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A B S T R A C T   

A series of lanthanide tetrakis complexes Cnmim[Ln(tta)4] where Ln3+: Eu3+ and Gd3+, Cnmim: imidazolium- 
based counterions (n from 3 to 8) and tta: thenoyltrifluoroacetonate were synthesized by a one-pot method. 
The Cnmim[Ln(tta)4] complexes are thermostable up to 210 ◦C and present an isomorphic-like character for the 
complexes with n = 5, 6, and 7. The phosphorescence spectral profile of the Cnmim[Gd(tta)4] complexes showed 
intense emission broadbands, in which the barycenters are slightly shifted to energies from the 18,950 to 18,450 
cm− 1 range. The Cnmim[Eu(tta)4] complexes in solutions of the corresponding [Cnmim]Br ionic liquids show 
similar emission spectral profiles as their corresponding in the solid state, indicating that the coordination 
polyhedron does not undergo a significant variation when the chemical environment is changed. Relatively high 
values of the intensity parameter Ω2 in both media are presented. The Ω4 values of the complexes in solutions of 
ionic liquids are also similar, reinforcing that there are small changes in the polyhedral coordination from the 
solid state to the ionic liquid solution. The series presents high intrinsic emission quantum efficiencies, 
90% ≥ QEu

Eu ≥ 53%. In addition, theoretical calculations on the intramolecular energy transfer (IET) reveal the 
participation of the 7F0→5D1 and 7F1→5G2 transitions for the IET via S1 while the IET via T1 state is dominated by 
the 7F0→5D1 and 7F1→5D0 transitions. Therefore, due to their high luminescent features, these Eu3+ tetrakis 
complexes are potential candidates to be applied as optical markers in the solid-state or even in ionic liquid 
solutions.   

1. Introduction 

Due to the forbidden nature of the 4f-4f transitions, Ln3+ ions present 
very low molar absorptivity coefficients and emission intensity under 
direct excitation. This drawback is usually overcome by using lumino
phores (or sensitizers) that absorb and efficiently transfer the energy to 
the Ln3+ that afterward emits according to its energy level structure and 

selection rules on J quantum number [1,2]. In coordination compounds, 
the luminescence sensitizer [3] are usually organic ligands, and among 
them, the β-diketones are the most widely used [4–10]. The sensitizing 
process generally occurs via the strong light absorption by the ligand 
from the ground to excited singlet states (S0 → Sn), then, the population 
of the S1 state can decay non-radiatively to a lower excited ligand triplet 
state (S1 → T1), a process known as intersystem crossing [11–13]. Next, 
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the T1 state can transfer the energy to the lanthanide ion (T1 → Ln3+) 
that may decay radiatively according to its intrinsic energy level struc
tures [14,15]. It is noteworthy that the intramolecular energy transfer 
may eventually occur directly from S1 to high energy levels of the Ln3+

ion [16–19]. In addition, deactivation pathways can significantly 
quench the luminescence intensity via coupling with high-energy os
cillators such as C–H, N–H, and mainly O–H [20–22]. 

To improve the luminescence efficiency and avoid such shortcom
ings, the Ln3+ tetrakis-complexes Q[Ln(L)4] are an interesting choice, 
once four ligands around the Ln3+ ion virtually saturate its first coor
dination sphere and the addition of one more of the same ligand in 
comparison to those Ln3+ tris-complexes (e.g., [Ln(L)3(H2O)x]). The [Ln 
(L)4]– moieties are usually anionic and thus, a counterion Q+ must be 
present for the compound to remain neutral in charge. The most applied 
counterions are organic-based such as alkyl and phenyl groups [23–25], 
pyrrolidinium [26], piperidinium [26], pyridinium [27], and imidazo
lium [28,29]. However, alkali metal ions (Li+, Na+, K+, Rb+) can be used 
as well [30–32]. 

It is noteworthy that ionic liquids are defined as organic salts with 
low melting points [33–35] (usually below 373 K) that present high 
thermal and electrochemical stability, negligible volatility, high polar
ity, and electrical conductivity. They comprise many different classes 
including quaternary ammonium and phosphonium, pyridinium, pyr
rolidinium, and mainly imidazolium-based salts, including those with 
the Ln3+ ions [36–40]. In addition, these compounds are considered 
excellent green solvents for reactions [33,41–43]. 

