhs, and sulfonylami
dophosphonate complexes with these ligands than with β-diketonate 
ligands. 

4.3. Spectroscopic properties 

The singlet excited states of the CAPh and SAPh ligands coordinated 
to the Ln3+ ion have been investigated from the absorption or diffuse 
reflectance spectra of the tetrakis complexes measured in either solid- 
state or in solution. However, experimental, and theoretical data on 
the energy of the excited states of these classes of ligands are still 
scarcely reported. In general, absorption spectra of the Q[Ln(CAPh)4] 
compounds show similar profiles in solid-state and solution, suggesting 
that these compounds present high stability in solution, preserving the 
coordination sphere of the metal ion, given the 4f-4f transitions sensi
tivity to the chemical environment. Absorption and reflectance spectra 
of the Q[Ln(CAPh)4] and Q[Ln(SAPh)4] complexes exhibit overlapped 
broad bands centered around 250 and 320 nm assigned to the π→π and 
n→π transitions, respectively [159,163]. When compared to the ab
sorption spectra of the free ligands, a redshift is observed for the π→π 
transition. Besides, a broadening in the absorption band may occur due 
to the intermolecular interactions with solvent molecules or inter and 
intramolecular interactions in the solid-state system. Based on the ab
sorption spectra of Q[Ln(CAPh)4] compounds, the energy position of the 
S0→S1 transition of the CAPh ligands is located around 28,500 cm− 1 if 
the zero-phonon line is taken into account. In the case of Q[Ln(SAPh)4] 
compounds, the energy of this transition is higher than 30,000 cm− 1 

[163]. Interestingly, reflectance spectra of the Eu3+-compounds with 
SAPh ligands have shown additional broadband at lower energy, which 
has been assigned to the ligand-to-metal charge transfer (LMCT) tran
sition [163,167]. It is worth mentioning that this excited state may take 
part in the luminescence quenching processes, which usually decrease 
the overall (QL

Eu) and intrinsic (QEu
Eu) quantum yields. 

The energies of the lowest excited triplet states of the CAPh and SAPh 
ligands in the Ln3+ tetrakis complexes have been determined from the 
phosphorescence spectral data of the La3+ or Gd3+ compounds in state- 
solid or frozen acetonitrile solution at low-temperature (77 K). For the 
complex with the dppzca ligand the energy of the triplet state has been 
estimated using both the barycenter (21,700 cm− 1) and zero-phonon 

Fig. 18. Crystal structures of (a) Na[Yb(sb)4] and (b) Na[Tb(sk)4] complexes. Ellipsoids are drawn at the 50% probability level and hydrogen atoms were omitted. 
Adapted with permission from Ref. [163]. Copyright 2012, John Wiley and Sons. 
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line (25,470 cm− 1). For the compound with dmbpa, the zero-phonon 
line of the T1 state was located at 26,960 cm− 1 [158]. Table 3 pre
sents the excited singlet and triplet energy values for compounds with 
SAPh ligands. 

The photoluminescence properties of the Ln3+ tetrakis(CAPh) com
pounds were first reported by Amirkhanov et al. [161] who investigated 
the presence of satellite vibronic components in the excitation and 
emission spectra of the Eu3+ compounds with dmtcap due to coupling 
with internal ν(C=O) and ν(P=O) modes. The excitation spectrum with 
emission monitored at the 5D0→7F2 transition of Eu3+ ion showed the 

band attributed to the 7F0→5L6 transition as the most prominent one at 
~ 393 nm (Fig. 19a). This indicates that the L → Eu3+ intramolecular 
energy transfer is less efficient than in some β-diketonate complexes. 
Similar spectroscopic behavior has also been observed for the compound 
with detcap ligand (Table 4) [65], reflecting the high energies of the 
singlet and triplet excited states of the ligands containing electron- 
withdrawing substituent groups attached to the carbonyl of the CAPh 
ligands. Despite the high intrinsic quantum yield (QEu

Eu) values of the 
Eu3+ ion in these compounds, the overall quantum yield (QL

Eu) values are 
relatively modest when compared to compounds with β-diketonate li
gands. Furthermore, these compounds display typical narrow emission 
bands attributed to the 5D0→7F0,1,2,3,4 transitions (Fig. 19b). 

In contrast, in the complexes with CAPh ligands that contain aro
matic groups in either carbonyl or phosphornyl moieties, the lumines
cence sensitization process becomes significantly more efficient. For 
example, the excitation spectra of the Eu3+ and Tb3+ tetrakis (CAPh) 
compounds with dmbpa and dppzca ligands (Table 4) with the broad 
excitation band assigned to the intraligand S0 → S1 transition of ligands 
exhibits higher excitation intensity than those from the 7F0→2S+1LJ and 
7F1→2S+1LJ transitions of the metal ion. Thus, higher values of the 
overall quantum yield (QL

Eu) are expected for compounds with these li
gands. The Ln3+ compounds (Ln: Sm3+, Eu3+, Tb3+, and Dy3+) with 
dppzca exhibit high luminescence intensities under excitation at 330 nm 
(Fig. 20a). The experimental QL

Eu and QL
Tb values for both Eu3+ and Tb3+

systems were at ~ 98%. 
In general, the photophysical properties of Ln3+ tetrakis with SAPh 

ligands are more extensively investigated than those with CAPh ligands. 
Most works involve compounds in which the ligands with different 
substituents in the sulfonyl and phosphonate groups. Gawryszewska 
et al. [163] reported the intramolecular energy transfer based on the 
emission and excitation spectral data of the complexes with di-p-tolyl- 
phenylsulfonylphosphoramidate (sb: dtspa in Fig. 17) and bis(4- 
methylbenzyl)-phenylsulfonylphosphoramidate (sk: mbpspa in 
Fig. 17). The emission data for the Na[Eu(sb)4] compound reveals a 
doublet in the spectral region corresponding to the 5D0→7F0 non- 
degenerated transition, indicating two independent symmetries in the 
structure, as confirmed by structural data. On the contrary, for the Na 
[Eu(sk)4] compound only one component was observed, which is 
consistent with only one chemical environment for the Eu3+ ion in this 
system. 

As mentioned above, the high energy values for the excited states 
practically determine the optical properties of these systems. Conse
quently, SAPh ligands are more efficient sensitizers luminescence sen
sitizers for Tb3+ than for Eu3+ ions. The excitation spectra of the Na[Tb 
(sb)4] and Na[Tb(sk)4] compounds show a predominant ligand ab
sorption band with a maximum of around 260 nm assigned to the S0 → 
S1 transition (Fig. 21a). Only a very weak band is present for similar 
Eu3+ compounds, which was attributed to the presence of luminescence 
quenching due to the low-lying energy LMCT state. According to 
experimental and theoretical data, in most of these compounds, the 
quencher state is located between low-lying triplet and singlet excited 
states. Consequently, the LMCT state directly depopulates the ligand 
states, instead of quenching excited Eu3+ levels [163], which is 
corroborated by the values of the intrinsic quantum yield (QEu

Eu) of the 
Eu3+ complexes being higher than 60%. 

It is worth mentioning that for many compounds, the LMCT bands 
have been observed in the absorption or reflectance spectra. However, in 
some cases, this band may overlap with those from the intraligand 
transitions, which hinders its characterization. For example, a band due 
to LMCT transition was determined from reflectance spectral data for the 
Na[Eu(sb)4] compound (Fig. 21a). On the other hand, for the Na[Eu 
(sk)4] compound, it was suggested that the LMCT band overlaps with 
intraligand absorption transition in the reflectance spectrum [163]. The 
shifting to the high energy of the LMCT state of the Na[Eu(sk)4] com
pound has indicated a higher covalency character of the Eu3+–O bond, 

Table 3 
Energy values of singlet (S1) and triplet (T1) excited states of SAPh ligands in 
sodium salts or Ln3+ tetrakis (SAPh) coordination compounds. The energies 
were determined based on the barycenter of the absorption/reflectance and 
phosphorescence spectra.  

Compound Singlet (cm− 1) Triplet (cm− 1) Ref. 

Na[Gd(sb)4] 35,210 26,330 [163] 
Na[Gd(sk)4] 33,110 25,350 [163] 
Na[Gd(dmpsa)4] 35,088 23,260 [156] 
Na[Gd(dnsa)4] 31,278 18,000 [156] 
Na-dptnta 29,940 20,186 [157] 
Na[Gd(pmsp)4] 36,000 a 22,000 a [167] 

a – Estimated in the present work. 

Fig. 19. (a) Excitation and (b) emission spectra of C2min[Eu(detcap)4] com
pound. Adapted with permission from Ref. [65]. Copyright 2014, American 
Chemical Society. 
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which was evaluated based on the nephelauxetic effect [170,171]. 
The luminescent properties of similar Na[Ln(sb)4] and Na[Ln(sk)4] 

compounds (Ln3+: Yb3+, Nd3+, and Er3+) were also investigated. Upon 
excitation in the ligand S0 → S1 transition (λexc ~270 nm) at 4 K, Yb3+

displays intense emission due to the 2F5/2→2F7/2 transition at 1,000 nm 
for both Na[Yb(sb)4] and Na[Yb(sk)4], although the quenching from 
LMCT state was not excluded. Similar Ln3+ luminescence sensitization is 
also observed for the Nd3+ compound that displays emission bands in 
the far-infrared region assigned to the 4F3/2→4I9/2 (~880 nm) and 4F3/ 

2→4I11/2 (~1,050 nm) transitions. Although it is expected the sb and sk 
ligands to be a more efficient sensitizer of the Er3+ ion, no luminescence 
has been detected upon excitation in the ligand S0 → S1 transition. 
However, emission bands due to the 4I13/2→4I15/2 (~1,550 nm) were 
observed under direct excitation at the excited states of the Er3+ ion. 

Sobczyk et al. [172] investigated the photoluminescent properties of 
the Na[Sm(sp)4] compound, where sp: dimethyl phenyl
sulfonylphosphoramidate, in isolate form and incorporated in the poly 
(methyl methacrylate) polymer. It was observed a decrease in the 
emission intensity for the composite with PMMA that was attributed to a 
probable migration of energy onto the polymeric lattice. The Na[Dy 
(sp)4]⋅i-PrOH compound showed high yellow intense luminescence due 
to the 6H15/2→6P7/2 transition when excited in the S0 → S1 transition 
[169]. 

5. Alkyldithiocarbamate complexes 

Among the classes of monoanionic 1,1-dithiolate, the di
thiocarbamates (R2NCS2

− or RNHCS2
− ) are the most utilized as ligands for 

lanthanide complexes. Despite the soft-base character of sulfur atoms in 
alkyldithiocarbamates, which could make them uninteresting in the 
coordination chemistry of hard-acid as Ln3+ ions, the resonance struc
ture thioureide, containing negative charges localized on sulfur atoms, 
provides a harder character donor to those sulfur atoms (Fig. 22a). While 
the dithiocarbamate (dtc) form is important for soft acid transition 
metals (e.g., Ag+, Hg2+, Au+), the thioureide one has a greater contri
bution to the formation of coordination compounds with a hard metal 
ion. 

The first Ln3+-alkyldithiocarbamate complex was reported by 
Delépine in 1908 [173]. Fifty years later, the interest in the optical 
properties of this system increased significantly [174]. Although unable 
to isolate solid compounds, the work carried out by Jørgensen [175] on 
the ligand-to-metal charge transfer (LMCT) states for Ln3+-alkyldithio
carbamate complexes in aqueous and ethanol solutions represents a 
milestone in better understanding the properties of these compounds. 
Like many classes of Ln3+ compounds with anionic organic ligands, their 
tris-dialkyldithiocarbamate complexes were investigated earlier than 
their respective tetrakis compounds. The first isolated and well- 
characterized series of isostructural tetrakis complexes NEt4[Ln(dtc)4] 
were reported by Brown [176] only after the investigation on homo
leptic tetravalent actinide diethyldithiocarbamate, [An(dedtc)4], An4+: 
Th, U, Np, and Pu [177,178]. 

5.1. Syntheses and characterization 

The synthetic procedure for obtaining Q[Ln(dtc)4] depends on the 
type of cation used as a counterion (Q+). In general, tetrakis compounds 
containing alkali metal as the counterion, mainly Na+ ion, have been 
isolated only in the absence of ammonium derivative cations. The most 
used procedure involves the reaction between ethanol solutions of 
anhydrous lanthanide trichloride and sodium diethyldithiocarbamate 
(Nadedtc), in the molar ratio 1:5 [180]. After the remotion of the sol
vent, it is necessary to carry out a residue extraction using anhydrous 
acetonitrile, and additional steps, to produce crystalline solids of Na[Ln 
(dedtc)4] complexes. However, in the presence of any ammonium or 
their alkyl-substituted derivative cations such as Q: NH4

+ [181], NEt4+, 
NHEt3+, NH2Et2+ [182], H2NMe2

+, N(n-Bu)4
+ [180], PipH+ [183], and 

MorphH+ [184], the [Ln(dtc)4]− anions may be better stabilized than by 
using the Na+ ion. For example, NEt4[Ln(dedtc)4] system was synthe
sized for the first time by the reaction of a tris(alkyldithiocarbamate) 
complexes with sodium diethyldithiocarbamate and tetraethylammo
nium bromide [176]. 

The reaction between an alkyldithiocarbamate salt of these cations 
with the hydrated lanthanide chloride and nitrate (or perchlorate) in an 
alcohol solution is by far the most used. Nevertheless, the poor stability 

Table 4 
Structural information derived from single crystal X-ray diffraction for tetrakis complexes Q[Ln(L)4], where L represents CAPh or SAPh ligands.  

Compound Ligand Space group CCDC Ref. 

Na[Er(dmtcap)4] dimethyl(2,2,2-trichloroacetyl)phosphoramidate Pca21 – [161] 
C2min[Eu(detcap)4] diethyl(2,2,2-trichloroacetyl)phosphoramidate P-1 970447 [65] 
C2min[Tb(detcap)4] diethyl(2,2,2-trichloroacetyl)phosphoramidate P-1 970448 [65] 
C4min[Eu(detcap)4] diethyl(2,2,2-trichloroacetyl)phosphoramidate P-1 970449 [65] 
C4min[Tb(detcap)4] diethyl(2,2,2-trichloroacetyl)phosphoramidate P-1 970450 [65] 
Cs[Nd(dmbpa)4] dimethylbenzoylphosphoramidate C2/c 1011728 [158] 
Cs[Yb(dmbpa)4] dimethylbenzoylphosphoramidate C2/c 1011729 [158] 
[Na2Sm(dppzca)4(otf)DMF] N-(diphenylphosphoryl)pyrazine-2-carboxamidate P-1 1957271 [159] 
[Na2Eu(dppzca)4(otf)DMF] N-(diphenylphosphoryl)pyrazine-2-carboxamidate P-1 1957161 [159] 
[Na2Tb(dppzca)4(otf)DMF] N-(diphenylphosphoryl)pyrazine-2-carboxamidate P-1 1957274 [159] 
[Na2Dy(dppzca)4(otf)DMF] N-(diphenylphosphoryl)pyrazine-2-carboxamidate P-1 1957401 [159] 
NEt4[Nd(dmbpa)4] dimethylbenzoylphosphoramidate C2/c 2083805 [15] 
NEt4[Tb(dmbpa)4] dimethylbenzoylphosphoramidate C2/c 2083806 [15] 
NEt4[Gd(dmbpa)4] dimethylbenzoylphosphoramidate Pbca 2083807 [15] 
Na[Eu(pmsp)4] N-(diphenylphosphoryl)-4-methylbenzenesulfonamide P-1 987997 [167] 
Na[Tb(sb)4] di-p-tolyl phenylsulfonylphosphoramidate Pna21 860889 [163] 
Na[Yb(sb)4] di-p-tolyl phenylsulfonylphosphoramidate P21/c 860891 [163] 
Na[Tb(sk)4] bis(4-methylbenzyl) phenylsulfonylphosphoramidate C2/c 860890 [163] 
Na[Tb(dmpsa)4]CH3CN dimethyl(4-methylphenyl-sulfonyl)amidophosphate C2/c 1497264 [156] 
Na[Eu(dmpsa)4]CH3CN dimethyl(4-methylphenyl-sulfonyl)amidophosphate C2/c 1497265 [156] 
Na[Eu(dnsa)4]C4H8O2 dimethyl naphthalen-2-ylsulfonylphosphoramidate C2 1497266 [156] 
Na[Tb(dptnta)4] di-p-tolyl naphthalen-2-ylsulfonylphosphoramidate P-1 1837849 [157] 
Na[Nd(dptnta)4] di-p-tolyl naphthalen-2-ylsulfonylphosphoramidate P-1 1837842 [157] 
Na[Eu(dmsap)4] dimethyl(4-methylphenylsulfonyl)amidophosphate P21/c 1968705 [44] 
Na[Tb(dmsap)4] dimethyl(4-methylphenylsulfonyl)amidophosphate P21/c 1968744 [44] 
Na[Yb(bpbsa)4] N-(bis(benzylamino)phosphoryl)-4-methylbenzenesulfonamide P-1 2043540 [164] 
Na[Sm(sp)4] dimethyl phenylsulfonylphosphoramidate P21/c – [168] 
[NaDy(sp)4]2i-PrOH dimethyl phenylsulfonylphosphoramidate P21 1884972 [169]  
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of lanthanide alkyldithiocarbamate compounds in ethanol solution was 
already reported [175,182]. Interestingly, many works have been using 
counterion containing the same substituent alkyl groups present in the 
alkyldithiocarbamate ligands. This chemical behavior can probably be 
related to greater stability of the anion complex and to preventing sig
nificant distortions in the chemical environment of the central metal ion 
caused by interactions involving different groups from the dtc ligands 
and the Q+ counterion. It is worth mentioning that lanthanide tetrakis- 
dtc complexes can be prepared even in an ordinary atmosphere by using 
hydrated lanthanide salts and without special treatment of solvents. 
Fig. 23a shows the main synthetic routes for obtaining tetrakis dtc-based 
complexes. Moreover, Ln3+ complexes with dtc ligand usually coordi
nate in the chelate mode (Fig. 23b), providing higher thermodynamic 
stability even in a solution medium [185]. 

In the case of Ce-alkyldithiocarbamate, neutral homoleptic species 
with a general formula [Ce(dtc)4] have also been obtained instead of the 

Q[Ce(dtc)4] compounds. This chemical behavior is due to the easier 
oxidation reaction from Ce3+ to Ce4+, as compared with other lantha
nide ions [182]. For example, black crystals of the diamagnetic and 
crystalline [Ce(κ2-S2CNEt2)4] complex were prepared by Hitchcock et al. 

Fig. 20. (a) Excitation spectra of the Ln3+ tetrakis(dppzca) compounds (L: 
dppzca), monitoring the emission at λem = 644.3, 611.8, 543.8, 571.5 nm for 
Sm3+, Eu3+, Tb3+, and Dy3+, respectively. (b) Emission spectra excited in the 
ligand at λexc = 330 nm. Notation: Na2LnL4: Na2[LnL4](otf)(DMF). Reproduced 
with permission from Ref. [159]. Copyright 2020, The Royal Society 
of Chemistry. 

Fig. 21. Experimental determination of the LMCT band (32,260 cm− 1) and its 
effect on the sensitization process. (a) Room temperature reflectance spectra of 
Na[Ln(sb)4] (Ln: Eu3+, Gd3+). (b) Proposed partial energy level diagram for Na 
[Eu(sb)4] for the sensitization process. Adapted with permission from 
Ref. [163]. Copyright 2012, John Wiley and Sons. 

Fig. 22. (a) dithiocarbamate-thioureide resonance structures. Some different 
types of dtc ligands (b) symmetrically disubstituted, (c) unsymmetrically 
disubstituted, and (d) monosubstituted. Adapted with permission from 
Ref. [179]. Copyright 2021, American Chemical Society. 
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[186] using a simple procedure, in which oxygen gas was bubbled in a 
Ce(κ2-S2CNEt2)4 toluene solution. 

Usually, Q[Ln(dtc)4] coordination compounds (Ln3+: La to Yb) are 
generally insoluble in aliphatic solvents. However, they are soluble in 
chlorinated and oxygenated organic solvents such as chloroform, 
dichloromethane, acetone, and diethyl ether. Furthermore, similar 
spectroscopic properties observed for the Na[Ln(dtc)4] compounds in 
solid state and solution, revealed the high stability of the anion- 
complexes [Ln(dtc)4]− in some organic solvents [180], which was 
corroborated by conductivity measurements and infrared spectroscopy 
data. 

Although many Ln3+-alkyldithiocarbamate complexes exhibit char
acteristic colors from either the precursor salt or dtc ligand, all Eu and 
Yb-alkyldithiocarbamate complexes reported so far display colors that 
do not follow this trend [175]. For example, the La3+ and Gd3+ com
plexes are generally colorless, or they have colors close to those of the 
used ligands. According to Jørgensen, the colors of the Eu3+ and Yb3+

complexes are due to the LMCT transition [181]. Although similar 
behavior has also been observed mainly for complexes containing these 
metal ions with another kind of organic ligands [187–189], it is most 
pronounced for alkyl-dithiocarbamate complexes. Indeed, this can be 
rationalized by the strong electron donating ability of the alkyl-dtc li
gands combined with the strong tendency of Eu3+ and Yb3+ ions to be 
reduced to their respective divalent Eu2+ and Yb2+ ions, according to 
their reduction potentials Eu3+ + e− → Eu2+ (E◦ = − 0.36 V) and Yb3+ +

e− → Yb2+ (E◦ = − 1.05 V) relative to the Standard Hydrogen Electrode 
[190]. 

The thermal properties of lanthanide tetrakis alkyldithiocarbamate 
compounds have been extensively investigated mainly by thermogra
vimetric (TGA) and differential thermal analyses (DTA). In general, 
these compounds have very low thermal stability when compared with 
their respective [Ln(dtc)3L] tris-complexes with neutral ligands (L: bpy 
and phen) [191], losing most of their weight in the temperature interval 
of 110–350 ◦C. Considering that most tetrakis alkyldithiocarbamate 
compounds usually have lattice water (or other solvents) molecules, the 

first thermal decomposition event has been assigned to the release of 
these water molecules [184]. However, in systems where lattice mole
cules participate in many strong intermolecular interactions, the loss of 
these molecules can also be accompanied by the decomposition of the 
complex anion [192]. Additional thermal decomposition events 
continue with gradual weight loss up to around 800 ◦C. The final 
product of thermal decomposition is usually lanthanide sulfide, oxide, or 
oxysulfide. However, many works have not reported the gas atmosphere 
used or any analysis that unequivocally characterizes the obtained 
residues. 

The thermal study of both tris and tetrakis alkyldithiocarbamate has 
received further motivation due to their use in the preparation of 
divalent europium sulfide nanoparticles and of thin films based on the 
single-source precursors (SSP) method [193]. In fact, EuS semi
conductors present great potential for magnetic and luminescent devices 
[194–196]. In particular, it has been reported that thermolysis of Eu-dtc 
may provide control over both the diameter and the size distribution of 
EuS nanocrystals [197]. For example, cubic EuS nanoparticles were 
prepared by thermal decomposition through a reduction reaction of 
(PPh4)[Eu(S2CNEt2)4] with oleylamine as a surface modifier reagent, 
under nitrogen atmosphere [198]. The nitrogen atmosphere is impor
tant to avoid oxidation processes and the formation of subproducts. 
Similar EuS nanoparticles were also prepared by using solution-phase 
thermolysis of the NH2Et2[Eu(S2CNEt2) precursor [199]. A systematic 
study of several synthetic parameters on the EuS nanoparticle properties 
prepared by the thermolysis method using precursors in solid and so
lution medium [200] was reported by Stoll et al. [191]. In general, 
smaller particle sizes were obtained for a shorter time of reaction at 
higher temperatures and lower [surfactant]/[precursor] concentration 
ratios. 

Moreover, other synthetic methods based on SSP to obtain EuS 
nanoparticles have also been used. Yanagida et al. reported the prepa
ration of EuS nanoparticles with an average diameter of 9 nm and with a 
band gap of ca. 3.1 eV by irradiating the Na[Eu(S2CNEt2)4]⋅3.5H2O 
compound in acetonitrile solution with white light LED [200]. 

Fig. 23. (a) The main synthetic routes to obtain lanthanide tetrakis alkyldithiocarbamate compounds. (b) Representation of molecular structures of Ln3+ complexes 
with dithiocarbamate (dtc) ligands. Adapted with permission from Ref. [179]. Copyright 2021, American Chemical Society. 
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According to the proposed photochemical reaction mechanism, the 
absorbed electromagnetic radiation by the dtc → Eu LMCT transition is 
the driving force to reduce Eu3+ to Eu2+ ion, leading also to the radical 
–S2CNEt2 (Fig. 24). This radical species is subsequently decomposed into 
sulfide ion (S2− ). Additionally, EuS thin films were successfully obtained 
on indium-tin-oxide coated glass by the electrochemical reduction 
method using tetraphenylphosphonium tetrakis (dieth
yldithiocarbamate)europium(III) as a precursor [201]. Compared to 
nanoparticles with organic surface stabilizers, thin films presented an 
enhancement of magneto-optical efficiency from the EuS, which was 
attributed to the magnetic interaction among EuS nanoparticles. 

Although dithiocarbamate ligands can bind to metal ions in different 
modes (Fig. 25), the chelating mode is thermodynamically favored 
owing to the entropic contributions of the chelate effect (Fig. 25a). This 
coordination mode is present in all [Ln(dtc)4]− complexes, showing 
approximately equivalent metal-sulfur bonds [185]. The other coordi
nation modes are more commonly found in complexes with transition 
metal cations. For instance, the monodentate mode (Fig. 25b) occurs in 
some complexes in which either a high steric hindrance or low electron 
density acceptability from the metal center occurs. On the other hand, 
the anisobidentate coordination mode (Fig. 25c) is largely dependent on 
the features of auxiliary ligands, as in [W(NtBu)2(S2CNiBu2)2]. On the 
other hand, bridge coordination modes (Fig. 25d-f) are most common in 
monovalent transition metals oxidation state, M(I). 

The main vibrational modes in the infrared spectroscopy used to 
characterize the coordination of alkyl-dithiocarbamate ligands are those 
assigned to the CN and CS stretching. The chelating coordination mode 

to the lanthanide ion is observed to be the only absorption band at 
around 1,470 and 1,000 cm− 1 assigned to the ν(C–N) and ν(C–S), 
respectively. When comparing the absorption spectra of the tetrakis 
complex to that of the respective Mdtc salt, these bands exhibit a shift to 
higher wavenumber values [183,202]. However, for some [Ln(dtc)4]−

complexes, the absorption band due to the ν(C–S) stretching is almost 
unchanged [184]. The CN stretching absorption band is usually found at 
a lower wavenumber for [Ln(dtc)4]− complexes compared to those 
transition metal complexes [203]. This vibrational behavior reflects the 
higher ionicities and coordination numbers in lanthanide complexes. In 
addition, small shifts of this absorption band towards lower wave
numbers along the lanthanide series have been observed [185]. 

5.2. Crystal structure 

The first Ln tetrakis alkyldithiocarbamates with the molecular 
structure determined were those of formula Na[Ln(Et2dtc)4], where Ln: 
La to Yb, except Pm [180]. Structural data showed that these isomorphic 
compounds crystallize in a monoclinic system with space group P2. 
Furthermore, the Na+ counterion contains six nearest sulfur atoms from 
two [Ln(Et2dtc)4]− anion complexes, leading to extended chains. On the 
other hand, four coordination polyhedra presenting slightly different 
Ln–S bond lengths were reported. The difference between these mono
mers was attributed to the crystalline interactions. These eight sulfide 
ions coordinated to the Ln3+ ion (LnS8) were described as distorted 
dodecahedrons. Similar structural feature was also found for 
H2NMe2[Nd(Me2dtc)4] compound that presented two distinct [Nd 
(Me2dtc)4]− monomers [192]. In one of them, the coordination poly
hedron was described as a normal dodecahedron, while the other was 
described as distortion towards the bicapped prism, where the later 
compound crystallized with two acetonitrile molecules. Another inter
esting aspect observed from the structural data of M[Ln(Me2dtc)4] 
complexes is that the Ln–S bond lengths are not significantly affected by 
the substituent groups in the dithiocarbamate moiety. Similar behavior 
was reported for C–S bond lengths for the systems that have different 
monomers. Furthermore, the N–C(SS) bond lengths around 1.30 Å give 
evidence of a near double bond, N=C, indicating the larger contribution 
of the thioureide resonance structure. In the structures for compounds 
containing ammonium and protonated amine derivative cations, inter
molecular hydrogen bonding between the sulfur atoms of dtc ligands 
and the counterions are usually observed. 

Recently, the isostructural NH4[Ln(S2CNH2)4]⋅H2O compounds (Ln: 
La and Eu), were reported in the literature [181]. Interestingly, all 
ammonium H-atoms participate in hydrogen bonding interactions with 
five sulfur atoms from dtc ligands and the oxygen atom from the lattice 
water molecule, in the range of 2.539 – 2.882 Å for N(5)–H⋅⋅⋅S, and 
around 1.840 Å for N(5)–H⋅⋅⋅O. On the other hand, the hydrogen 
bonding interactions involving the amine N− H2 group of dtc molecules 
with S and O acceptor atoms from dtc and water molecules also play an 
important role in the structure stabilization, connecting the [Ln 

Fig. 24. Scheme illustrating EuS nanoparticle formation from Eu-dtc complexes. Adapted with permission from Ref. [200]. Copyright 2005, The Royal Society 
of Chemistry. 

Fig. 25. Some coordination modes of the dithiocarbamate ligand to the metal 
center: (a) chelate, (b) monodentate, (c) anisobidentate, (d) bridge, (e) chelate/ 
bridge, and (f) three-centers bridge. 
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(S2CNH2)4]− building units and forming a 3D network (Fig. 26). 
Furthermore, the coordination polyhedra of lanthanide ions in these 
systems was described as a slightly distorted trigonal dodecahedron with 
symmetries belonging to the D2d point group. 

The structure of [Ce(κ2-S2CNMe2)4] complex [186] indicates that it 
is isomorphic to [Th(S2CNEt2)4], which was one of the first complexes 
featuring a dithiocarbamate (dtc) ligand to be reported. The chemical 
environment of the Ce4+ ion was described as a distorted polyhedron 
with arrangements between the ideal dodecahedral and square anti
prismatic. In addition, the average Ce–S bond length is shorter than 
those in tris-complexes [Ce(dtc)3(L)] with neutral ligands and in tetrakis 
complexes Q[Ce(dtc)4] (Fig. 27). 

5.3. Spectroscopic properties 

When compared to other coordination compounds, the luminescent 
properties of tetrakis alkyldithiocarbamate of the Ln3+ ions have been 

only modestly reported in the literature. On the other hand, there are 
many works about the spectroscopic properties of alkyldithiocarbamates 
based on their absorption spectra, which have been extensively used to 
investigate ligand–metal interactions, and for the determination of ab
sorption intensity parameters [204]. In general, dtc ligands have no 
appropriate chromophore groups to act as luminescence sensitizers for 
lanthanide ions via the intermolecular energy transfer mechanism. Most 
of the investigated Ln3+ complexes present methyl or ethyl as substit
uent groups in the dithiocarbamate structure. 

Similarly, to the study in other classes of complexes, the excited 
ligand-centered S1 and T1 states in [Ln(dtc)4]− complexes ions have 
been investigated based on absorption (or reflectance) and phospho
rescence spectra of optically inactive Ln3+ ions (where Ln: La or Gd). The 
intraligand S0→S1 transition in the absorption spectra of Ln3+ tetrakis 
dtc complexes shows a strong band centered at 37,100–38,100 cm− 1 

with molar absorption coefficient around ε ~ 50,000 L⋅mol− 1⋅cm− 1 

[205]. This absorption transition presents a higher π→π* contribution 
and it generally overlaps a lower intense band around 30,000 cm− 1 

assigned to the n→π* transition. In the case of the triplet state, many 
phosphorescence spectra have been recorded for [Ln(dtc)4]− complexes 
in an organic solvent solution at low temperature [206] energies of the 
T1 states were taken as the zero-phonon transition of the dtc complexes 
in the 23,000–23,500 cm− 1 interval, which is ~ 1,500 cm− 1 higher than 
many typical heteroaromatic ancillary ligands (L: phen and bipy) [206], 
the T1 energy values from the phosphorescence spectra recorded in the 
solution are slightly lower than those for solid-state samples, which may 
be due to solvatochromic effects. Moreover, it has been observed that 
the low-lying triplet states for tetrakis dtc complexes are usually higher 
than the ones of tris-dtc complexes [Ln(dtc)3L] [207]. 

Although the Eu3+ ion is one of the most important emitting species 
in the visible region due to its singular spectroscopy features (red 
emission color), as mentioned above, its alkyldithiocarbamate com
pounds present an LMCT state of very low energy. This state acts as a 
very efficient luminescence quencher for all Eu-dtc compounds as 
pointed out in the experimental and theoretical investigations by 
Faustino et al. [188]. They suggested that the LMCT states constitute the 
main luminescence quencher channels in Eu3+ tris alkyldithiocarbamate 
compounds, regarding that their energies are located at a lower position 
than the first T1 state of the ligand or 5D1 and 5D0 excited levels centered 
on the Eu3+ ion [208]. While many Ln3+ coordination compounds 
exhibit strong emission intensities to the naked eye, luminescence from 
Eu3+ tetrakis(alkyldithiocarbamate) compounds is rarely detected at 
room temperature even by using sensitive spectrofluorimeter equipment 
[181,209]. 

The pioneering study focusing on the luminescence properties of the 
Eu3+-tetrakis(alkyldithiocarbamate) complex in the solid state at low 

Fig. 26. Packing of the NH4[Ln(S2CNH2)4]⋅H2O compound (viewing direction 
along [97]), showing the coordination and ammonium ion polyhedra. 
Hydrogen bonds involving water, ammonium, and sulfur atoms are presented in 
dashed lines. Reproduced with permission from Ref. [181]. Copyright 2022, 
John Wiley and Sons. 

Fig. 27. Molecular structure of tetrakis [Ce(dtc)4] complexes. Reproduced with 
permission from Ref. [186]. Copyright 2004, The Royal Society of Chemistry. 

Fig. 28. High-resolution photoluminescence spectrum of Na[Eu(S2CNMe2)4] 
5⋅•2H2O under the 490 nm light excitation of S → Eu LMCT bands at 4.2 K. 
Reproduced with permission from Ref. [209]. Copyright 1997, The Chemical 
Society of Japan. 
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temperature (4.2 – 100 K) was reported by Yamase et al. [209]. The great 
number of emission lines was quite consistent with the presence of two 
different chemical environments around the Eu3+ ion. Furthermore, 
some emission peaks assigned to vibronic-mode energies of the dtc 

ligand were also detected (Fig. 28). The LMCT state was characterized 
by absorption and reflectance spectroscopy which provided good evi
dence for the efficient luminescence quenching of the 5D0 emitting levels 
of the Eu3+ ion. 

Interestingly, at low temperatures such as 4.2 K the quenching ca
pacity of the LMCT states is limited due to the decrease in phonon 
population and phonon-assisted process. In this regard, Yamase and 
Kobayashi managed to record a very resolved emission spectrum of the 
sodium tetrakis N,N-dimethyldi(thiocarbamate)europate(III) [209]. 
Even some emissions from the 5D1 state were observed. Another note
worthy feature of the spectrum of this dithiocarbamate complex is the 
wide splitting of the 5D0→7F4 transition which can be attributed to the 
high ligand field splitting of S-donating ligands (Fig. 28). 

Usually, the LMCT transitions of the Eu3+ and Yb3+ tetrakis(dtc) 
complexes have been well characterized [175]. On the other hand, the 
absorption band of [Ce(dtc)4]− complex around 22,800 cm− 1 has not 
been unequivocally assigned due to the present either an inter
configurational 4f → 5d transition or a metal-to-ligand charge (MLCT) 
state in the same spectral range [186]. 

On the excitation spectra of the Eu3+ tetrakis(dithiocarbamates) 
complexes, we can see the absence of broad-intense ligand absorption 
bands as for the case of β-diketonates, due to the low efficiency of 
intramolecular energy transfer in these compounds (Fig. 29a). It is 
proposed that the Eu3+ excitation in the tetrakis dithiocarbamate com
plex is almost completely quenched by the low-lying LMCT state as well 
as when the system is directly excited at the europium electronic states 
[181]. As a result, a low emission intensity of the europium in these 
complexes is observed. Such optical results were already theoretically 
predicted for Eu3+ complexes regarding LMCT position energies be
tween the spectral range from 5,000 to 20,000 cm− 1 [208]. It is 
confirmed the inefficiency of the energy transfer process, leading to the 
presence of the high broad emission bands assigned to the T1→S0 tran
sition of the dtc ligand in this complex (Fig. 29). 

Fig. 29. Excitation spectra monitoring the 5D0 →7F2 emission and at room temperature of Eu3+-based dithiocarbamate complexes: (a) NH4[Eu(S2CNH2)4]⋅H2O and 
(b) NH4[La(1− x)Eux(S2CNH2)4]⋅H2O, where x  = 0.016. Emission spectra at room temperature and under 393 nm (7F0→5L6 transition) excitation: (c) NH4[Eu 
(S2CNH2)4]⋅H2O and (d) NH4[La(1− x)Eux(S2CNH2)4]⋅H2O, where x  = 0.016. Adapted with permission from Ref. [181]. Copyright 2012, John Wiley and Sons. 