The present work reports the one-pot synthesis and photo
luminescence properties of a new series of Eu3+ and Gd3+ tetrakis- 
complexes with thenoyltrifluoroacetonate (tta) ligand and 
imidazolium-based counterions (Cnmim with n from 3 to 8), as illus
trated in Fig. 1. The spectroscopic properties of these complexes were 
investigated either in the solid state or dissolved in imidazolium-based 
ionic liquids, [Cnmim]Br. Theoretical calculations on the intra
molecular energy transfer (IET) rates were also performed for the solid- 
state complexes in the JOYSpectra web platform [44]. The photo
luminescence results indicated that these Cnmim[Eu(tta)4] complexes 
can be applied as molecular light emitters. 

2. Experimental procedure 

Synthesis of [Cnmim]Br ionic liquids - The synthetic route was 
based on reference [45] with some modifications. Toluene was chosen as 
a solvent, once the alkyl bromide and 1-methylimidazole are both sol
uble in the reaction media, while the formed ionic liquid is not, then, the 
final product can be separated by filtration. The molar ratio between the 
reactants was 1:1 and the average reaction time in the domestic mi
crowave oven was 15 min. Afterward, the heterogeneous mixture was 
transferred to a regular hot plate and heated at 60 ◦C until the complete 

removal of the solvent. All ionic liquids were formed as viscous 
yellowish oils at room temperature and the average yields were about 
75%. It is worth mentioning that the microwave-assisted method pre
sents some advantages over more traditional synthetic routes such as 
reduction of energy consumption, shorter reaction time, and higher 
product yield. 

Synthesis of Cnmim[Ln(tta)4] tetrakis complexes - Firstly, the 
precursor Ln3+ chlorides (Ln3+: Eu and Gd) were synthesized according 
to the literature [46] by the reaction of the corresponding Ln2O3 with 
HCl (37% w/w). The Cnmim[Ln(tta)4] complexes were synthesized ac
cording to Refs. [7,47], by a one-pot method. Nevertheless, isopropanol 
was used instead of EtOH, the source of ionic liquid was a bromide, and 
the molar ratio of ligand:counterion:Ln3+ was 5:3/2:1. The organic 
ligand was previously deprotonated with a 1.0 mol•L− 1 NaOH(aq) solu
tion and the respective LnCl3•6H2O was added dropwise to a 3:1(v/v) 
homogeneous EtOH/H2O mixture containing the ligand and the 
[Cnmim]Br, with n = 3, 4, 5, 6, 7, and 8. The solution was stirred for 3 h 
at 50 ◦C until the evaporation of the isopropanol. Subsequently, the solid 
product was filtered, washed with distilled water, dried, and stored 
under reduced pressure in a desiccator. The overall average yield was 
~90%. 

Instrumental techniques - The elemental analyses were performed 
in PerkinElmer CHN 2400 instruments. Thermogravimetric curves (TG/ 
DTG) were performed in the 25–900 ◦C range on a thermobalance 
SHIMADZU equipment model TGA-51 under a dynamic synthetic air 
atmosphere of 50 cm3•min− 1 with a constant heating rate of 
10 ◦C•min− 1. Differential scanning calorimetry (DSC) curves were 
registered in a Shimadzu DSC-50 cell using aluminum crucibles, under a 
dynamic N2(g) atmosphere (100 cm3•min− 1) and a heating rate of 
10 ◦C•min− 1 in the temperature range from 25 to 600 ◦C. Still, the cell 
was calibrated with indium (m.p. 156.6 ◦C; ΔHfus. = 28.54 J•g− 1) and 
zinc (m.p. 419.6 ◦C) with 99.9% of purity. FTIR spectra were measured 
with a Bomem MB102 FTIR spectrometer in the 4,000 to 400 cm− 1 range 
with a spectral resolution of 4.0 cm− 1 using KBr pellets. Proton nuclear 
magnetic resonance (1H NMR) was registered in a 300 MHz Bruker 
spectrometer using CDCl3 as solvent and tetramethylsilane (TMS) as the 
internal reference. X-ray diffraction patterns were registered with a 
Miniflex Rigaku diffractometer using CuKα1 radiation (30 kV and 15 
mA) in the (2θ) 5–60◦ range and of 0.02 s of pass time. The excitation 
and emission spectra of the Ln3+ tetrakis complexes in the solid state 
were recorded at room (300 K) and liquid nitrogen (77 K) temperatures 
at an angle of 22.5◦ (front face) with a spectrofluorometer (SPEX-Fluo
rolog 3) with double grating between 0.5 and 2.0 mm monochromator 
(SPEX1680), and the excitation source was a 450 W Xenon lamp. The 
photoluminescent measurements of the ionic liquid solutions (at 1% 
mol) of the Cnmim[Eu(tta)4] complexes were performed under the same 
instrumental conditions, but only at room temperature. Besides, all 
spectra were recorded using a detector mode correction. Moreover, the 