Fig. 30. Structure of carboxylate-based ligands: a) pyridine-2- (pic) [210–212], 
b) pyrazine-2- (pyr) [211], and c) 1-ethyl-6-fluoro-1,4-dihydro-4-oxo-7-(1- 
piperazinyl)-3-quinoline-carboxylic acid (norfloxacin, NF) [213]. 
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6. Carboxylate complexes 

Although carboxylates are one of the most important classes of 
organic ligands in the chemistry of Ln3+ compounds, just a few Ln3+

tetrakis carboxylate complexes have been reported so far [210–213]. 

6.1. Syntheses and characterization 

Ln3+ tetrakis pyridinecarboxylate (pic, Fig. 30a) and pyr
azinecarboxylate (pyr, Fig. 30b) complexes [210–212] were prepared by 
precipitation method via the addition of the LnCl3 (Ln: Eu3+, Gd3+, 
Tb3+, and Ho3+) solution to a previous deprotonated solution (pH ~ 6.5) 
of the carboxylate ligand in aqueous media, using a 4:1 ligand to metal 
molar ratio. The analogous pyridine carboxylate lanthanide complexes 
were synthesized by Hong et al. [212] using the picolinate anion ob
tained via the oxidation of the α-pyridoin precursor. 

On the other hand, the Ln3+ (Ln: Nd3+, Sm3+, and Ho3+) norfloxacin 
complexes were obtained by the direct reaction between the aqueous 
solution of the Ln(NO3)3 salts with the norfloxacin (NF, Fig. 30c) ligand 
and imidazole in a 1:3:3 M ratio, respectively. It is noteworthy that the 
tetramethylammonium, used as a counterion, was generated by the 
decomposition of the imidazole at high pressure under hydrothermal 
conditions. 

6.2. Crystal structure 

The crystal structures of NH4[Ln(pyc)4]⋅2H2O compounds indicate 
the crystallization of water molecules that are not directly bound to the 
central metal ion (Fig. 31a,b) [210]. In addition, these compounds 
crystallize in the hexagonal space group P6522 and their structures are 
characterized by single polymeric chains of [Ln(pic)4]− anions bridged 
by picolinate ligands. The Na+ or NH4

+ counterions occupy the cavities 
along the chain and, for instance, the Na+ cation is five coordinated by 
four carboxylate anions that bridge to the Ln3+ and by the oxygen of a 
water molecule. The Ln–O and Ln–N bond distances present a gradual 

decrease of ca. 0.03 and 0.05 Å, respectively, within the lanthanide 
series, which are in agreement with the lanthanide contraction 
[214,215]. 

The neodymium ion in the N(CH3)4[Nd(NF)4]⋅6H2O system is octa- 
coordinated, as the metal ion is chelated by the carboxyl and keto ox
ygen of the four norfloxacin (NF) anions [213]. The Ln3+ tetrakis 
carboxylate complexes (Ln: Nd3+, Sm3+, and Ho3+) are all isomorphic 
and crystallize in the tetragonal system with I41/acd space group. 
Adjacent nitrogen atoms of the piperazinyl groups form intermolecular 
hydrogen bonds generating a two-dimensional layered structure, while 
secondary hydrogen interactions connect perpendicular planes, leading 
to a three-dimensional network. 

Interestingly, in the Ln3+ tetrakis carboxylate complexes, the 
ligand–metal coordination does not take place exclusively by the oxygen 
atoms from the carboxylate group, but rather also by the neighboring N 
[210–212] or O [213] atoms (Fig. 31b,c). Zolin et al. reported that the 
Coulombic repulsion of the four carboxylate groups changes the ligand 
orientations and lowers its interaction with the Ln3+ ion, favoring the 
coordination by the adjacent N atoms [211]. Nevertheless, the forma
tion of more stable 5- or 6-member rings with the Ln3+ ions and the 
inherent tendency of the versatile coordination modes in the carboxylate 
group [216], seems to give more plausible reasons for the difficulty to 
obtain Ln3+ tetrakis carboxylate compounds, in which the ligand is co
ordinated to the metal ion exclusively via the COO− group. 

6.3. Spectroscopic properties 

The photophysical study of the Ln3+ tetrakis picolinate and pyrazine 
complexes showed that the excitation spectra (figures not shown) 
contain an intense broad band assigned to the organic moiety (S0→Sn) 
and narrow excitation bands from 4f to 4f transitions of Eu3+ ion. These 
intraconfigurational transitions are assigned to the 7F0→5L6, 7F0→5D2, 
and 7F0→5D1 transitions. Concerning the Tb3+ ion, the broad excitation 
bands of the ligand are overlapped by interconfigurational 4f – 5d 
transitions (300 – 340 nm) arising from the Tb3+ ion that is more 

Fig. 31. (a) Crystal structure of Na[Ln(pyc)4]⋅2(H2O), where Ln: Eu3+ and Tb3+ (ellipsoids at 50 % probability level). (b) Asymmetric unit and coordination 
polyhedron {EuO5N4}of the Eu3+ complex. (c) Coordination modes of the picolinate ligand in the Na[Ln(pyc)4]⋅2(H2O) compounds. Adapted with permission from 
Ref. [212]. Copyright 2008, American Chemical Society. 
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prominent than the corresponding bands in the tris species [210,211]. 
Moreover, the diffuse reflectance spectra for Tb3+ and Eu3+ tetrakis 
carboxylate complexes (figures not shown) [210] showed good agree
ment with the excitation ones. 

The analysis of the Eu3+ tetrakis carboxylate species emission spectra 
(Fig. 32) revealed no broad bands arising from the organic portion, 
suggesting an efficient L→Eu3+ energy transfer process and narrow 
emission peaks assigned to typical 5D0→7F0-4 transitions can be 
observed [211]. The most prominent transition in these emission spectra 
was the 5D0→7F2 (Eu3+) at ~ 613 nm accounting for their characteristic 
red emission. It is noteworthy that the Ln3+ tetrakis quinolinecarbox
ylates studies are focused on their application with biochemical mole
cules such as bovine serum albumin (BSA) and DNA. 

Finally, Ln3+ tetrakis complexes with other classes of organic ligands 
include hydroxyquinolinates [217], carvones [118], pirazolones 
[218–220], imides [221–224], and amidophosphate [225,226] have 
also been reported. However, it is noteworthy that the Ln3+ tetrakis 
species based on these classes of ligands are significantly scarce and 
thus, pave the way for new molecular designs and consequent future 
structural and photophysical investigations. 

7. Remarks on solubility, thermal, and photostability 

Information regarding the solubility of Ln3+ tetrakis compounds in 
the literature is scarce. In most works, authors do not report the solu
bility of the prepared compounds in the most common solvents. Some 
cases can be found, such as the tetrakis dialkoxylphenyl-β-diketonates 
with Eu3+ using K+ as a counterion reported by Sánches et al., where all 
complexes presented low solubility in all tested solvents [105]. Another 
case is that of Eu3+ 2-benzoyl-1,3-indantionate complexes with tet
raalkylammonium cations [61]. In this case, the complexes with tetra
butylammonium showed excellent solubility in usual organic solvents 
such as dichloromethane, chloroform, tetrahydrofuran, methanol, and 
acetonitrile. With tetraethylammonium, the complexes were less soluble 

in these common solvents (except for acetonitrile) and, depending on 
the substituent on the indandione ligand, even insoluble. 

By inference from the photostability data reported in other works, it 
is possible to indicate that the Cnmim[Eu(tta)4] complexes are also 
soluble in acetonitrile for n = 4 and 6. Usually, Ln3+ tetrakis-(β-diket
onate) complexes are insoluble in water. However, these coordination 
compounds can be soluble in different organic solvents, such as acetone, 
chloroform, and acetonitrile [61]. Additionally, the class of solid-state 
complexes Cnmim[Ln(tta)4] (n = 3 to 8) has been shown to be soluble 
in the respective 1-methyl-3-alkylimidazolium bromide ionic liquids 
[Cnmim]Br [109]. Solubility in ionic liquids can be a very interesting 
property for optical applications, as demonstrated by the improved 
photostability of C6mim[Eu(tta)4] when dissolved in C6mim[Tf2N] ionic 
liquid. This is complemented by the low vapor pressure of these types of 
solvents and the relative chemical stability of substituted imidazolium 
compounds. 

In general, the lanthanide tetrakis-dithiocarbamate compounds are 
also soluble in organic solvents such as chloroform, dichloromethane, 
acetone, aromatic hydrocarbons, and diethyl ether but insoluble in 
aliphatic solvents. Although anhydrous ethanol has been used as a sol
vent in the reaction procedure to obtain these compounds, some stability 
problems have been reported in the literature [175,178]. A series of 
lanthanide tetrakis-dithiocarbamate compounds containing the 
RNHCSS− anion and (n-But)4N+ counterion (where R = Ph and p-MePh) 
showed high solubility in dimethyl sulfoxide, dimethylformamide, 
methanol, and acetonitrile, while they exhibited low solubility in 
ethanol, acetone, and chloroform [227]. In addition to the solvents 
mentioned above, compounds with piperidinocarbodithioate (pipCS2) 
and morpholine-4-carbodithioate (MorphCS2) ligands also showed sol
ubility in tetrahydrofuran, in which their conductivity was determined 
[183,184]. 

Measurements of thermal stability were conducted in the solid phase 
and were standardized in this work as the temperature at which the first 
mass loss relative to the ligands occurs. 

The thermal behavior of NBu4[LnL4] (Ln = Sm3+, Eu3+, Gd3+), was 
examined via TGA by Biju et al. [97]. They observed that for the three 
compounds, two main thermal decomposition events occur until 600 ◦C, 
with the first event between 190 and 200 ◦C. The residual of the thermal 
decompositions it thought to be the respective oxides and oxyfluorides. 

Adati et al. have prepared a series of OLEDs based on tris and Ln- 
tetrakis-(diketonate) compounds as emitting [60]. They claimed that 
the tetrakis compounds are more promising materials than the tris sys
tems due to their higher thermal and chemical stabilities. The TGA 
profile of compounds (N(C2H5)4)[Eu(tta)4], (N(C4H9)4)[Eu(tta)4], (N 
(C12H25)2(CH3)2)[Eu(tta)4], N(C2H5)4)[Eu(bmdm)4], (N(C4H5)4)[Eu 
(bmdm)4], and (N(C12H25)2(CH3)2)[Eu(tta)4] synthesized in this work 
are similar [60]. The decomposition of these compounds takes place 
between 300 and 470 ◦C, indicating good thermal stability. 

The respective sodium complex Na[Eu(tta)4] can reach slightly 
higher thermal stability in synthetic air, reaching around 150 ◦C [228]. 
Poly(vinylidene fluoride) composites with Na[Eu(tta)4] and C4mim[Eu 
(tta)4] were shown to increase thermal stability up to approximately 
225 ◦C for both complexes in synthetic air. 

Interestingly, Tb3+ tetrakis complexes with benzoyltrifluoroacetone 
and 1-butyl-3-methylimidazolium counterions presented slight oxida
tion of Tb3+ to Tb4+, as evidenced by the weight gain observed in the 
C4mim[Tb(btfa)4] complexes when analyzed by TGA under synthetic air 
flow, before undergoing their decomposition at approximately the same 
temperature as the Eu3+ ion [59]. This indicates a slight disadvantage of 
terbium complexes when compared to europium regarding applications 
in which the sample is exposed to air at slightly elevated temperatures. 

A series of Q[Eu(nta)4] compounds, where Q: [Bu4N]+ (tetrabuty
lammonium), [C4mim]+ (1-butyl-3-methylimidazolium), and 
[C4mpyr]+ (1-butyl-3-methylpyridinium) as counterions were synthe
sized and their thermal stabilities systematically investigated by Bruno 
et al. [21]. TG curves of these compounds exhibited two main thermal 

Fig. 32. Emission spectra of (a) Na[Eu(pyr)4]⋅H2O, (b) (NH4)[Eu(pyr)4]⋅H2O, 
(c) Na[Eu(pic)4]⋅H2O, (d) (NH4)[Eu(pic)4]⋅H2O, and (e) [Eu(pic)3] at 77 K. 
Adapted with permission from Ref. [211]. Copyright 2007, Elsevier. 
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decomposition steps. The first one, starting at 350 ◦C, corresponding to 
an abrupt weight loss of 67%, 48%, and 58% was assigned to the 
[Bu4N]+, [C4mim]+, and [C4mpyr]+ counterions, respectively. The 
second weight loss occurs in the intervals of 465–550 ◦C, 480–680 ◦C, 
and 460–560 ◦C. 

Malba et al. reported the synthesis and thermal stability of 
([P8.8,8,1](Ln(dbm)4] compounds, where [P8.8,8,1]: tri
octylmethylphosphionium and Ln: Eu3+ and Sm3+). TG curves of these 
compounds showed the first weight loss process in the range of 250–425 
◦C (~47%), and the second (~34%) between 425 and 600 [229]. Since 
these tetrakis complexes have no water or solvent molecules in their 
structure, no mass loss was observed between 30 and 115 ◦C. 

In summary, most tetrakis β-diketonate compounds are stable in air 
up to around 200 ◦C, at which point most of them begin to decompose. 
Tang et al. [65] also analyzed some Eu3+ tetrakis amidophosphonate 
complexes with 1-alkyl-3-methylimidazolium cations that resemble the 
β-diketonate structure. These compounds exhibited similar thermal 
stability, reaching approximately 170 ◦C when measured by TGA in 
synthetic air. This suggests that such thermal stability trends may be 
common among tetrakis complexes with structurally similar ligands 
across different classes. 

Eu3+ tetrakis carbamoylamidophosphonate complexes were inves
tigated by Kariaka et al. [15], and they exhibit the common square- 
antiprismatic geometry observed in β-diketonate complexes. These 
complexes show no weight loss until 200 ◦C, at which point decompo
sition begins. This temperature range aligns with that observed for other 
tetrakis complexes. Carbacylamidophosphonate complexes with tetrae
thylammonium counterions also displayed a similar decomposition 
temperature, around 230 ◦C [225]. 

Su et al. reported the stability of Nd3+ tetrakis complexes with 
dithiocarbamate ligands and tetrabutylammonium counterions, with 
their initial decomposition starting at 110 ◦C under N2 flow [227]. This 
temperature is significantly lower than that observed for other classes of 
ligands with oxygen ligating atoms. The lower decomposition temper
ature can be explained by the weaker bonding between the lanthanide 
ions and sulfur atoms, as sulfur is a softer base than oxygen. However, 
the lower temperature reported in this work may also be influenced by 
the cation used [227], since Hailiang et al. reported some dithiocarba
mate complexes with piperidine counterions that began their thermal 
decomposition only around 200 ◦C [183]. 

For complexes with carboxylate ligands, Shikun Li et al. reported a 
tetrakis complex with Nd3+ that exhibited poor stability under dynamic 
synthetic air, with decomposition starting as low as 62 ◦C. This insta
bility may be linked to the challenges in obtaining tetrakis carboxylate 
complexes [213]. 

Surprisingly, photostability data for tetrakis complexes are rarely 
reported in the literature. Lanthanide β-diketonate complexes represent 
the majority of the published data regarding the photostability of tet
rakis complexes, mostly in a solution medium. Photostability measure
ments are typically conducted by measuring the relative emission 
intensity of the Ln3+ ion as a function of radiation exposure time. 
Nevertheless, some interesting properties can still be inferred from the 
reported photostability curves. 

Nockemann et al. demonstrated that the C6mim[Eu(tta)4] compound 
[90] exhibits remarkably long-term photostability (up to 250 h) 
compared to the respective hydrated tris [Eu(tta)3(H2O)2] and the 
phenanthroline derivative [Eu(tta)3(phen)] in acetonitrile solution. 
Interestingly, when the tetrakis complex was dissolved in the respective 
bromide ionic liquid, C6mimBr, lower photostability was observed (less 
than 10% in 75 h compared to ~ 95% in 75 h for the MeCN solution). 
However, when this complex was dissolved in the bistriflimide deriva
tive of the ionic liquid, C6mim[Tf2N], almost 100 % photostability was 
measured over 250 h, indicating that the surrounding medium plays a 
crucial role in the stability of such complexes. 

The work by Yi, Wang, and Chen [230] also demonstrates that for the 
C4mim[Eu(tta)4] complex, dissolving the Ln3+ complex in an ionic 

liquid with a complex inorganic anion such as C4mim[PF6] improves 
photostability compared to acetonitrile solutions. In this case, the key 
factor possibly lies in the solubility of oxygen gas in these different 
solvents. 

Regarding the alkali metal complexes, Emelina et al. [231] measured 
the photostability of the Eu3+ complexes with the hexa
fluoroacetylacetone ligand doped in polyethylene films. In this case, the 
opposite trend was observed, and the substituted tris complex with tppo 
[Eu(hfa)3(tppo)2] exhibited the highest photostability. This study also 
reveals a dependence on photostability with the alkali metal cation (K, 
Rb, Cs), with K[Eu(hfa)4] being the least stable and Cs[Eu(hfa)4] being 
the most stable. Since the polymers were prepared by mixing the com
plex with powdered polyethylene in the solid state and not in solution, 
such an influence from the cations is expected because the emitting 
species are the Q[Eu(tta)4] crystals and not solvated [Eu(tta)4]− anions. 
Given that photostability, together with thermal stability, is one of the 
most important parameters in optical applications, we encourage 
readers to publish more results regarding the photostability of tetrakis 
Ln3+ complexes to enable further advancements in this field. 

8. Intensity parameters, radiative rates, and intrinsic quantum 
yield 

The emission intensity from a state |a〉 to a state |b〉 can be in general 
described by Eq. (1), 

Ia→b = ηa⋅Aa→b (1)  

where Aa→b is the radiative transition rate decay from the excited state 
|a〉 to a lower state state |b〉, also known as Einstein’s spontaneous co
efficient [232], and ηa is the population of the emitting level |a〉, i.e., the 
relative number of emitting centers (atoms/molecules) at the excited 
state |a〉. The intensity in Eq. (1) represents photon counting (photons/ 
s), as measured in modern spectrofluorometers. 

In lanthanide spectroscopy, 4f-4f transitions are forbidden by the 
electric dipole mechanism because of the parity selection rule (Δl =

±1), leading to usually smaller values of Aa→b compared with allowed 
interconfigurational transitions (e.g., Eu2+ 5d → 4f transition). However, 
in 1962, in independent works by B. R. Judd and G. Ofelt [30,31], they 
proposed that the appearance of 4f-4f transitions is due to the admixture 
between f and d orbitals in non-spherical symmetry, making the f or
bitals no longer pure, thus relaxing the selection rule on the l quantum 
number. This mechanism for describing these transitions became known 
as forced electric dipole (FED). Two years after this FED theory, 
Jørgensen and Judd [32] proposed a complementary mechanism known 
as dynamic coupling (DC), which considers the oscillating electric fields 
of the surrounding ligands induced by the incident radiation. These two 
mechanisms are combined into three parameters, which are sufficient to 
describe all electric dipole 4f-4f transitions. For instance, electric dipole 
strength SED

a→b for the |a〉→|b〉 transition can be given by Eq. (2), 

SED
a→b = e2⋅

(
∑

λ=2,4,6
Ωλ⋅
⃒
⃒
〈
a
⃒
⃒
⃒
⃒U(λ)

⃒
⃒
⃒
⃒b
〉 ⃒
⃒2
)

(2)  

where e is the elementary charge, Ωλ (in units of 10− 20 cm2) are the 
intensity parameters, also known as Judd-Ofelt parameters, which 
contain contributions from both FED and DC mechanisms, and 〈
a
⃦
⃦U(λ)

⃦
⃦b〉 are the reduced matrix elements of the tensor operator of rank 

λ for the |a〉→|b〉 transition. Hence, the radiative rate of an electric dipole 
transition can be estimated by Eq. (3): 

AED
a→b =

32(π⋅σa→b)
3χ

3ħ(2J + 1)
⋅SED

a→b (3)  

where ℏ is the reduced Planck constant, σa→b is the centroid of the a→b 
transition in wavenumbers, and χ = nr

(
nr

2 + 2
)2
/9 is the Lorentz local 
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field correction, nr being the index of refraction of the medium. The term 
2J+1 represents the degeneracy number of the state |a〉. 

Conversely, magnetic dipole (MD) transitions have their radiative 
rates calculated by: 

AMD
a→b =

32(π⋅σa→b)
3nr

3

3ℏ(2J + 1)
⋅SMD

a→b (4)  

where the MD strength is given by: 

SMD
a→b = (μB)

2
|〈a||L + gS⋅S‖b〉 |2 (5)  

In Eq. (5), μB = eℏ/(2mec) is the Bohr magneton, where c is the speed of 
light and me is the electron mass, whereas 〈a||L+2S‖b〉 are the reduced 
matrix elements of orbital and spin angular momentum operators (L and 
S) with gS ≈ 2.0023 being the free electron g-factor. The values of matrix 
elements (〈a

⃒
⃒
⃒
⃒L+gSS

⃦
⃦b〉 and 〈a

⃦
⃦U(λ)

⃦
⃦b〉) can be obtained from wave

functions in the intermediated coupling scheme [233–235]. 
It is important to call attention that 4f-4f transitions obey the se

lection rules on the J quantum number and it can be summarized as: 
J - J’ ≤ λ ≤ J + J’ for ED contributions. 
ΔJ = 0, ±1(except for J = J’ = 0) for MD contributions. 
For instance, considering the Nd3+ 4F3/2→4I13/2 emission at ~ 1,330 

nm, from the selection rules on J for the ED contribution, it is obtained 
the relation 5 ≤ λ ≤ 8, indicating that this transition has only the 

involvement of 〈
4F3/2

⃦
⃦U(6)‖

4I13/2〉
2
= 0.2093 [236], being this 

transition exclusively dependent on the values of Ω6 parameter because 
both 〈4F3/2

⃦
⃦U(2)‖

4I13/2〉 and 〈4F3/2
⃦
⃦U(4)‖

4I13/2〉 are identical to zero. In 
addition, this specific transition has no MD contribution because ΔJ ∕= 0,
±1, consequently 〈4F3/2

⃦
⃦L+ gS⋅S‖4I13/2〉 = 0. 

The selection rules on J quantum number are important to under
stand the nature of the 4f-4f transition regardless if it concerns absorp
tion or emission processes. An important consequence of these rules 
appears especially in the emissions of the Eu3+-based compounds. The 
Eu3+ ion is known to be a powerful luminescent probe because the ED 
strength of the 5D0→7Fλ transitions (SED

0→λ, Eq. (2) depends only on their 

respective product Ωλ
⃒
⃒〈

5D0
⃦
⃦U(λ)‖

7Fλ〉
⃒
⃒2 

[236]. So, the emission in
tensity of the 5D0→7F2 transition depends on the values of Ω2, 5D0→7F4 
on the Ω4, and 5D0→7F6 on the Ω6. Furthermore, the 5D0→7F1 transition 
is governed by the MD mechanism and its radiative component can be 
obtained from Eq. (4) and simplified in the form: 

AMD
0→1 =

32μB
2(π⋅σ0→1)

3⋅nr
3

3ℏ
⃒
⃒〈

5D0
⃦
⃦L + gSS‖7F1

〉⃒
⃒2 (6) 

where σ0→1 is the centroid of the 5D0→7F1 in wavenumbers (~16950 

cm− 1) and 
⃒
⃒〈

5D0
⃦
⃦L + gSS‖7F1〉

⃒
⃒2 = 0.116 [114] is the matrix element of 

the 5D0→7F1. Considering that the σ0→1 does not vary significantly, Eq. 
(6) can be rewritten as AMD

0→1 ≈ AMD
0→1(vac)nr

3, with AMD
0→1(vac) being the 

spontaneous emission rate for the 5D0→7F1 in vacuum. The value of 
AMD

0→1(vac) may undergo low deviations because the weak ligand field 

Table 5 
Experimental intensity parameters (Ω2,4), radiative (Arad) and non-radiative (Anrad) decay rates, emission lifetime (τobs), and intrinsic quantum yield (QEu

Eu) of some 
tetrakis complexes with β-diketonates and phosphates. Three hydrated Eu3+ tris-β-diketonate complexes were included for the pursuit of comparison. All the data were 
collected at approximately 300 K.  

Entry # Eu3+ compound Ω2(10− 20 cm2) Ω4(10− 20 cm2) Arad(s− 1) Anrad(s− 1) τobs 

(ms) 
QEu

Eu(%) Ref.  

Eu3+ tetrakis β-diketonate        
1 C4mim[Eu(btfa)4]  29.1  5.8 839 411  0.80 67 [59,240] 
2 C3mim[Eu(tta)4]  33.0  6.0 1,180 410  0.63 74 [109] 
3 C4mim[Eu(tta)4]  32.0  6.0 1,150 370  0.66 76 [109] 
4 C5mim[Eu(tta)4]  42.0  8.0 1,470 450  0.52 76 [109] 
5 C6mim[Eu(tta)4]  44.0  9.0 1,570 400  0.51 80 [109] 
6 C7mim[Eu(tta)4]  45.0  9.0 1,590 180  0.57 90 [109] 
7 C8mim[Eu(tta)4]  39.0  6.0 1,390 170  0.64 89 [109] 
8 C26H56N[Eu(dbm)4]  36.6  6.4 1,237 1,201  0.41 51 [99] 
9 C19H42N[Eu(dbm)4]  44.4  7.7 1,489 2,357  0.26 39 [99] 
10 C17H38N[Eu(dbm)4]  43.8  7.0 1,461 1,987  0.29 42 [99] 
11 NBu4[Eu(btfa)4]  28.0  7.0 1,021 261  0.78 80 [97] 
12 HNEt3[Eu(tta)4]  37.0  6.0 1,281 538  0.55 70 [96] 
13 V0-MID-[Eu(tta)4]  28.0  6.0 1,011 1,633  0.38 38 [96] 
14 V1-MID-[Eu(tta)4]  33.0  7.0 1,159 912  0.48 56 [96] 
15 V2-MID-[Eu(tta)4]  36.0  7.0 1,252 620  0.53 67 [96] 
16 HNEt3[Eu(dbm)4]  32.0  6.0 1,114 446  0.64 71 [96] 
17 V0-MID-[Eu(dbm)4]  28.0  8.0 1,001 2,351  0.30 30 [96] 
18 V1-MID-[Eu(dbm)4]  27.0  6.0 938 1,047  0.50 47 [96] 
19 V2-MID-[Eu(dbm)4]  39.0  7.0 1,327 673  0.50 66 [96] 
20 N(C2H5)4[Eu(dbm)4]  31.6  1.4 964 1,869  0.35 34 [62] 
21 P(C6H5)4[Eu(dbm)4]  21.2  1.6 657 3,033  0.27 18 [62] 
22 As(C6H5)4[Eu(dbm)4]  20.0  1.5 620 3,168  0.26 16 [62] 
23 N(C2H5)4[Eu(tta)4]  22.5  7.0 816 418  0.81 66 [60] 
24 N(C4H9)4[Eu(tta)4]  23.2  6.7 865 97  1.04 90 [60] 
25 N(C12H25)2(CH3)2[Eu(tta)4]  38.8  5.4 1,306 1,133  0.41 54 [60] 
26 DpaH[Eu(hfa)4]  22.0  6.9 844 64  1.01 93 [64] 
27 N(C2H5)4[Eu(bmdm)4]  28.1  5.4 993 761  0.57 56 [60] 
28 N(C4H9)4[Eu(bmdm)4]  24.2  5.8 860 610  0.68 59 [60] 
29 N(C12H25)2(CH3)2[Eu(bmdm)4]  23.0  6.4 835 2,613  0.29 24 [60]  

Eu3+ tetrakis phosphate        
30 Cs[Eu(dmbap)4]  5.1  5.7 286 26.79  3.20 92 [15] 
31 NEt4[Eu(dmbap)4]  4.5  6.5 282 173  2.20 62 [15] 
32 Na[Eu(dmpsa)4]  6.8  4.8 304 94  2.51 74 [156] 
33 Na[Eu(dmnsap)4]  8.9  2.8 307 255  1.47 55 [156]  

Hydrated Eu3+ β-diketonate        
34 [Eu(tta)3(H2O)2]  33.0  4.6 1,110 2,730  0.26 29 [241] 
35 [Eu(dbm)3(H2O)]  19.9  4.4 716 2,012  0.23 25 [241] 
36 [Eu(btfa)3(H2O)2]  21.0  6.0 650 1,982  0.38 25 [59,91]  
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effect that can shift the values of σ0→1. For instance, Werts et al. 
considered AMD

0→1(vac) = 14.65 s− 1 [237] while Blois et al. considered 
AMD

0→1(vac) = 14.92 s− 1 [91]. However, the σ0→1 does not undergo a 
strong shift, providing the typical value of AMD

0→1 ≈ 50 s− 1 for Eu3+

complexes when nr = 1.5 [11]. 
These specific and favorable conditions of the Eu3+ ion allows the 

determination of the intensity parameters Ωλ by using the ratio between 
emission intensities, Eq. (1), with the following relationship [22,91]: 

Ωλ =

(
I0→λ

I0→1

)
3ℏ

32e2
AMD

0→1

(π⋅σ0→λ)
3χ
⃒
⃒
〈

7Fλ
⃦
⃦U(λ)

⃦
⃦ 5D0

〉 ⃒
⃒2

(7) 

where I0→λ and I0→1 are the integrated intensities of the D0→7Fλ (λ =
2, 4, and 6) and 5D0→7F1 transitions, respectively. It is important to note 
that Eq. (7) is valid because the population η in Eq. (1) cancels because 
both 5D0→7Fλ and 5D0→7F1 emissions decay from the same emitting 
level. 

The total radiative rate (Arad) of 5D0 →7FJ transitions is given by: 

Arad = AMD
0→1

∑

J

(
I0→J

I0→1

)

(8) 

With the Arad, the intrinsic quantum yield (also known as emission 
quantum efficiency [238,239]) can be defined as [16]: 

QEu
Eu =

Arad

Arad + Anrad
= Aradτobs (9)  

where τobs = 1/(Arad +Anrad) is the observed decay lifetime and Anrad is 
the non-radiative decay rate. 

Table 5 shows a set of spectroscopic data extracted from experi
mental measurements for the classes of Eu3+ tetrakis β-diketonate (en
tries from #1 to #29), phosphate (entries from #30 to #33) as well as 
few hydrated Eu3+ tris-β-diketonate systems (entries from #34 to #36) 
for comparison purposes. Eu3+ tetrakis complexes Q[Eu(β-diketonate)4] 
usually have Ω2 values typically between 20 and 45×10− 20 cm2 

[59,109,240], which are notably higher than that for the carbamoyl
phosphate and phosphate (between 4 and 9×10− 20 cm2 [15,156]) 
because they usually present coordination polyhedra closer to a dis
torted cubic symmetry [15], as illustrated in Fig. 5. 

Usually, Eu3+ tetrakis β-diketonates present higher intrinsic emission 
quantum yields (QEu

Eu, Table 5) compared to other ligands, e.g., CAPh, 
SAPh, and alkyldithiocarbamates. This spectroscopic feature is due to 
the higher radiative rate (Arad) contributions that depend straightly on 
the intensity parameters (Ωλ), suggesting that Eu3+ β-diketonate com
pounds act as efficient red-emitting materials. Besides, Table 5 presents 
a series of Cnmim[Eu(tta)4] compounds (n = 3 to 8), which shows higher 
QEu

Eu values for those with [C7mim]+ and [C8mim]+ counterions, indi
cating a significant decrease in the non-radiative rate (Anrad) 
contributions. 

Furthermore, the values of QEu
Eu for tetrakis with tta, dbm, and btfa 

ligands (Table 5, entries #1 to #26) are higher compared with their 
corresponding hydrated tris-complexes (Table 5, entries #34 to #36). 
This behavior is expected because Ln3+ tetrakis-complexes prevent the 
entrance of the water molecules in the first coordination sphere, which 
acts as a strong luminescence quencher. 

9. Theoretical and computational modeling 

Ln3+ complexes possess several spectroscopic characteristics that 
distinguish them from transition metal ion complexes. Firstly, the 4f 
electrons of the lanthanide ion are shielded from the chemical envi
ronment, minimizing the influence of the ligand field. Consequently, the 
resulting 4f–4f transitions exhibit nearly constant energies around their 
barycenters. However, the ligand field can induce the splitting of the 
2S+1LJ levels, leading to a maximum of 2J + 1 Stark levels [242,243]. 
Secondly, the relative intensities of the 4f–4f transitions strongly depend 

on the changes in symmetry surrounding the Ln3+ ion [1,244]. Finally, 
the absolute intensities of the 4f–4f transitions observed in the lumi
nescence spectra of the complexes are strongly dependent on the nature 
of the ligands, as they can serve as luminescence sensitizers through 
intramolecular energy transfer [22]. 

Taking these factors into consideration, the subsequent sections will 
delve into the structural modeling, intensity parameters, and energy 
transfer mechanisms associated with Ln3+ tetrakis complexes. More
over, examples of some theoretical modeling for tetrakis-based com
plexes will be discussed. 

9.1. Structural modeling 

To theoretically investigate the luminescent properties of lanthanide 
tetrakis complexes, we first need to determine the structural model of 
the system, which is crucial for quantum calculations of electronic 
states, properties, intensity parameters, and energy transfer rates. A 
reliable representation of the luminescent center is essential for an ac
curate model. 

The structural model is concerned with the representation of the 
chemical environment in which the light-emitting center is inserted, 
focusing on a somewhat accurate description of the geometry of the Ln3+

ion coordination polyhedron. Thus, the in-depth knowledge of its first 
neighboring ligands for a molecular solid or solution is the main worth. 
Modeling molecular compounds (including tetrakis complexes) may 
require considering interacting species, such as counterions, solvent 
crystallization molecules, or even solvent effects when the molecular 
system needs to be described in solution. These additional components 
contribute to the intermolecular interactions that eventually shape the 
structure of the system within the crystal. 

The structure of the compound can be acquired through experi
mental techniques, such as single crystal X-ray diffraction, or approxi
mated through computational methods like classical and/or quantum 
chemistry. Additionally, recent advancements in machine learning, such 
as the development of the PyFitIt algorithm (a Python-based code) 
[245], have enabled spectral simulations of X-ray absorption. In the 
context of lanthanide-based complexes, Khan et al. [240] employed the 
PyFitIt to precisely simulate XANES/EXAFS spectra and determine the 
molecular structures of Ln3+ β-diketonate complexes, including C4mim 
[Eu(dbm)4]. This innovative approach offers valuable insights into the 
distinct coordination geometries and local environments present in 
these complexes. 

The structural and electronic nature of the Q+ counterions on the 
luminescent features of Q[Ln(L)4] compounds has been well-established 
[103,150,246–251]. These effects are likely a result of structural 
changes induced by the interactions between the anionic lanthanide 
complex and the counterion. For example, in the case of Q[Tm(acac)4], 
the emission lifetime of the energy 1G4 level increases from 0.344, 
0.360, and 0.400 µs with increasing ionic radius of the alkali-metal 
counterion from Li+ to K+ [103]. In ionic liquid, the effect of the Q+

counterions on luminescence properties is even more significant 
[20,252]. However, for [Ln(LH)3X3] lanthanide-containing metal
lomesogens compounds, where LH: salicylaldimine Schiff bases and X: 
NO3

− , CH3(CH2)5CH2SO4
− , or CHF2(CF2)5CH2SO4

− ), completely different 
Eu3+ emission spectra have been also observed depending on these an
ions [253]. 

Intermolecular interactions among neighboring units can affect ste
ric hindrances in the molecular structures of the complexes, changing 
their luminescent properties. For example, in the 
[(H2O)3L2EuL2LnL2(H2O)3] complex, where L: pentafluorobenzoate, 
C6F5COO− , the terminal aromatic rings interact with the corresponding 
rings of neighboring units through intermolecular π⋅⋅⋅π stacking in
teractions [254]. However, the optimized structure of this complex 
using Density Functional Theory with the B3LYP functional showed 
different orientations of their aromatic rings [255]. It is worth 
mentioning that the modeled structure does not consider the presence of 

I.F. Costa et al.                                                                                                                                                                                                                                  



Coordination Chemistry Reviews 502 (2024) 215590

28

one water molecule of crystallization per complex unit, which could 
potentially impact the optimized geometry. Nevertheless, further in
vestigations into these structural effects on luminescent properties, 
particularly intramolecular energy transfer (IET) rates, are still scarce 
[15,44,60,159,256,257]. 

In the literature, several computational methods based on quantum 
chemical approaches [258–262] have been extensively used to obtain 
optimized molecular structures and model their spectroscopic properties 
of the Ln3+ complexes. These computational methods are typically 
classified into two categories: wave function theory (WFT) [263–266] 
and density functional theory (DFT) [267–270]. 

One common and with a less demanding approach for calculating the 
structure is the semi-empirical (SE) Sparkle/SE methodology [271]. In 
this approach, the Ln3+ ion is treated as a 3+ charge point, with a 
repulsive potential and analytical expression for core-core integrals. 
While the Sparkle/SE approach is computationally efficient and suitable 
for large systems, it has limitations in treating small ionic ligands and 
ligating atoms like carbon, sulfur, and selenium as well as the lack of a 
sufficient number of compounds for the parametrization procedure. 