Fig. 1. Chemical structure of Cnmim[Eu(tta)4] tetrakis complexes (left) with [Cnmim]+ ionic liquids as counterions (right), where R stands for an aliphatic chain (n 
= 3, 4, 5, 6, 7 and 8). 
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luminescence decay curves of the emitting levels of the Eu3+ ions 
complexes were obtained at room temperature, using a phosphorimeter 
SPEX 1934D accessory coupled to the spectrofluorometer. 

3. Results and discussion 

Elemental analysis of C, H, N, and Br contents for the ionic liquids 
[Cnmim]Br, where n = 4, 5, and 7 are consistent with the expected 
stoichiometry i.e., (C8H15N2)Br, (C9H17N2)Br and (C11H21N2)Br 
(Table S2 in the Supporting Information). In addition, proton nuclear 
magnetic resonance (1H NMR) spectra of these ionic liquids (Figs. S1a–c 
in the Supporting Information) showed peaks in good agreement with 
previous data [48,49]. The peaks located at δ 0.9 (triplet), 1.3 (multi
plet), 1.9 (quintet), and 4.3 (triplet) were attributed to the protons from 
the alkyl groups bonded to nitrogen 3, while the 4.1 ppm peak is referent 
to CH3 group attached to the nitrogen 1 of the imidazole ring. The 
protons related to carbon atoms 2, 4, and 5 in the ring are located, 
respectively, at δ 10.2 (singlet); 7.5 (triplet), and 7.6 (triplet). The 
proper location of such peaks indicated the ionic liquids were success
fully synthesized. Elemental analysis (CHN) data of the Ln3+-complexes 
also agree with anhydrous tetrakis species containing 
imidazolium-based ionic liquids as countercations, suggesting the gen
eral formula Cnmim[Ln(tta)4], where n = 3, 4, 5, 6, 7, and 8 (Table S1 in 
the Supporting Information). 

Thermogravimetric analysis (TG/DTG and DSC) of the Cnmim[Eu 
(tta)4] complexes revealed the same thermal behavior for all tetrakis 
complexes (Fig. S2 in the Supporting Information). In general, TG curves 
and their corresponding DTG (solid and dashed black lines in Fig. S2, 
respectively) indicate no weight loss in the temperature interval from 25 
to 210 ◦C for all anhydrous Cnmim[Eu(tta)4] complexes, suggesting that 
all investigated Cnmim[Eu(tta)4] complexes are thermally stable. Be
sides, from 115 to 140 ◦C, the DSC curves (solid red lines in Fig. S2) 
showed endothermic events without mass variation, which points to
ward a phase transition process. The decomposition events start around 
210 ◦C in two distinct exothermic steps. In the first one, between 240 
and 300 ◦C, the weight loss corresponds to [Cnmim]+ counterion and 
one single tta anion, possibly leading to the tris-complexes species. The 
second event takes place in the 300–600 ◦C interval and corresponds to 
the loss of the remaining tta ligands. Finally, the mass increase in the 
exothermic events from 610 to 860 ◦C, corresponds to the oxidation of 
the sulfur atom from the tta ligand to sulfate and the consequent for
mation of a final residue of europium (III) fluorosulfate, EuF(SO4). This 
thermal result was also confirmed by a test with an aqueous solution of 
BaCl2, indicating the presence of sulfate ions. 