The optimized geometries from the Sparkle/SE approach should be 
validated by comparing them with WFT (e.g., HF, MP2) or DFT (e.g., 
GGA, hybrid-GGA, where GGA means generalized gradient approxima
tion) calculations, which employ approximations and require validation. 
The choice of basis sets for describing one-particle functions is crucial, 
with Gaussian basis sets commonly used for non-extended systems like 
molecules, while Slater-type orbitals (STOs) have been successful in the 
Amsterdam Modeling Suite program (Amsterdam Density Functional – 
ADF) [272,273]. Relativistic effects must also be considered for 
lanthanide ions, impacting both the choice of basis sets and the appro
priate level of calculation for many-electron systems [258,259,274]. All- 
electron basis set explicitly treat all electrons and include relativistic 
effects, spin multiplets, and static correlation [274–276]. However, 
these calculations become impractical for large lanthanide complexes. 
Relativistic pseudopotentials (PPs) are often employed to decrease 
computational demand while maintaining accuracy [277–280]. For 
lanthanides, (quasi)relativistic ECPs (effective core potentials) are 
commonly used, such as MWB28 [281], SBKJC [282], and CRENBL 
[283], with 28, 46, and 54 electrons in the core, respectively. 

Another approach is the use of 4f-in-core ECPs, such as MWB46+x, 
for di- [284,285] and trivalent [284,285] lanthanide ions. These ECPs 
reduce the system size and facilitate SCF convergence, making them 
popular for calculating molecular structures of lanthanide complexes 
[286–295]. The choice of wavefunction approximations (e.g., HF, MP2, 
CCSD) [264,296,297] or density functionals (e.g., B3LYP, PBE0, M06- 
2X) [267,296,297] also impacts the calculated geometry. Due to elec
tron correlation effects in 4f compounds, correlated WFT methods are 
typically preferred over HF. DFT-based approaches, particularly B3LYP, 
PBE0, and M06-2X, are commonly employed for investigating lantha
nide complexes. However, it should be noted that the behavior of ligand- 
lanthanide ion interactions is primarily electrostatic, differentiating 
them from transition metal coordination compounds that have higher 
covalent character, and caution is advised when applying DFT 
functionals. 

To validate the calculated structures, the root mean square deviation 
(RMSD) can be compared with crystallographic data. Additionally, 
photophysical data including absorption and emission spectra (steady- 
state), phosphorescence, time-resolved emission spectra, and lumines
cence decay curves (emission lifetimes) are crucial for calibrating and 
validating calculations of properties related to ligand-excited states in 
the coordination compounds. 

Concerning the photophysical effect of the counterion on the ligand 
field around the Ln3+ ion in the [LnL4]− anion, Murray et al. reported 
the effects of alkaline cation on the luminescence spectral profiles of the 
Q[Eu(bzac)4] compounds [249]. They suggested that the ligand field 
splitting of the 7F0-4 energy levels in these Eu3+ compounds agree with 
D4, C4, C4v, D2d, and D2 symmetry sites for Q: Na+, K+, Rb+, and Cs+

counterions, respectively. Besides, Filipescu et al. [250] reported the 
effects of organic cation (Q+) substitution in the Q[Eu(dbm)4] com
pounds, for example, considering quaternary [(C2H5)4N]+, tertiary 
[(C2H5)3NH]+, secondary [(CH2)4NH2]+, and primary 
[(CH3CH2CH2)3NH3]+ ammonium counterion on Stark energy level 
splitting in Q[Eu(dbm)4]. According to their studies, the splitting of the 
7F1, and 7F2 levels of the europium ion depends strongly on the size and 
the number of the alkyl group of the ammonium counterion. Addition
ally, they pointed out that electrostatic and steric effects are produced by 
the substituted ammonium ion on the environment of the Eu3+ ion in the 
coordination compound. Regarding Q+, it affects both the total potential 
and changes the electron density distribution mainly in the two 
chelating rings belonging to dbm ligands closer to this counterion. In 
turn, the steric hindrance between the counterion and these ligands 
promotes their displacement towards the other ligands, affecting their 
positions and, consequently, changing the chemical environment of the 
Eu3+ ion [250]. 

9.2. Theoretical intensity parameters 

The theoretical intensity parameters Ωtheo
λ can be calculated as fol

lows: 

Ωtheo
λ = (2λ+ 1)

∑

t,p

⃒
⃒Bλtp

⃒
⃒2

2t + 1
, Bλtp = BFED

λtp +BDC
λtp (10) 

where. 

BFED
λtp =

2
ΔE
〈
rt+1〉Θ(t, λ)

(
4π

2t + 1

)1
2∑

j

e2ρjgj
(
2βj
)t+1

Rt+1
j

(
Yt*

p

)

j
(11)  

BDC
λtp = −

[
(λ + 1)(2λ + 3)

(2λ + 1)

]1
2〈

rλ〉〈f‖C(λ)‖f 〉
(

4π
2t + 1

)1
2

×
∑

j

[(
2βj
)t+1αOP,j + α′

j

]

Rt+1
j

(
Yt*

p

)

j
δt,λ+1 (12)  

where BFED
λtp and BDC

λtp represent the FED and DC contributions, respec
tively. The label t takes values of λ ± 1, and p ranges across integer 
values from − t to + t, representing the ranks and components that 
define the conjugated complexes of spherical harmonics (Yt*

p ). 
Eqs. (11) and (12) are derived from the bond overlap model (BOM) 

and the simple overlap model (SOM) [34,286,298,299], respectively. 
The numerical factors Θ(t, λ) take on specific values as reported in ref
erences [300,301]. The term ΔE (in Eq. (11) represents the energy dif
ference between the 4fn and 4fn-15d1 states of the Ln3+ ion. Its 
determination is based on an approach similar to that introduced by 
Bebb and Gold in the average energy denominator method [302,303]. 〈
rλ〉 and 〈rt+1〉 represent 4f expectation values of the radial operators 
[304], and 〈f

⃦
⃦C(λ)

⃦
⃦f〉 is reduced matrix elements of the Racah tensor 

operator assuming values of − 1.366, 1.128, and − 1.270 for λ = 2, 4, and 
6, respectively. It is essential to note that symmetry is taken into account 
in the summation involving ligating atoms in Eqs. (11) and (12). 

The αOP values in Eq. (12) represent the overlap polarizabilities, 
which are parameters associated with the covalent nature of the 
chemical bond. These quantities can be computed using the following 
formula [34,305,306]: 

αOP =
e2ρ2R2

2Δε (13)  

where e represents the electron charge, ρ corresponds to the overlap 
integrals between the valence orbitals of two bonded atoms (Ln–X), R 
denotes the bond length, and Δε is the first excitation energy related to 
the chemical bonds of the Ln–X pair [307]. 
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The ligand effective polarizabilities (α′
j in Eq. (12) can be assessed 

utilizing DFT, in a procedure consisting of molecular orbitals localiza
tion [308]. The parameter g (as seen in Eq. (11)) is the charge factor, 
which, along with ρ, contributes to the overlap charge between the 
coordinating atom and the Ln3+ ion [54]. The value of g can be calcu
lated as: 

g = R
̅̅̅̅̅̅̅̅̅

k
2Δε

√

(14)  

where k is the force constant associated with the Ln − L atomic pair. 
Previous studies employed a pseudo-diatomic-like model [34] to 
determine the values of k (and corresponding g). However, this method 
was limited to mono and bidentate ligands. A novel approach based on 
the local vibrational mode analysis (LMA) [309–311] has been recently 
developed to calculate k [308]. LMA has introduced a novel approach to 
the examination of vibrational spectra. This methodology has found 
recent applications in diverse areas, including the evaluation of pKa 
probes [312], the exploration of distinctive vibrational interactions 
within nucleobases and Watson-Crick base pairs of DNA [313], the 
determination of bond strength in biological systems, and the assess
ment of patterns related to hydrogen bond strength between proteins 
and ligands [314]. See Refs. [309–311] for an extensive overview of 
LMA and its various applications. 

The BOM explains the chemical environment in the DC mechanism 
by considering bond overlap and ligand effective polarizabilities (α = α ′ 
+ αOP). αOP (Eq. (13) represents bond overlap polarizability, while α′ 
accounts for the ligand’s contribution to the DC mechanism [34,286]. 
Previous BOM applications treated ligands as isolated molecules 
[34,35,286,315,316], generating localized molecular orbitals (LMOs) 
from Canonical Molecular Orbitals [317–322]. LMOs help understand 
how specific ligand parts interact with Ln3+ ions and were reported to 
improve the description of 4f–4f transition intensities in the DC mech
anism. However, considering isolated ligands may diminish the accu
racy of α′ as a descriptor of the chemical environment by neglecting the 
Ln–L interaction. The molecular polarizability can be decomposed into 
LMO contributions using the procedure implemented in GAMESS [323] 
and ChemBOS [308,324] packages. As an alternative approach, 
Gaussian software [325] can be used for wavefunction calculation and 
MultiWFN [326] for LMO obtentions. 

Fig. 33 provides an overview of the computational methodology 
employed to derive the fundamental Ln–L properties in both SOM and 
BOM models [34,298,308]. 

To determine the intensity parameters, researchers calculated the 
electric-dipole moments of 4f–4f transitions in a CaF2:Ce3+ doped matrix 
[327]. The Ce3+ ions were placed within a C4v symmetry site. For the 

calculation of the intensity parameters, the CASSCF/RASSI-SO (Com
plete-Active-Space Self-Consistent-Field/Restricted-Active-Space State- 
Interaction Spin-Orbit) method and the superposition model were 
employed. 

9.3. Intramolecular energy transfer and rate equations 

Malta’s theory, building upon Fermi’s golden rule that describes 
transition rates between eigenstates due to weak perturbations, in
troduces three interactions or mechanisms: the dipole–dipole (Wd− d), 
dipole-multipole (Wd− m), and exchange (Wex) mechanisms [22,38,39], 
as outlined in the following equations (Eqs. (15) – (17): 

Wd− d =
2π
ℏ

(
SL

d ⋅SLn
d

G⋅R6
L

)

F (15)  

Wd− m =
2π
ℏ

[
SL

d

G

(
∑

λ

SLn
λ

(
Rλ+2

L
)2

)]

F (16)  

Wex =
2π
ℏ

(
SL

ex⋅S
Ln
ex

G⋅R4
L

)

F (17) 

where, 

SLn
d =

2e2(1 − σ1)
2

(2J + 1)
∑

λ
ΩFED

λ

⃒
⃒
〈
ψ*J*⃦⃦U(λ)

⃦
⃦ψJ

〉 ⃒
⃒2 (18)  

SLn
λ =

e2(1 − σλ)
2
(λ + 1)

(2J + 1)
〈
rλ〉2〈f

⃦
⃦C(λ)

⃦
⃦f
〉2⃒⃒
〈
ψ*J*

⃦
⃦U(λ)

⃦
⃦ψJ

〉 ⃒
⃒2 (19)  

SLn
ex =

4(1 − σ0)
2

3(2J + 1)
e2|〈ψ*J*‖S‖ψJ〉|2 (20)  

SL
ex = e2

∑

m

⃒
⃒
⃒
⃒
⃒

〈

ϕ

⃒
⃒
⃒
⃒
⃒

∑

j
μz(j)sm(j)

⃒
⃒
⃒
⃒
⃒
ϕ*

〉⃒
⃒
⃒
⃒
⃒

2

(21) 

The quantities in Eqs. (15), 16, and 17 are RL: donor–acceptor dis
tance, F : spectral overlap factor, G : donor state degeneracy, assuming 
values equal to 1 and 3 for singlet and triplet states, respectively. In Eq. 
(18), SLn

d and in Eq. (19), SLn
λ denotes the corresponding for the dipole 

and multipole expansion (2λ-poles) strength, respectively. ΩFED
λ param

eters include FED mechanism contributions [30,31]. 

The 
⃒
⃒
〈
ψ*J*

⃦
⃦U(λ)

⃦
⃦ψJ〉

⃒
⃒2 squared reduced matrix elements are those 

reported by Carnall and collaborators [236]. SL
d is the dipole strength of 

the donor transition involved in IET [94] (SL
d ≈ 10− 37 for S1→S0 and 

SL
d ≈ 10− 40 esu2⋅cm2 for T1→S0 transitions). The 〈rλ〉 are 4f radial in

tegrals [304,328,329] and (1 − σλ) are 4f shielding factors 
[304,307,330]. In Eqs. (20) and (21), 〈ψ*J*‖S‖ψJ〉 and sm are quantities 
related to the spin operators from the part of the Ln3+ ion and the ligand 
excited states, respectively [22,39,233–235,331]. 

Because the full-width-at-half-maximum (FWHM) for the ligands 
(usually γL > 2, 500 cm− 1) is much larger than the Ln3+ (usually in the 
order of γLn ≈ 300 cm− 1), γL≫γLn, the F factor can simply be obtained 
using [22,332]: 

F =
G(δ,T)

ℏγL

̅̅̅̅̅̅̅̅̅̅
ln(2)

π

√

e
−

(

δ
ℏγL

)2

ln(2)
(22)  

with 

G(δ, T)

⎧
⎨

⎩

1 if δ ≥ 0

e

(

δ
kB T

)

if δ < 0

(23)  

where δ = ED − ELn represents the band maximum energy difference 

Fig. 33. Overview of the computational modeling methods used in BOM (DC) 
and SOM (FED). Reproduced with permission from Ref. [308] under the Cre
ative Commons CC-BY license. 
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between the donor state (D) and Ln3+ acceptor state. G(δ,T) depends on 
temperature because a Boltzmann energy barrier exp(δ/kBT) is activated 
when δ < 0. 

After calculating all energy transfer rates, the next step involves 
constructing a rate equation model comprising coupled ordinary dif
ferential equations (ODEs). If the model considers N interacting levels, 
there should be N ODEs, each described by [22,114,333]: 

dηi

dt
=
∑

j=1
Pj→iηj −

∑

j=1
Pi→jηi (24)  

where ηi (or ηj) represents the population of the level |i〉 (or |j〉) and Pj→i 

(or Pi→j) is the transition rate (e.g., energy transfer rates, decay rates, 
pumping rate, intersystem crossing rate) from the level |j〉 to |i〉 (or from 
the level |i〉 to |j〉). It is important to mention that the summations in Eq. 
(24) are restricted to j ∕= i. 

The rate equations model can be solved in two ways:  

1) Analytical form, which involves making some approximations and 
assumptions, such as considering the system to be in the steady-state 
regime (the populations do not change, i.e., dηi/dt = 0) and the 
ground levels are very little depleted (low power densities regime).  

2) Numerically, various methods can be applied (e.g., 4th order Runge- 
Kutta with or without adaptive-step size, Adams-Bashforth, and 
Radau [334,335]) to solve the set of ODEs over time propagation. 

9.4. Modeling examples of Ln-tetrakis compounds 

In a systematic study on the photoluminescent properties of tetrakis- 
β-diketonate compounds Q[Eu(β-dik)4], where Q+ counterions: [N 
(C12H25)2(CH3)2]+, [N(C4H9)4]+, or [N(C4H9)4]+ and β-dik: tta or bmdm 
β-diketonate ligands, reported by Adati et al. [60] focused on how the 
substituent groups of the coordinated ligands and Q+ counterions 
affected the environment around the Eu3+ ion in these complexes. It was 
observed that in the compound N(C12H25)2(CH3)2[Eu(bmdm)4], the 5D0 
level of the Eu3+ ion had a short lifetime (τ = 0.29 ms) and a relatively 
low intrinsic quantum yield (QEu

Eu = 24%). However, in the compound N 
(C4H9)4[Eu(bmdm)4], the same level showed a longer lifetime (τ = 1.04 
ms) and a higher intrinsic quantum yield (QEu

Eu = 90%). 
In particular, the Judd-Ofelt intensity parameters (Ω2 and Ω4) within 

the tta series found significant variations. Based on these data, they 
claimed that the observed results reflect the stronger ion–dipole in
teractions between the electron-withdrawing –CF3 group and the qua
ternary amine cations. For all studied compounds, the geometry 

obtained using the semi-empirical models Sparkle/RM1 and Sparkle/ 
PM6 was a distorted square antiprism. 

Kasprzycka et al. [44] investigated the synthesis and optical prop
erties of Na[Ln(dmsap)4] compounds (Ln: La3+, Eu3+, Gd3+, Tb3+). 
Based on detailed crystallographic, spectroscopic, and theoretical ana
lyses, the authors demonstrated that minor modifications of the struc
ture of Ln3+ tetrakis complexes can lead to significant alterations in their 
photoluminescent behavior. 

In Na[Eu(dmsap)4] (P21/c), the presence of an LMCT band was 
detected at energy near the S1 band. The authors conducted a theoretical 
analysis of energy transfer rates, considering the LMCT as an additional 
interaction. They used a system of differential rate equations to achieve 
excellent agreement between theoretical and experimental values of 
QL

Eu. 
Regarding the Na[Tb(dmsap)4] (P21/c) compound, the theoretical 

value of QL
Tb = 57% matched the experimental value (QL

Tb = 58%) when 
the Tb3+ 7F5 level is considered in the energy transfer calculations, as it 
should have a significant population due to its abnormally long lifetime 
[336,337]. However, if the interactions with the 7F5 level are excluded 
from the energy transfer calculations, the theoretical QL

Tb drops drasti
cally to 1.5 %. This finding strongly supported the idea of the partici
pation of Tb3+ 7F5 level in the sensitization process, which is discussed in 
detail in Ref. [43]. 

In a separate study conducted by the same group of authors [257], 
they focused on the infrared emission of Na[Yb(dmsap)4] when the 
ligand was excited at 275 nm. Their findings led to the significant 
conclusion that the LMCT state plays, in this case, a positive role in the 
energy transfer process from the ligand to Yb3+. This LMCT state serves 
as a crucial intermediate step, facilitating the feeding of the Yb3+ 2F5/2 
level. 

The authors arrived at this conclusion based on IET calculations and 
a rate equation model. They simulated QL

Yb with and without in
teractions with the LMCT state. According to their theoretical results, 
S1→LMCT→T1→Yb3+ is the more favorable pathway to the Ln3+ sensi
tization process. This implies that the LMCT state indeed acts as a 
favorable route for the energy transfer process, making it an essential 
mechanism in this system[257]. 

Pham et al. [159] reported the synthesis, spectroscopic and theo
retical studies of tetrakis compounds of the formula [Na2Ln 
(dppzca)4(otf)(DMF)], where Ln: Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, otf: 
triflate anion and dppzca: N-(diphenylphosphoryl)pyrazine-2-carbox
amidate. The authors showed that the appropriate design of the struc
tural properties and energy levels of ligands that sensitize the 
luminescence of the lanthanide ion and, the insertion of Na+ ions lead to 

Fig. 34. (a) Energy level diagram of the Na2[Eu(dppzca)4] compound. ϕ is the absorption rate. τS and τT are the decay lifetimes from the S1 and the T1 states, 
respectively. WS and WT are the forward energy transfer rates from the S1 and T1 state, while their corresponding backward energy transfer rates are represented by 
WS

b and WT
b . The labels |i〉 are used to represent the states utilized in solving the system of rate equations. (b) Simulations of the overall quantum yield QL

Eu as a 
function of index of refraction and τT for Na2[Eu(dppzca)4]. Reproduced with permission from Ref. [159]. Copyright 2020, The Royal Society of Chemistry. 
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new systems with high values of overall quantum yield. (QL
Eu = QL

Tb =

98%, QL
Sm = 11%, QL

Dy = 17%) with single-ion magnet behavior. In this 
case, sodium counterions contribute to the structural rigidity of the 
compounds. Semi-empirical calculations for compounds with other 
alkaline counterions (Li+, Na+, K+, Rb+, and Cs+) corroborated this 
conclusion. 