The Cnmim[Eu(tta)4] compounds were also characterized by FTIR 
spectroscopy that showed the high absorption band at 1,607 cm− 1 

(Fig. S3 in the Supporting Information) assigned to the carbonyl sym
metric stretching mode νs(C=O). Once this band is shifted to lower en
ergies compared to the free Htta ligand (~1,660 cm− 1) [50], we can 
infer the effective coordination of the tta ligand to the Eu3+ ion through 
a bidentate chelate mode [51]. The low-intensity band around 460 cm− 1 

corresponds to the Ln–O stretching mode, also indicating the ligand 
coordination to the Eu3+ ion through the β-diketone carbonyl groups. 
The spectral profile of all members in the series is very similar to each 
other regardless of the chain length of the [Cnmim]+ cations, revealing 
their small influence on the metal ion coordination. It is worth 
mentioning that the broad absorption band in the spectral range of 3,700 
to 3,200 cm− 1 (Fig. S3) is attributed to the moisture adsorption by the 
KBr pellets. 

In general, X-ray powder diffraction (XPD) patterns of the Cnmim[Eu 
(tta)4] (Fig. 2) reveal relatively low-intensity peaks, suggesting small 
crystallinity. A possible explanation is a counterion long and flexible 
chain that prevents a suitable approximation between each complex 
entity and an ordered packing. Interestingly, this observation is in 
complete opposition to other tetrakis β-diketonates such as 
acetylacetone-based ones containing alkaline metals as counterions 

[52]. Nevertheless, the C3mim[Eu(tta)4] complex presents the highest 
crystallinity among the series, with the most intense peaks in the 20 to 
25◦, which can be due to the smaller chain length of the [C3mim]+

species. Also, the complexes with countercations with 5, 6, and 7 carbon 
atoms present diffraction patterns with significant similarity, suggesting 
an isomorphic-like character. On the other hand, the complexes with 
[C3mim]+, [C4mim]+, and [C8mim]+ counterions present the most 
distinctive structures among themselves and the other series members 
(Fig. 2). 

4. Luminescent properties 

4.1. Photoluminescence of the [Cnmim]Br ionic liquids 

Excitation spectra of the [Cnmim]Br ionic liquids (n = 4, 5, and 7) 
were obtained at 300 K, monitoring the emission at 560 nm in the 
200–540 nm range (Fig. S4a in the Supporting Information). All spectra 
present broad excitation bands with a small influence on the carbon 
chain length, leading to similar profiles, although the [C7mim]Br is 
slightly broader than [C4mim]Br and [C5mim]Br salts. Similarly, the 
corresponding emission spectra were also recorded with excitation at 
350 nm, in the 370–730 nm range (Fig. S4b). The systems with n = 5 and 
7 present higher similarities in their spectral profile compared to the 
[C4mim]Br species that show a significant shift to higher energies. This 
spectral shape difference is attributed to the dependence on the excita
tion wavelength, as demonstrated by S. Cha et al. [53]. This study dis
cusses the impact of intermolecular interactions on the emission of 
[C4mim][BF4] ionic liquids. These interactions may result in variations 
when the carbon chain size is altered (e.g., [C5mim]+ and [C6mim]+). 

Fig. 2. X-Ray powder diffraction pattern (XPD) of the Cnmim[Eu(tta)4] com
plexes where n = 3 to 8. All diffractograms were recorded at room temperature 
in the 5–60◦ range. 
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4.2. Time-resolved phosphorescence of the Cnmim[Gd(tta)4] complexes 

The Gd3+ ion is optically inactive for wavelengths above 315 nm due 
to the large energy gap between the ground state 8S7/2 ground state and 
the first 6P7/2 excited state (ca. 32,000 cm− 1) [54], which is often higher 
than the majority of the organic ligand triplet states (T1). In addition, 
Gd3+ and Eu3+ have a similar ionic radius and thus, Gd3+ complexes can 
mimic the chemical environment of the analog Eu3+ complexes [55,56]. 
To avoid possible contributions from the S1→S0 transition that can be 
overlapped with the tta phosphorescence band (T1→S0), the phospho
rescence spectra (Fig. 3) of the Cnmim[Gd(tta)4] complexes (n = 3 to 8) 
were registered with a time delay of 1 ms. The low-temperature (77 K) 
emission spectra, recorded in the 400–750 nm range under excitation at 
380 nm, revealed a broad phosphorescence band assigned to the T1→S0 
transition from tta ligands. It is noteworthy that contributions from the 
[Cnmim]+ cations were not observed, indicating the central role of the 
tta ligand as a donor in the intramolecular energy transfer (IET) process 
in these tetrakis complexes (Fig. 4). Such results can be explained due to 
the presence of β-diketonate in the first coordination sphere of the metal 
ion. 