The computations, performed using the Sparkle/PM6 method, 
explained the vibrational spectroscopic data that indicated a decrease in 
energy for the C=O and P=O stretching modes as the mass of the 
counterions increased. 

The authors simulated QL
Eu using IET, Judd-Ofelt theory, and a rate 

equations model, and then compared the results with the measured 
values [159]. The main IET channel was found to be through the 
T1→Eu3+ [7F0→5D1] and T1→Eu3+ [7F1→5D0] pathways, both governed 
by the exchange mechanism (Eq. (17)) due to selection rules on J 
quantum number. 

The forward IET rate from T1 (WT = 1.62 × 108 s− 1) was more than 

10,000 times higher than the backward one (WT
b = 1.57 × 104 s− 1), and 

the WS was over 100,000 times higher than the WS
b (Fig. 34a). These 

high rates significantly contributed to achieving a QL
Eu value close to 

100% [159]. 
Furthermore, the theoretical analysis pointed out that, in addition to 

the rigidity of the medium and the high forward rates compared to the 
backward ones, the refractive index should be close to nr ≅ 1.6 
(Fig. 34b), which was further experimentally confirmed. 

Kariaka et al. [15] conducted a study on lanthanide dimethyl-N- 
benzoylamidophosphate tetrakis-complexes, NEt4[Ln(dmbap)4], where 
Ln: La, Nd, Sm, Eu, Gd, Tb, and Dy. They investigated the influence of 
the counterion [NEt4]+ on the physical properties of these tetrakis- 
complexes, comparing it with Cs+. The authors emphasized that un
derstanding the counterion effect is crucial for designing highly lumi
nescent lanthanide coordination compounds containing structural 
analogs of β-diketonates and carbacylamidophosphates-based anionic 
tetrakis-complexes. 

The complexes exhibited bright luminescence characteristics specific 
to their respective lanthanide ions. In the case of NEt4[Eu(dmbap)4], a 
strong 5D0→7F4 intensity in the luminescence spectrum was discussed 
based on theoretical analyses. From a theoretical perspective, the Ωλ 
values can be calculated based on electronic properties, including the 
effective polarizabilities α′ (Eq. (12) near the Ln3+ ion. The α’ values 
were initially estimated using a fitting algorithm [338] developed for 
the JOYSpectra web platform (http://joyspectra.website) [339]. The 
trend of α′ was further confirmed through DFT calculations, which 
included determining LMOs using the Pipek-Mezey approach [318] in 
the GAMESS software [323]. The study concluded that the mean po
larizabilities of the O=P moiety were higher than those of O=C. This 
finding aligns with the fact that P atoms are more polarizable than C, 
which explains the unusual trend of Ω4 > Ω2 for NEt4[Eu(dmbap)4]. 

Table 6 
Selected energy transfer pathways involving singlet and triplet states for Na[Ln 
(dmpsa)4] (Ln: Eu3+ and Tb3+) compounds. δ is the donor–acceptor energy 
difference (used in Eq. (21) and W is the energy transfer rate. The main mech
anism and the contribution (in %) of the pathway for the total energy transfer 
rate (Wtotal, which is the sum of all pathways) are indicated in the last two 
columns. Data from Ref. [156].  

Compound Pathway δ W (s− 1) mechanism % 

Na[Eu 
(dmpsa)4] 

S1→5L6 975  3.81⨯105 multipole 39 
S1→5G3 8,834  2.21⨯105 multipole 23 
S1→5D3 11,045  2.09⨯105 multipole 21 
S1→5G6 8,235  1.61⨯105 multipole 17 
T1→5D1 4,216  2.47⨯102 exchange 0.03    

Wtotal =

9.72⨯105   

Na[Tb 
(dmpsa)4] 

S1→5G6 8,420  2.93⨯106 multipole/ 
exchange 

54 

S1→5G5 7,132  1.36⨯106 multipole/ 
exchange 

25 

S1→5L7 5,556  1.15⨯106 multipole/ 
exchange 

21 

T1→5D4 2,642  7.98⨯102 multipole/ 
exchange 

0.01 

5G6 → T1 3,412  7.20⨯102 multipole/ 
exchange 

0.01    

Wtotal =

5.44⨯106    

Fig. 35. Triboluminescence (TL) of the Et3NH[Eu(dbm)4] crystalline solid: (a) Illustration of the drop-tower technique for the TL measurements. (b) Photo
luminescence of Et3NH[Eu(dbm)4] measured in DMF. (c) Tribo-ML spectra according to the height of the ball in the drop-tower setup, and (d) tribo-ML maxima 
concerning applied force (0.98–4.98 N). Adapted with permission from Ref. [347]. Copyright 2017, American Chemical Society. 

Table 7 
Relative thermal sensitivity and operating range for the selected tetrakis optical 
thermometers.  

Complex Temp. range 
(K) 

Sr,max
(
%K− 1) Ref. 

Na[Dy(tfa)4] 280 – 380 3.45 (280 K) [24] 
Na2[Eu1.06Tb0.94(tfa)8] 273 – 373 2.70 (353 K) [24] 
Na2[Tb1.80Sm0.20(tfa)8] 280 – 360 2.30 (360 K) [24] 
C4mim[Tb0.90Eu0.10(tta)4] 20 – 225 7.6 (20 K) [59]  
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Zhang, Wang, Xu, et al. published an intriguing work [256]. The 
study aimed at enhancing the luminescence efficiency of Ln3+ organic 
frameworks, a tetrakis compound, using a uranyl sensitization 
approach. They proposed a novel heterobimetallic uranyl-europium 
organic framework, which achieved a remarkable quantum yield of 
92.68%, the highest among all reported Eu-MOFs to date. This impres
sive quantum yield was attributed to the nearly perfect energy transfer 
efficiency (~100%) between [UO2]2+ and Eu3+ ions. 

The researchers employed theoretical calculations, utilizing TD-DFT 
and WFT, to verify the overlap of excited state levels between [UO2]2+

and Eu3+, confirming the effectiveness of the energy transfer process. 
The JOYSpectra web platform [339], accessible via http://joyspectra. 
website, was also used to calculate energy transfer rates, providing 
further insight into the nearly 100 % energy transfer efficiency. 

In the final example, the process of Ln3+ luminescence sensitization 
using dmpsa and dnsa ligands for Eu3+ and Tb3+ tetrakis-compounds 
was investigated [156]. Unlike the conventional IET processes in 
lanthanide complexes, these exhibit an intriguing difference concerning 
the sensitization process from the ligand to the Ln3+. In these com
pounds, experimental and detailed theoretical calculations strongly 
indicate that the excited S1 state plays a dominant role in the IET process 
(Table 6), compared to the ligand triplet state (T1). 

10. Optical applications 

10.1. Mechanoluminescence 

Mechanoluminescence (ML) can be regarded as a non-thermal (or 
cold) emission of light (or electromagnetic radiation or photons) 
induced by mechanical forces on solids [5,8,9,340]. This unique source 
of excitation has generated great interest and many scientific, techno
logical, and economic applications [7,9,341–344]. This phenomenon is 
induced by several mechanical stimuli on solids, for example, com
pressing, stretching, static loading (pressure-step), pressure pulse, 
cleaving, rubbing, separation, and grinding, which provokes the exci
tation of solids with consequent generating ML emissions [8]. 

In this context, Ln3+ tetrakis compounds play a significant role in ML 
because crystals of dibenzoylmethanate chelates, Q[Eu(dbm)4], with Q 
being a counterion (e.g., [(CH3CH2)3NH]+, morpholinium, etc.), exhibit 
the brightest ML emission, which is visible even under daylight [82]. A 
recent estimate [9] indicates that more than 80% of the papers 
addressing ML of lanthanide coordination compounds involve β-diket
onate ligands, mostly lanthanide tetrakis complexes, of which half 
employ dbm, followed by tta derivatives. As a result, several recent re
views have addressed ML using Ln3+ tetrakis compounds, regarding the 
functionalities and applications of β-diketonate complexes [5] and the 
luminescence of enolate-metal chelates [11]. In a literature survey, 

Fig. 36. Emission spectra of the [C4mim][Tb0.99Eu0.01(btfa)4] compounds recorded at different temperatures under excitation at (a) 360 nm and (b) 489 nm. The 
5D4→7F5/5D0→7F2 ratios measured upon excitation at 360 and 489 nm are shown in (c) and (d), respectively. Thermal sensibility and uncertainty behavior for this 
compound are also illustrated in (e) and (f). CIE chromaticity diagram showing the x,y coordinates for the [C4mim][Tb0.99Eu0.01(btfa)4] recorded at different 
temperatures as well as photographs of this compound (insert) taken at 77 to 298 K (at 360 nm), using a digital camera. Adapted with permission from Ref. [59]. 
Copyright 2020, The Royal Society of Chemistry. 

I.F. Costa et al.                                                                                                                                                                                                                                  

http://joyspectra.website
http://joyspectra.website


Coordination Chemistry Reviews 502 (2024) 215590

33

various ML aspects have been explored for compounds with lanthanide 
ions [7,9] and d-transition metals [8,344], spotlighting applications for 
advanced materials [341,342], sensing [345], as well as a review of 
Et3NH[Eu(dbm)4] (Fig. 35) and related materials [346]. 

Despite a detailed classification of ML being made since 1995 [340], 
there is still a lot of confusion in the literature about the nomenclature of 
ML processes. This is a relevant issue because the proper nomenclature is 
required to compare different materials and to establish the underlying 
mechanisms of the ML processes. This phenomenon can be classified 
according to the type of applied mechanical forces and their conse
quences on the micro and macrostructure of the luminophore. There are 
two major classes of ML processes: deformation-ML and tribo-ML, where 
the former is induced by deformations of the material, while the latter is 
induced during the contact or separation of two different materials. 
Hence, the deformation-ML is independent of the material producing the 
deformation and of any contact phenomena. Whereas tribo-ML depends 
on the nature of the material undergoing deformation (i.e., the lumi
nescent material) as well as of the material producing the deformation, 
and it arises solely from contact phenomena. For instance, if the ML is 
independent of the material (strength, hardness, shape, contact surface, 
etc.) used to apply force on a given sample, it can be characterized as 
deformation-ML. On the other hand, if the intensity of the ML depends 
on the type of material rubbing or impacting the sample, then it is 
classified as tribo-ML. 

Notice that tribo-ML usually is destructive in the sense that the region 
of the sample rubbed impacted or separated by the probe is modified and 
may no longer produce ML. Based on the three responses of solids to an 
applied force, the deformation-ML is subdivided into fracto-ML, plastico- 
ML, and elastico-ML processes. When the mechanical force fractures the 
material and generates new surfaces, it may develop sufficient energy to 
produce fracto-ML. If this mechanical force does not fracture the sample 
but causes permanent and irreversible deformations that induce 

luminescence, then it is characterized as plastico-ML. In elastico-ML, the 
luminescence is produced by elastic deformations of the sample, which 
are temporary and reversible in the sense that it returns to its original 
shape after the applied force is removed. Because of the similarities of 
some mechanisms leading to tribo- and fracto-ML, several authors clas
sified them into either triboluminescence or fractoluminescence. In 
addition, due to plastico- and elastico-ML processes being much more 
recent than tribo-ML, they have frequently been labeled as tribolumi
nescence, despite their mechanisms being quite distinct. 

Incel et al. [347] explored the use of Et3NH[Eu(dbm)4] crystals for 
tribo-ML. To achieve processability and enable coating or fabrication, 
the authors integrated the tetrakis crystals with various transparent 
polymers (e.g., poly(methyl methacrylate), polystyrene, polyvinylidene 
fluoride, and polyurethane) through blending or surface impregnation. 
Blending the crystals with polymers in the molecularly dissolved state 
fails to produce a tribo-ML response unless the composite contains more 
than 10 wt% of Et3NH[Eu(dbm)4]. However, surface impregnation 
resulted in a luminescent signal at only 2.5 wt% crystal content. 

Tribo-ML measurements of Et3NH[Eu(dbm)4] and Et3NH[Eu 
(dbm)4]/polymer composites were conducted using a drop-tower tech
nique, as illustrated in Fig. 35a. Also, the photoluminescence emission 
spectrum of Et3NH[Eu(dbm)4] in DMF was measured for comparison 
purposes (Fig. 35b). The drop-tower setup, specifically designed for 
tribo-ML testing, involved placing the material in a sample holder within 
a black box to eliminate ambient light interference. A 50 g steel ball was 
positioned on a pullable pin 100 cm above the material. Upon pulling 
the pin, the ball fell and impacted the material, resulting in tribo-ML 
emission. An optical fiber captured and transferred the emission to a 
spectrophotometer, and the signal was obtained by quick-view fluores
cence mode (Fig. 35c). The impact from the falling object allowed for 
measuring a 2.45 N mechanical force (Fig. 35d) at a height of 50.0 cm 
for the composite’s tribo-ML response assessment [347]. They also 

Fig. 37. (a) Transmittance of PMMA:tpp[Eu(tta)4] films in the UV–vis (300–800 nm), (b) excitation spectrum of the LSC with 80 wt% content of tpp[Eu(tta)4] 
complex and global solar spectrum at air mass 1.5 (AM1.5). (c) Emission spectra of the luminescent PMMA:tpp[Eu(tta)4] complex containing 1, 5, 10, 30, 50, and 80 
wt%, the inset figure shows the photographs of the luminescent films (5, 50, and 80 wt%) under UV lamp (λex = 365 nm) irradiation. (d) J–V curves of the silicon 
solar cell and the LSC with a tetrakis tpp[Eu(tta)4] complex (80 wt%). The inset figure presents the photograph of the LSC under sunlight irradiation (100 mW⋅cm− 2). 
Adapted with permission from Ref. [102]. Copyright 2022, The Royal Society of Chemistry. 
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reported that successive mechanical action results in an exponential 
decay of the luminescence intensity, indicating the degradation of the 
material. 

Due to their crystalline structures and microscopic properties, tet
rakis lanthanide compounds, Q[EuL4], based materials show either 
tribo-ML or fracto-ML phenomena. However, some efforts have been 
made to produce solid composites of Q[EuL4] and resins or polymers to 
generate plastico- or elastico-ML. For instance, different amounts of 
polyvinylpyrrolidone were sonicated with Et3NH[Eu(dbm)4] complex in 

ethanol and sprayed on a heated nickel substrate, which formed thin 
films [348]. These films presented ML spectra similar to their photo
luminescence emissions, with ML intensities that correlated to the 
amount (4 to 11% w/w) of polyvinylpyrrolidone [348]. The develop
ment of ML thin films presents a significant advance for technological 
applications. However, this work [348] has not reported if the ML 
mechanism changed from tribo- to deformation-ML. 

Another interesting technological advance was the preparation of 
composite microspheres of alginate and Et3NH[Eu(dbm)4] crystals 
[349]. Spherical beads of sodium alginate precipitated with calcium 
chloride were treated with europium aqueous solution, where Ca2+ is 
replaced by Eu3+ ion by coordinating with carboxylate groups. It is then 
mixed with an ethanol solution of dibenzoylmethane (Hdbm) and trie
thylamine for 6 h, with the resulting alginate-(Et3NH)[Eu(dbm)4] par
ticles being dried in air. The diameter of the microspheres increased 
linearly from 180 μm (dried) to 395 μm after 24 h swelling in deionized 
water and then up to 405 μm after 48 h [349]. The dried microspheres 
displayed the most intense ML caused by a 50 g metal ball dropped from 
a 50 cm height in a drop-tower apparatus. The ML intensity increased 
with the swelling time reaching 77 % of the dried microspheres in the 
period of 24–48 h of swelling, which was attributed to a better homo
geneity, separation, and dispersion of the particles [349]. Q[Ln(dbm)4] 
compounds are still attracting attention as luminescent materials, so 
compounds with Ln: Pr, Nd, Eu, Tb, and Lu and Q: N-ethylpyrrolidinium 
or N-ethylpiperidinium or diisopropylammonium were synthesized and 
characterized [63]. Their crystalline structures belong to P21/n space 
group with the usual square-antiprismatic coordination environment of 
Ln3+ and, not surprisingly, the Eu-derived crystals displayed strong red 
ML upon crushing [63]. Novel Tb3+ tetrakis compounds, Na[Tb(L)4], 
with L: 1,1,1-trifluoro-5,5-dimethoxyhexane-2,4-dionate, [F3CC(O)CHC 
(O)CH3(OCH3)2]− , has been synthesized and characterized, which pre
sented ML [350]. 

The carbonyl, methoxy, and trifluoro groups in the organic ligands 
interact strongly with Na+ leading to a structure where the Na+ ion is 
within the coordination sphere bridged by the carbonyl of β-diketonates, 
[TbL2L2Na(H2O)(MeOH)]. This causes distortions of the usual square- 
antiprismatic coordination polyhedron, with Tb− Na distance of 3.784 
Å, whose crystals exhibited bright green ML visible in daylight, which 
persists after recrystallization of the powdered material [350]. The ef
fects of the alkaline metal cation are quite remarkable on the structures 
obtained for Ln3+ compounds with this β-diketonate. For Li+ counterion 
the discrete structure is no longer tetrakis, but a dinuclear lanthanide- 
lithium complex [(LnL3)(LiL)(solv)], Ln: Eu, Tb, and Dy, solv: H2O or 
MeOH [351]. Eu3+ and Tb3+ complexes displayed strong red and green 
ML emissions, respectively, while Dy3+ crystals showed a weaker ML 
upon crushing [351]. On the other hand, larger alkaline metal ions (K+

and Cs+) promote the formation of 1D polymeric networks; however, the 
tetrakis coordination around the Tb3+ ion, Q[TbL4], is still observed, 
with Q-Tb distances of 4.047 Å and 4.46–4.51 Å for Q: K+ and Cs+ [350]. 
Most likely, as a result of the loss of the discrete structure, the crystals of 
these polymeric networks no longer display noticeable ML upon crush
ing [350]. Analogs of the β-diketonate ligands of such as carbacylami
dophosphates, [RC(O)NP(O)R’R’’]− (CAPhs) were employed in the 
synthesis of Ln3+ tetrakis chelates, Q[Ln(CAPh)4], where the high en
ergy oscillator C–H of β-diketonates disappears and one C=O is replaced 
by P=O [226]. For R’ = R’’ = OPh and Q: PPh4

+ the complexes with Ln: 
Eu3+ and Tb3+ displayed intense red and green ML emissions, respec
tively, even in daylight, when the crystals were crushed between glass 
plates [226]. 