The energy positions of the ligand T1 states were determined based 
on the barycenter of the phosphorescence band and the results are 
summarized in Table S3. Interestingly, the energies of the barycenters 
are not significantly affected by the carbon chain size of the 
imidazolium-based cations with an average value of 18,624 cm− 1. 
Therefore, based on these experimental results and the relative position 
of the Eu3+ energy levels [54], e.g., 5D1 (19,050 cm− 1) and 5D0 (17,290 
cm− 1), it is possible to infer that a T1→Eu3+ energy transfer can play a 
central role in the luminescence sensitization process, as will be detailed 

in the next section. 
In general, the T1 energy position can be obtained using either the 

zero-phonon line or the barycenter. The barycenter is particularly 
valuable in spectroscopy as it provides a straightforward and intuitive 
measure of the band position. It is also less susceptible to noise and 
baseline fluctuations compared to other measures such as the maximum 
peak or zero-phonon line. Furthermore, the barycenter remains unaf
fected by temperature [57]. It is widely employed in spectral analysis 
and the study of intramolecular energy transfer [1]. This allows for the 
consideration of other Franck-Condon transitions [1,58], which may be 
more resonant with the acceptor transition and thus make a greater 
contribution to the energy transfer process than the zero-phonon 
transition. 

4.3. Photoluminescence of the Cnmim[Eu(tta)4] complexes 

The excitation spectra of the Cnmim[Eu(tta)4] tetrakis complexes in 
solid state (Fig. 4a) and [Cnmim]Br ionic liquid solutions (n = 3 to 8) 
were registered at room temperature in the 250–575 nm range moni
toring the emission at the 5D0→7F2 transition (616 nm) of the Eu3+ ion 
(Fig. 4b). The spectra revealed a broad excitation intensity band from 
250 to 450 nm assigned to the S0→S1 transition centered on the tta 
ligand. Besides, some narrow excitation peaks can also be seen at 395, 
464, 526, and 535 nm assigned to the 7F0→5L6, 7F0→5D2, 7F0→5D1, and 
7F1→5D1 transitions of the Eu3+ ion, respectively. The low-temperature 
(77 K) spectral profiles of the Eu3+-complexes (Fig. S5 in the Supporting 
Information) showed small differences when compared to the analogous 
room-temperature ones. The most significant change is the 7F1→5D1 
transition vanishes at low temperatures. This observation is in agree
ment with the thermally coupled populations of the 7F1 and 7F0 levels 
[59,60]. The former can be thermally populated, although, at low 
temperatures, the 7F0→5D1 transition is more likely to occur [61]. Also, 
the low-temperature spectra (Fig. S5) as expected presents higher 
resolution. 

The emission spectra of the Eu3+ tetrakis complexes and the corre
sponding [Cnmim]Br solutions were registered at 300 K in the 570–720 
nm range under excitation at 395 nm. As observed in Fig. 5a, both 
spectra revealed only narrow emission peaks attributed mainly to the 
5D0→7F0-4 transitions of the Eu3+ ions [54], with the 5D0→7F2 as the 
most intense one and the main responsible for the bright red emission of 
these coordination compounds (Fig. 5a and b). It is noteworthy that the 
electronic transitions of the europium complexes in the solution 
(Fig. 5b) are more broadened than those in solid-sate (Fig. 5a), reflecting 
its multisite character caused by the solvent effect. In general, no 
emission broadband arising from the ligands was observed in the spectra 
either for the solid-state complexes or the corresponding [Cnmim]Br 
solutions, which suggests an efficient intramolecular L→Eu3+ energy 
transfer process. Concerning the 77 K emission spectra of the Cnmim[Eu 
(tta)4] complexes, depicted in Fig. S6 (Supporting Information), no 
appreciable differences were observed in comparison with the spectra 
recorded at room temperature, except for the higher resolution of the 
latter in comparison with the former due a lowering in vibronic 
contributions. 

An interesting feature of the emission spectral profiles of the euro
pium tetrakis complexes in solution is their remarkable similarity, 
irrespective of the countercation carbon chain length. This spectroscopic 
result indicates that the chemical environment around the Eu3+ ion is 
similar in solution and that the tta ligand is also tetrakis coordinated 
with the metal ion. 