Regarding the mechanisms of ML processes, particularly tribo- and 
fracto-ML, it is noteworthy for the experimental apparatus to measure 
simultaneously the triboelectricity and triboluminescence of solid ma
terials [352]. This apparatus was tested for a composite of poly (vinyl
idene fluoride) and Et3NH[Eu(dbm)4] crystals mounted between two 
electrodes, one being transparent for optical measurements. The applied 
force varied from 5.4 to 9.5 N at a pressing frequency of 2.0 Hz, and for 

Fig. 38. SEM images of (a) magnetic mesoporous silica (MMS) nanospheres 
and (b) MMS⋅Im[Eu(acac)4]– (Im: 1-methyl-3-[3-(trimethoxysilyl)propyl]imi
dazolium). (c) TEM image of MMS⋅Im[Eu(acac)4]– and (d) its magnification. 
(e) Emission spectra of MMS⋅Im[Eu(β-diketonate)4] (β-diketonate: tta, btfa, tfa, 
acac, hfa). (f) Representation of the Eu-tetrakis attached in the MMS nano
spheres. Adapted with permission from Ref. [95]. Copyright 2013, John Wiley 
and Sons. 
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an applied force of 5.4 N, eight frequencies were employed (from 0.5 to 
4.8 Hz). The ML intensity at 612 nm decreased exponentially with the 
number of taps on the sample because the crushed crystals decreased 
their areas for fracture. Simultaneous measurement of ML (intensity at 

612 nm) and triboelectricity (voltage difference between the elec
trodes), at 1.0 Hz under 5.4 N, showed that ML intensity reaches a 
maximum after 12 s; however, the triboelectric signals only become 
sizeable after 20 s. This dissonance was explained by the fact that 

Fig. 39. (a) Illustration of MCM-41 functionalized with 1-propyl-3-methylimidazolium groups containing the [Eu(nta)4]− anion, (b) Excitation spectra of the MCM- 
41-(1-propyl-3-methylimidazolium)-[Eu(nta)4] material, recorded at 612 nm, and measured at 298 ◦C (solid line) and − 259 ◦C (dotted line). (c) Emission spectra of 
MCM-41-(1-propyl-3-methylimidazolium)-[Eu(nta)4] system under excitation at 370 nm, recorded at 298 ◦C (solid line) and − 259 ◦C (dotted line). Inset figures i, ii, 
and iii exhibit the 5D0→7F0,1,2 transitions. Adapted with permission from Ref. [21]. Copyright 2009, American Chemical Society. 

Fig. 40. (a) Comparison between the functionalizing effect of [Eu(tta)4]− and Eu3+ doped NMA2PbBr4 material. (b) Energy level diagram illustrating some tran
sitions in NMA2PbBr4:[Eu(tta)4] materials. (c) Photoexcitation maps of NMA2PbX4:[Eu(tta)4]. Blue lines represent perovskite absorption spectra, while the red line 
represents the absorption of the P(Ph)4[Eu(tta)4] complex. (d) Temperature-dependent emission spectra of NMA2PbX4:[Eu(tta)4], ranging from 77 to 293 K. Adapted 
with permission from Ref. [373]. Copyright 2021, American Chemical Society. 
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initially, the electrodes were not in contact because of the large Et3NH 
[Eu(dbm)4] crystals between them, so only after these crystals were 
crushed into a fine powder the electrodes came into contact and an 
electric signal was registered [352]. 

10.2. Luminescent thermometers 

Luminescent (or optical) thermometers are remote detection devices 
based on the temperature dependence of spectroscopic properties. In the 
case of lanthanide complexes, the main types of thermometers use either 
the temperature dependence of the lifetime of the emitting level or an 
intensity ratio between two transitions [353]. There are only a few ex
amples in the literature of luminescent temperature sensors based on 
Ln3+ tetrakis complexes [24,59,354] (Table 7). Therefore, many topics 
can be exploited such as, for instance, the influence of different cations 
in the thermometric parameters, once they can influence the vibrational 
frequencies [159] and interlanthanide distances [21] in the crystals. In 
contrast, tris complexes thermometers have been extensively studied 
[288,293,355,356], including primary Boltzmann thermometers [28]. 
For developing thermometric devices, some applied materials have been 
prepared, such as complexes anchored on polymers [357], polymer 
composites [358], and vitrified complex films [359,360]. 

In the context of luminescent thermometers, some figures-of-merit 
must be defined to assess the feasibility, applicability, and compari
sons of such materials. For instance, the performance and comparison of 
different optical sensors can be made by the relative thermal sensibility, 
Sr, in units of K− 1. For a given thermometric parameter Δ, the thermal 
sensibility is given by: 

Sr(T) =
1

Δ(T)

⃒
⃒
⃒
⃒
∂Δ(T)

∂T

⃒
⃒
⃒
⃒ (25) 

Because this descriptor is self-normalized by the magnitude of Δ, it is 
used to compare thermometers of even different types. A relevant 
thermometric parameter Δ is the ratio of the areas of two electronic 
transitions as well as of transition lifetimes [353]. 

Another figure-of-merit, albeit less mentioned descriptor is the 
minimal temperature uncertainty, δT. It is derived from the uncertainty 
in the measurements, δΔ(T), usually by error propagation, and the 
relative sensibility of the parameter: 

δT =
1

Sr(T)
δΔ(T)
Δ(T)

(26) 

It is worth noting that the thermometer built from the tetrakis 
complex C4mim[Tb0.90Eu0.10(btfa)4] reaches a minimum temperature 
uncertainty lower to 0.01 K (Fig. 36f), making it one of the most precise 
up-to-date [59]. 

10.3. Luminescent solar concentrators 

Lanthanide tetrakis complexes have been utilized as luminescent 
solar concentrators (LSC) [102,361], which have recently received 

considerable attention for utilization in solar renewable energies 
[362–366]. Rational-designed Ln3+ tetrakis β-diketonate complexes can 
meet the main requirements and are promising candidates for this 
purpose. In this sense, Wang et al. [102] reported a new model-based Q 
[Eu(tta)4] complexes (Q+ counterions - tpp: tetra-phenylphosphonium 
and mtpp: methyltriphenylphosphonium). These complexes were 
doped into a polymethyl methacrylate polymer PMMA:mtpp[Eu(tta)4] 
for the development of transparent LSCs, easily excitable under exposure 
to visible light, leading to highly luminescent materials (Fig. 37a, 
Fig. 37b, and Fig. 37c). The high overall quantum yields (QL

Eu ~ 62.5%) 
outcome of the luminescent films that are responsible for the optical 
conversion efficiency (1.46%) from the prototype LSC fabricated. 
Fig. 37d shows the current density – Voltage (J–V) performance of both 
the silicon solar cell in the study and the LSC with mtpp[Eu(tta)4] 
complex loading content of 80 wt%. 

10.4. Functionalized organic–inorganic hybrid materials 

The realm of hybrid materials spans a diverse spectrum of systems, 
encompassing organic polymers, ionogels, inorganic matrices, and 
magnetic nanoparticles, among others. These hybrid platforms serve as 
versatile backgrounds upon which advanced functional materials can be 
produced. The versatility of hybrid materials offers an exciting play
ground for the design and development of novel materials with tailored 
properties. In this context, Ln3+ tetrakis complexes have been strategi
cally integrated into the framework of organic–inorganic hybrid mate
rials, giving rise to a class of luminescent materials distinguished by 
their exceptional properties. This unique category of materials show
cases the remarkable synergy that arises from the fusion of Ln3+ tetrakis 
complexes with organic–inorganic hybrid matrices [367,368]. 

A striking illustration of this class of materials, featuring luminescent 
Ln3+ tetrakis complexes, was presented by Shao et al. [95]. In their 
groundbreaking work, the researchers engineered a material in which 
imidazolium cations were intricately bonded to ferrite nanoparticles, 
while [Eu(L)4]– anions were precisely bound to the surface of these 
nanoparticles (Fig. 38). This approach demonstrated remarkable effi
cacy across a range of β-diketonate ligands [95]. Similar methodologies 
have been adeptly employed to graft these anionic complexes onto 
cationic clays or mesoporous silica functionalized with imidazolium 
moieties [21,96], thus attesting to the versatility and successful inte
gration of tetrakis complexes into advanced materials. 

Bruno et al. [21] developed a synthetic route to attach Na[Eu(nta)4] 
tetrakis complexes to mesoporous silica MCM-41. They achieved this by 
modifying the surface with 1-propyl-3-methylimidazolium groups 
(Fig. 39a). When compared to C4mim[Eu(nta)4], the spectroscopic fea
tures showed that the tetrakis complex was effectively trapped within 
the MCM-41 host materials (Fig. 39b and Fig. 39c). Looking at the 
emission spectra, they noticed a slight change in the Eu3+ coordination 
environment, suggesting a successful interaction between the host and 
Eu3+. 

Notably, when the [Eu(nta)4]− anionic moiety was immobilized in 
organofunctionalized MCM-41 materials, it exhibited the highest abso
lute emission quantum yield (32 – 40 %) ever reported for mesoporous 
silica MCM-41 containing the tetrakis Eu3+ complex. The excitation 
spectrum of the [Eu(nta)4]@MCM-41 materials indicated an efficient 
energy transfer process from nta to Eu3+. Also, the broadening of the 
5D0→7F0-4 emissions suggests a large distribution of different Eu3+

centers (Fig. 39c). 
In a separate pioneering endeavor, Li et al. [369] formulated a hybrid 

material based on poly(ionic liquid)s/SiO2 microspheres, incorporating 
a tetrakis europium β-diketonate complex. Within this material, the 
vinylbenzylimidazole-type polyionic liquid chains conferred a cationic 
character to the support, effectively stabilizing [Eu(nta)4]– anionic units. 
The outcome of this work was the creation of the SiO2@PIL-[Eu(nta)4] 
hybrid material, a remarkable luminescent probe that exhibited 

Fig. 41. Single crystal structure of the tetrakis pip[Eu(bzac)4] complex. 
Hydrogen atoms were omitted for better visualization. This structure was ob
tained from the CCDC code: 2007594. 
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exceptional performance in detecting bovine hemoglobin in aqueous 
medium. 

In the context of white light emission, Zhi-Yuan Yan and Bing Yan 
[370] reported on luminescent of the materials (IM[Ln(tta)4]–Al/Ti, 
where Ln: Eu, Sm, and Tb; IM: 3-(2-carboxyethyl)-1-methylimidazolium 
bromide). These materials were produced by incorporating lanthanide 
tetrakis compounds into Ti–O or Al–O networks using the ionic liquid 
IM+Br− . These hybrid materials demonstrate excellent photo
luminescent properties, especially the IM[Sm(tta)4]–Ti, which is capable 
of emitting white light under broad excitation conditions when a specific 
Sm3+ content is present. 

The convergence of the luminescent attributes of C6mim[Ln 
(β-diketonate)4] complexes (Ln: Nd, Sm, Eu, Ho, Er, and Yb) with the 
ionic conductivity characteristics inherent to ionogels provided the 
fertile ground for the pioneering efforts of Lunstroot et al. [371,372]. 
Their groundbreaking work unveiled an entirely novel family of lumi
nescent organic–inorganic hybrid materials, which held great promise 
for various applications. 

In another noteworthy contribution, Correia et al. [228] reported the 
development of non-toxic composite films based on poly(vinylidene 
fluoride):[Bmim][Eu(tta)4]. These composite films demonstrated 
impressive photo, thermal, and chemical stability. As a result, they 
emerged as compelling candidates for applications such as anticoun
terfeiting luminescent markers. 

Researchers have been investigating the use of metal halide perov
skites combined with tetrakis complexes as an intriguing method to fine- 
tune and enhance the optical properties of perovskite materials. In this 
context, Cortecchia et al. [373] investigated the luminescence process in 
P(Ph)4[Eu(tta)4] (Fig. 40a) incorporated into 2D NMA2PbX4 perovskites 
(X: Br− or Cl− , NMA: 1-naphtylmethylammonium, and [P(Ph)4]+: tet
raphenylphosphonium). The synthetic route used to design NMA2PbX4: 
[Eu(tta)4] leads to the intercalation of the [Eu(tta)4]− complex in the 
layered structure of the perovskite, in which NMA cations act as sig
nificant sensitizers for the Eu3+, promoting the population of the 5D1 
state (Fig. 40c). Furthermore, the authors also reported the electrolu
minescence properties of the NMA2PbX4:[Eu(tta)4] material [373], 
indicating the possible application of this hybrid material in perovskite 
light-emitting devices. 

10.5. Quantum technologies 

The exceptionally narrow optical transitions, homogeneous spin 
linewidths, and long spin–spin relaxation times exhibited by Ln3+ ions 
make them strong candidates for advancing quantum technologies 
[374]. This includes their potential use as memory devices for light, 
optical-microwave transduction, and quantum computing. Conse
quently, understanding the mechanisms that influence the decoherence 
of quantum states in these materials has been a central focus in the 
investigation of Ln3+ ions as potential spin-based qubits. 

Ln3+-doped crystals are extensively studied, with examples such as 
YVO4:Nd3+, Y2SiO5:Eu3+, Y2SiO5:Yb3+, and Y2O3:Eu3+ being investi
gated [375,376]. In contrast, molecular complexes are less explored, 
even though they offer precise control over the spacing between ions 
[377]. 

It is worth noting that, in materials containing Eu3+, the long optical 
coherence lifetimes are related to the non-degenerate 5D0 level. Specif
ically, the 5D0→7F0 transition is significant for applications in quantum 
technologies, as it enables optical control of the ground-state nuclear 
spins. Although the 5D0→7F0 transition is an electric dipole transition 
forbidden by the selection rules on J quantum number, it can be 
observed when the Eu3+ ion is placed in a low-symmetry environment 
(e.g., Cnv, Cs, Cn) due to the J-mixing effect [378]. 

In this context, Eu3+ tetrakis complexes have recently arisen as 
promising molecular systems for quantum information processing. This 
photonic feature is mainly because they show very narrow electronic 
transitions at low temperatures. For instance, Serrano et al. [379] 

highlighted the potential of pip[Eu(bzac)4] (bzac: benzoyl acetonate and 
pip: piperidin-1-ium) as a new platform for photonic quantum tech
nologies. In this study, a single crystal structure was reported, in which 
the point group symmetry of the coordination polyhedron around the 
Eu3+ ion is denoted as C2v (Fig. 41). Notably, the 5D0→7F0 displays an 
exceptionally narrow linewidth at 580.3778 nm (in vacuum). Trans
mission spectroscopy recorded at 10 K reveals an inhomogeneous line
width (Γinh) of 6.6 GHz, equivalent to 0.007 nm. However, the decay 
lifetime of the 5D0 level, measured at T = 1.45 K, yields a lifetime value 
of 540 μs, setting a limit of only 295 Hz on the optical homogeneous 
linewidth (Γh). 

In summary, lanthanide-based tetrakis complexes have the potential 
to offer ultra-narrow optical transitions, facilitating optimal interaction 
with light. This feature allows them to combine highly coherent emitters 
with remarkable flexibility regarding composition, structure, and inte
gration capabilities, all within a molecular system. 

11. Final remarks and perspectives 

In this review, we have discussed the synthesis, crystal structure, and 
luminescence properties of Ln3+ tetrakis compounds. We have explored 
various preparation methods for different complexes using different 
types of ligands. However, the study of Ln3+ tetrakis complexes is still 
scarce and lacks extensive literature coverage. Usually, octacoordinated 
Ln3+ tetrakis complexes Q[Ln(L)4] are more luminescent than hex
acoordinated tris complexes [Ln(L)3] in anhydrous form as well as from 
the hydrated tris-complexes [Ln(L)3(H2O)n], considering the same 
β-diketonate type of the ligand and lanthanide. This optical feature is 
mainly due to the first coordination sphere being saturated with four 
bidentate ligands leading to complexes with a coordination number 
equal to eight {LnO8} with one more anionic ligand that acts as an 
additional donor group, and the Ln3+ ion being the only acceptor for the 
energy transfer process. In addition, tetrakis-based systems also present 
a high structural rigidity, which suppresses non-radiative decays of the 
Ln3+ emitting level. For the same reason, the fourth coordinated ligand 
acts as a hindrance of water in the first coordination sphere, well-known 
as luminescence quencher molecules. 

There is a great variety of structures of the Ln3+ tetrakis complexes 
reported in the literature, which should be very useful for the design of 
new coordination compounds to improve their luminescence properties. 
On the other hand, research on Ln3+ tetrakis compounds with other 
kinds of ligands is still scarce in comparison to the tetrakis β-diketonate 
systems and, therefore, needs more investigation. Furthermore, the 
majority of the organic counterions used in the synthesis of the tetrakis 
complexes are the imidazolium and ammonium derivatives. We, then, 
encourage the use of more varied counterions so that different lumi
nescent properties can be explored. Different works analyzed in this 
review show the variety, flexibility, and versatility of Ln3+ tetrakis co
ordination compounds acting as molecular light emitters. The Ln3+

tetrakis β-diketonate complexes show high luminescence intensities, 
making them efficient luminescent materials to produce high emission 
quantum yields. Therefore, these tetrakis systems can act as promising 
applications such as lighting activators (LEDs and OLEDs), optical 
thermometers, mechanoluminescent sensors, biological markers, nano
particle synthesis, luminescent solar concentrators, functionalized 
organic–inorganic hybrid materials, and quantum technologies. 

We regard as a perspective beyond the preparation of new lumi
nescent Ln3+ tetrakis complexes, the spectroscopic theoretical study 
based on the JOYSpectra platform (http://joyspectra.website), which 
offers free online calculations of optical properties for lanthanide co
ordination compounds. Besides, some new developments are in progress 
on the intramolecular energy transfer, density functional theory (DFT), 
and rate equation modeling, allowing us the calculate the emission 
quantum yield and brightness as well as the prediction of the thermal 
sensitivity of Ln-based thermometers. We expect that this review will 
motivate the challenging field of new Ln3+-based tetrakis complexes. We 
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also hope the experimental and theoretical aspects discussed here will be 
useful to the growing scientific community interested in the photo
physical study of Ln3+ coordination compounds. 
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Circular Dichroism of Porphyrin Lanthanide M3+ Complexes, Chirality 26 (2014) 
655–662, https://doi.org/10.1002/chir.22365. 

[296] J. Ciupka, X. Cao-Dolg, J. Wiebke, M. Dolg, Computational study of lanthanide 
(III) hydration, Phys. Chem. Chem. Phys. 12 (2010) 13215, https://doi.org/ 
10.1039/c0cp00639d. 

[297] J. Zhang, N. Heinz, M. Dolg, Understanding Lanthanoid(III) Hydration Structure 
and Kinetics by Insights from Energies and Wave functions, Inorg. Chem. 53 
(2014) 7700–7708, https://doi.org/10.1021/ic500991x. 

[298] O.L. Malta, A simple overlap model in lanthanide crystal-field theory, Chem. 
Phys. Lett. 87 (1982) 27–29, https://doi.org/10.1016/0009-2614(82)83546-X. 

[299] O.L. Malta, Theoretical crystal-field parameters for the YOCl:Eu3+ system. A 
simple overlap model, Chem. Phys. Lett. 88 (1982) 353–356, https://doi.org/ 
10.1016/0009-2614(82)87103-0. 

[300] O.L. Malta, S.J.L. Ribeiro, M. Faucher, P. Porcher, Theoretical intensities of 4f–4f 
transitions between stark levels of the Eu3+ ion in crystals, J. Phys. Chem. Solids 
52 (1991) 587–593, https://doi.org/10.1016/0022-3697(91)90152-P. 

[301] V. Trannoy, A.N. Carneiro Neto, C.D.S. Brites, L.D. Carlos, H. Serier-Brault, 
Engineering of Mixed Eu3+/Tb3+ Metal-Organic Frameworks Luminescent 
Thermometers with Tunable Sensitivity, Adv. Opt. Mater. 9 (2021) 2001938, 
https://doi.org/10.1002/adom.202001938. 

[302] H.B. Bebb, A. Gold, Multiphoton ionization of hydrogen and rare-gas atoms, Phys. 
Rev. 143 (1966) 1–24, https://doi.org/10.1103/PhysRev.143.1. 

[303] O.L. Malta, E.A. Gouveia, Comment on the average energy denominator method 
in perturbation theory, Phys. Lett. A 97 (1983) 333–334, https://doi.org/ 
10.1016/0375-9601(83)90655-2. 

[304] S. Edvardsson, M. Klintenberg, Role of the electrostatic model in calculating rare- 
earth crystal-field parameters, J. Alloys Compd. 275–277 (1998) 230–233, 
https://doi.org/10.1016/S0925-8388(98)00309-0. 

[305] O.L. Malta, H.J. Batista, L.D. Carlos, Overlap polarizability of a chemical bond: a 
scale of covalency and application to lanthanide compounds, Chem. Phys. 282 
(2002) 21–30, https://doi.org/10.1016/S0301-0104(02)00631-6. 

[306] R.T. Moura Jr., G.C.S. Duarte, T.E. da Silva, O.L. Malta, R.L. Longo, Features of 
chemical bonds based on the overlap polarizabilities: diatomic and solid-state 
systems with the frozen-density embedding approach, Phys. Chem. Chem. Phys. 
17 (2015) 7731–7742, https://doi.org/10.1039/C4CP05283H. 

[307] A.N. Carneiro Neto, R.T. Moura Jr., Overlap integrals and excitation energies 
calculations in trivalent lanthanides 4f orbitals in pairs Ln-L (L = Ln, N, O, F, P, S, 
Cl, Se, Br, and I), Chem. Phys. Lett. 757 (2020) 137884. doi: 10.1016/j. 
cplett.2020.137884. 

[308] R.T. Moura, M. Quintano, C.V. Santos-Jr, V.A.C.A. Albuquerque, E.C. Aguiar, 
E. Kraka, A.N. Carneiro Neto, Featuring a new computational protocol for the 
estimation of intensity and overall quantum yield in lanthanide chelates with 
applications to Eu(III) mercapto-triazole Schiff base ligands, Opt. Mater. X 16 
(2022), 100216, https://doi.org/10.1016/j.omx.2022.100216. 

[309] E. Kraka, W. Zou, Y. Tao, Decoding chemical information from vibrational 
spectroscopy data: Local vibrational mode theory, Wires Comput. Mol. Sci. 10 
(2020), https://doi.org/10.1002/wcms.1480. 

[310] E. Kraka, M. Quintano, H.W. La Force, J.J. Antonio, M. Freindorf, The Local 
Vibrational Mode Theory and Its Place in the Vibrational Spectroscopy Arena, 
J. Phys. Chem. A 126 (2022) 8781–8798, https://doi.org/10.1021/acs. 
jpca.2c05962. 

[311] R.T. Moura, M. Quintano, J.J. Antonio, M. Freindorf, E. Kraka, Automatic 
Generation of Local Vibrational Mode Parameters: From Small to Large Molecules 
and QM/MM Systems, J. Phys. Chem. a. 126 (2022) 9313–9331, https://doi.org/ 
10.1021/acs.jpca.2c07871. 

[312] M. Quintano, R.T. Moura, E. Kraka, The pKa rule in light of local mode force 
constants, Chem. Phys. Lett. 826 (2023), 140654, https://doi.org/10.1016/j. 
cplett.2023.140654. 

[313] M. Quintano, A.A.A. Delgado, R.T. Moura Jr, M. Freindorf, E. Kraka, Local mode 
analysis of characteristic vibrational coupling in nucleobases and Watson-Crick 
base pairs of DNA, Electron. Struct. 4 (2022), 044005, https://doi.org/10.1088/ 
2516-1075/acaa7a. 

[314] A. Madushanka, R.T. Moura, N. Verma, E. Kraka, Quantum Mechanical 
Assessment of Protein-Ligand Hydrogen Bond Strength Patterns: Insights from 
Semiempirical Tight-Binding and Local Vibrational Mode Theory, Int. J. Mol. Sci. 
24 (2023) 6311, https://doi.org/10.3390/ijms24076311. 

[315] G.B.V. Lima, J.C. Bueno, A.F. da Silva, A.N. Carneiro Neto, R.T. Moura, E.E.S. 
Teotonio, O.L. Malta, W.M. Faustino, Novel trivalent europium β-diketonate 
complexes with N-(pyridine-2-yl)amides and N-(pyrimidine-2-yl)amides as 
ancillary ligands: Photophysical properties and theoretical structural modeling, J. 
Lumin. 219 (2020) 116884. doi: 10.1016/j.jlumin.2019.116884. 

[316] P.R.S. Santos, D.K.S. Pereira, I.F. Costa, I.F. Silva, H.F. Brito, W.M. Faustino, A.N. 
Carneiro Neto, R.T. Moura, M.H. Araujo, R. Diniz, O.L. Malta, E.E.S. Teotonio, 
Experimental and theoretical investigations of the [Ln(β-dik)(NO3)2(phen)2]⋅H2O 
luminescent complexes, J. Lumin. 226 (2020) 117455. doi: 10.1016/j. 
jlumin.2020.117455. 

I.F. Costa et al.                                                                                                                                                                                                                                  

https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003


Coordination Chemistry Reviews 502 (2024) 215590

45

[317] S. Lehtola, H. Jónsson, Unitary optimization of localized molecular orbitals, 
J. Chem. Theory Comput. 9 (2013) 5365–5372, https://doi.org/10.1021/ 
ct400793q. 

[318] J. Pipek, P.G. Mezey, A fast intrinsic localization procedure applicable for ab 
initio and semiempirical linear combination of atomic orbital wave functions, 
J. Chem. Phys. 90 (1989) 4916–4926, https://doi.org/10.1063/1.456588. 

[319] C. Edmiston, K. Ruedenberg, Localized atomic and molecular orbitals, Rev. Mod. 
Phys. 35 (1963) 457–464, https://doi.org/10.1103/RevModPhys.35.457. 

[320] D.A. Kleier, T.A. Halgren, J.H. Hall, W.N. Lipscomb, Localized molecular orbitals 
for polyatomic molecules. I. A comparison of the Edmiston-Ruedenberg and Boys 
localization methods, J. Chem. Phys. 61 (1974) 3905–3919, https://doi.org/ 
10.1063/1.1681683. 

[321] S.F. Boys, Construction of some molecular orbitals to be approximately invariant 
for changes from one molecule to another, Rev. Mod. Phys. 32 (1960) 296–299, 
https://doi.org/10.1103/RevModPhys.32.296. 

[322] J.M. Foster, S.F. Boys, Canonical Configurational Interaction Procedure, Rev. 
Mod. Phys. 32 (1960) 300–302, https://doi.org/10.1103/RevModPhys.32.300. 

[323] M.W. Schmidt, K.K. Baldridge, J.A. Boatz, S.T. Elbert, M.S. Gordon, J.H. Jensen, 
S. Koseki, N. Matsunaga, K.A. Nguyen, S. Su, T.L. Windus, M. Dupuis, J. 
A. Montgomery Jr, General atomic and molecular electronic structure system, 
J. Comput. Chem. 14 (1993) 1347–1363, https://doi.org/10.1002/ 
jcc.540141112. 

[324] R.T. Moura Jr., C. V. Santos-Jr, A.N. Carneiro Neto, ChemBOS 2023, (2023). 
http://www.chembos.website/. 

[325] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J. 
R. Cheeseman, G. Scalmani, V. Barone, G.A. Petersson, H. Nakatsuji, X. Li, 
M. Caricato, A.V. Marenich, J. Bloino, B.G. Janesko, R. Gomperts, B. Mennucci, H. 
P. Hratchian, J.V. Ortiz, A.F. Izmaylov, J.L. Sonnenberg, D. Williams-Young, 
F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, 
D. Ranasinghe, V.G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, 
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, 
O. Kitao, H. Nakai, T. Vreven, K. Throssell, J.A.J. Montgomery, J.E. Peralta, 
F. Ogliaro, M.J. Bearpark, J.J. Heyd, E.N. Brothers, K.N. Kudin, V.N. Staroverov, 
T.A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A.P. Rendell, J.C. Burant, 
S.S. Iyengar, J. Tomasi, M. Cossi, J.M. Millam, M. Klene, C. Adamo, R. Cammi, J. 
W. Ochterski, R.L. Martin, K. Morokuma, O. Farkas, J.B. Foresman, D.J. Fox, 
Gaussian 16, Revision A.03 (2016). 

[326] T. Lu, F. Chen, Multiwfn: A multifunctional wavefunction analyzer, J. Comput. 
Chem. 33 (2012) 580–592, https://doi.org/10.1002/jcc.22885. 

[327] J. Wen, M.F. Reid, L. Ning, J. Zhang, Y. Zhang, C.K. Duan, M. Yin, Ab-initio 
calculations of Judd-Ofelt intensity parameters for transitions between crystal- 
field levels, J. Lumin. 152 (2014) 54–57, https://doi.org/10.1016/j. 
jlumin.2013.10.055. 

[328] L. Smentek, Theoretical description of the spectroscopic properties of rare earth 
ions in crystals, Phys. Rep. 297 (1998) 155–237, https://doi.org/10.1016/S0370- 
1573(97)00077-X. 

[329] W.T. Carnall, J.V. Beitz, H. Crosswhite, K. Rajnak, J.B. Mann, in: Spectroscopic 
Properties of the f-Elements in Compounds and Solutions, Springer, Netherlands, 
Dordrecht, 1983, pp. 389–450, https://doi.org/10.1007/978-94-009-7175-2_9. 

[330] O.L. Malta, Mechanisms of non-radiative energy transfer involving lanthanide 
ions revisited, J. Non. Cryst. Solids 354 (2008) 4770–4776, https://doi.org/ 
10.1016/j.jnoncrysol.2008.04.023. 

[331] F.R.G. e Silva, O.L. Malta, Calculation of the ligand–lanthanide ion energy 
transfer rate in coordination compounds: contributions of exchange interactions, 
J. Alloys Compd. 250 (1997) 427–430. doi: 10.1016/S0925-8388(96)02563-7. 

[332] L. Smentek, A. Kędziorski, Efficiency of the energy transfer in lanthanide-organic 
chelates; spectral overlap integral, J. Lumin. 130 (2010) 1154–1159, https://doi. 
org/10.1016/j.jlumin.2010.02.013. 

[333] W.J.C. Grant, Role of Rate Equations in the Theory of Luminescent Energy 
Transfer, Phys. Rev. B 4 (1971) 648–663, https://doi.org/10.1103/ 
PhysRevB.4.648. 

[334] J.C. Butcher, Numerical methods for ordinary differential equations in the 20th 
century, J. Comput. Appl. Math. 125 (2000) 1–29, https://doi.org/10.1016/ 
S0377-0427(00)00455-6. 

[335] E. Hairer, G. Wanner, Radau Methods, in: B. Engquist (Ed.), Encycl. Appl. 
Comput. Math., Springer Berlin Heidelberg, Berlin, Heidelberg, 2015: pp. 
1213–1216. doi: 10.1007/978-3-540-70529-1_139. 

[336] K. Rademaker, W.F. Krupke, R.H. Page, S.A. Payne, K. Petermann, G. Huber, A. 
P. Yelisseyev, L.I. Isaenko, U.N. Roy, A. Burger, K.C. Mandal, K. Nitsch, Optical 
properties of Nd3+- and Tb3+-doped KPb2Br5 and RbPb2Br5 with low nonradiative 
decay, J. Opt. Soc. Am. B 21 (2004) 2117, https://doi.org/10.1364/ 
JOSAB.21.002117. 

[337] U.N. Roy, R.H. Hawrami, Y. Cui, S. Morgan, A. Burger, K.C. Mandal, C.C. Noblitt, 
S.A. Speakman, K. Rademaker, S.A. Payne, Tb3+-doped KPb2Br5: Low-energy 
phonon mid-infrared laser crystal, Appl. Phys. Lett. 86 (2005), 151911, https:// 
doi.org/10.1063/1.1901815. 

[338] C.V. Santos, E.C. Aguiar, A.N.C. Neto, R.T. Moura, Adaptive guided stochastic 
optimization: A novel approach for fitting the theoretical intensity parameters for 
lanthanide compounds, Opt. Mater. X (2023), 100275, https://doi.org/10.1016/j. 
omx.2023.100275. 

[339] R.T. Moura Jr., A.N. Carneiro Neto, E.C. Aguiar, C.V. Santos-Jr, E.M. de Lima, W. 
M. Faustino, E.E.S. Teotonio, H.F. Brito, M.C.F.C. Felinto, R.A.S. Ferreira, L. 
D. Carlos, R.L. Longo, O.L. Malta, (INVITED) JOYSpectra: A web platform for 
luminescence of lanthanides, Opt. Mater. X 11 (2021), 100080, https://doi.org/ 
10.1016/j.omx.2021.100080. 

[340] B.P. Chandra, A.S. Rathore, Classification of Mechanoluminescence, Cryst. Res. 
Technol. 30 (1995) 885–896, https://doi.org/10.1002/crat.2170300702. 

[341] Y. Xie, Z. Li, Triboluminescence: Recalling Interest and New Aspects, Chemistry 4 
(2018) 943–971, https://doi.org/10.1016/j.chempr.2018.01.001. 

[342] Z. Monette, A.K. Kasar, P.L. Menezes, Advances in triboluminescence and 
mechanoluminescence, J. Mater. Sci. Mater. Electron. 30 (2019) 19675–19690, 
https://doi.org/10.1007/s10854-019-02369-8. 

[343] A. Feng, P.F. Smet, A Review of Mechanoluminescence in Inorganic Solids: 
Compounds, Mechanisms, Models and Applications, Materials (Basel) 11 (2018) 
484, https://doi.org/10.3390/ma11040484. 

[344] A. Szukalski, A. Kabanski, J. Goszyk, M. Adaszynski, M. Kaczmarska, R. Gaida, 
M. Wyskiel, J. Mysliwiec, Triboluminescence Phenomenon Based on the Metal 
Complex Compounds—A Short Review, Materials (Basel) 14 (2021) 7142, 
https://doi.org/10.3390/ma14237142. 

[345] Y. Zhuang, R. Xie, Mechanoluminescence Rebrightening the Prospects of Stress 
Sensing: A Review, Adv. Mater. 33 (2021) 2005925, https://doi.org/10.1002/ 
adma.202005925. 

[346] K.N. Bhat, R.S. Fontenot, W.A. Hollerman, M.D. Aggarwal, Triboluminescent 
research review of europium dibenzoylmethide triethylammonium (EuD4TEA) 
and related materials, Int. J. Chem. 1 (2012) 100–118. 

[347] A. Incel, M. Emirdag-Eanes, C.D. McMillen, M.M. Demir, Integration of 
Triboluminescent EuD4TEA Crystals to Transparent Polymers: Impact Sensor 
Application, ACS Appl. Mater. Interfaces 9 (2017) 6488–6496, https://doi.org/ 
10.1021/acsami.6b16330. 

[348] R.A.D.M. Ranashinghe, M. Okuya, M. Shimomura, K. Murakami, Thin Film 
Formation of the Polyvinylpyrrolidone-Added Europium Tetrakis 
(Dibenzoylmethide)-Triethylammonium and Its Mechanoluminescent Properties, 
in: 2017: pp. 75–80. doi: 10.1007/978-3-319-46490-9_11. 
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[357] D.A. Gálico, Í.O. Mazali, F.A. Sigoli, A highly sensitive luminescent ratiometric 
thermometer based on europium(iii) and terbium(iii) benzoylacetonate 
complexes chemically bonded to ethyldiphenylphosphine oxide functionalized 
polydimethylsiloxane, New J. Chem. 42 (2018) 18541–18549, https://doi.org/ 
10.1039/c8nj04489a. 

[358] Y.G. Galyametdinov, A.S. Krupin, A.A. Knyazev, Temperature-Sensitive 
Chameleon Luminescent Films Based on PMMA Doped with Europium(III) and 
Terbium(III) Anisometric Complexes, Inorganics 10 (2022) 94, https://doi.org/ 
10.3390/inorganics10070094. 

[359] D.V. Lapaev, V.G. Nikiforov, V.S. Lobkov, A.A. Knyazev, Y.G. Galyametdinov, 
Reusable temperature-sensitive luminescent material based on vitrified film of 
europium(III) β-diketonate complex, Opt. Mater. (Amst.) 75 (2018) 787–795, 
https://doi.org/10.1016/j.optmat.2017.11.042. 

[360] D.V. Lapaev, V.G. Nikiforov, V.S. Lobkov, A.A. Knyazev, R.M. Ziyatdinova, Y. 
G. Galyametdinov, A vitrified film of an anisometric europium(III) β-diketonate 
complex with a low melting point as a reusable luminescent temperature probe 
with excellent sensitivity in the range of 270–370 K, J. Mater. Chem. C 8 (2020) 
6273–6280, https://doi.org/10.1039/D0TC00625D. 

[361] G. Griffini, F. Bella, F. Nisic, C. Dragonetti, D. Roberto, M. Levi, R. Bongiovanni, 
S. Turri, Multifunctional Luminescent Down-Shifting Fluoropolymer Coatings: A 
Straightforward Strategy to Improve the UV-Light Harvesting Ability and Long- 
Term Outdoor Stability of Organic Dye-Sensitized Solar Cells, Adv. Energy Mater. 
5 (2015) 1401312, https://doi.org/10.1002/aenm.201401312. 

I.F. Costa et al.                                                                                                                                                                                                                                  

https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1625
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1730
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1730
http://refhub.elsevier.com/S0010-8545(23)00579-9/h1730
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003
https://doi.org/10.1108/MABR-01-2022-0003


Coordination Chemistry Reviews 502 (2024) 215590

46

[362] R. Reisfeld, New developments in luminescence for solar energy utilization, Opt. 
Mater. (Amst.) 32 (2010) 850–856, https://doi.org/10.1016/j. 
optmat.2010.04.034. 

[363] M.A. Cardoso, S.F.H. Correia, A.R. Frias, H.M.R. Gonçalves, R.F.P. Pereira, S. 
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