Except for the C4mim[Eu(tta)4] compound, the presence of just one 
5D0→7F0 emission peak is identified (Fig. S7), indicating a single point 
symmetry. Nevertheless, Nockemann et al. reported the crystal structure 
of C6mim[Eu(tta)4] and identified a single symmetry site [36]. 
Furthermore, when analyzing the Eu3+ 5D0 lifetimes in the studied 
compounds, the luminescence decay curves are well-fitted by a 
single-exponential function, also indicating the presence of only one 

Fig. 3. Time-resolved phosphorescence spectra of the Cnmim[Gd(tta)4] com
plexes, where (n = 3 to 8). The spectra were registered under 77 K from 400 to 
700 nm with excitation at 381 nm with a delay of 1 ms. 
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emitting center. It’s important to note that the analysis based on the 
number of peaks in the 5D0→7F0 transition and the fitting of decay 
curves can solely provide an indication of the potential number of 
different Eu3+ sites because when the Eu3+ is placed within a cubic 
group (such as Dn, Dnd, and Dnh point group symmetries [62]), the 
5D0→7F0 transition is not observed. 

Interestingly, the C4mim[Eu(tta)4] complex stands out by displaying 
two 5D0→7F0 peaks (Fig. S7), suggesting the potential existence of two 
different Eu3+ centers in this particular compound. A comprehensive 
investigation into the interaction between these two centers and its 
impact on luminescent features will be the central focus of a forthcoming 
study. 

It is important to mention that the complexes present a high vibronic 

contribution due to some lower energy peaks overlapping with those of 
the 5D0→7F1 (595 nm) and 5D0→7F2 (616 nm) transitions. Despite these 
low-intensity peaks arising from vibronic coupling, the splitting pattern 
of the 5D0→7F0,1,2,4 transitions of the solid-state Cnmim[Eu(tta)4], with 
n = 5, 6 and 7 present, 1, 2, 2 and 4 peaks, respectively. 

The solid-state and solution emission spectra revealed weak intensity 
peaks attributed to emission from the higher excited state 5D1 to the 7F0- 

2 multiplets. The relative weak intensity of the 5D1→7F0-6 compared to 
those arising from the 5D0 level can be rationalized considering the 
multiphonon decay from the 5D1 to the 5D0 excited states. 

The experimental intensity parameters (Ω2 and Ω4) values were 
calculated for the Cnmim[Eu(tta)4] complexes and their solutions in the 
corresponding ionic liquids at 1% in mol (Table 1) according to Eq. (1): 

Fig. 4. Excitation spectra of the complexes recorded at room temperature of a) Cnmim[Eu(tta)4] in solid state and b) solution at 1% in mol of each [Cnmim]Br ionic 
liquid (n = 3 to 8). The spectra were registered by monitoring the emission at the 5D0→7F2 transition (616 nm) of the Eu3+ ion. 

Fig. 5. Emission spectra of the Cnmim[Eu(tta)4] complexes recorded at room temperature in the a) solid-state and b) solution at 1% in mol of each [Cnmim]Br ionic 
liquid (n = 3 to 8). 
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A0→λ =
4ω3e2χ
3ℏc3 Ωλ〈5D0

⃒
⃒
⃒
⃒U(λ)

⃒
⃒
⃒
⃒7Fλ〉2 (1)  

where ω is the angular frequency of the transition, e is the elementary 
charge, ℏ is the reduced Planck’s constant, and c is the speed of light. χ =

(nref /9)(n2
ref + 2)2 is the Lorentz local field correction factor, where nref 

is the refractive index of the medium. The term 〈5D0
⃒
⃒
⃒
⃒U(λ)⃒⃒

⃒
⃒7Fλ〉2 are the 

squared reduced matrix elements whose values are equal to 0.0032 and 
0.0023 for λ = 2 and 4, respectively [63]. The χ value was calculated 
considering nref = 1.5, a commonly adopted refractive index for 
lanthanide chelates as found in the literature [1,31,64,65]. In the 
context of the ionic liquid medium, we determined the nref values for all 
samples using an ATAGO™ NAR-3T Abbe Refractometer (Table S5). 
These findings revealed that the nref values for [Cnmim]Br ionic liquid 
solutions (at 1% concentration in mol) are slightly lower than those 
considered for the solid-state. Consequently, the differences observed in 
the radiative rates (Arad) between the samples in solution and their 
solid-state counterparts (Table 1) can mostly be attributed to slight 
structural changes within the first coordination sphere, thereby 
impacting the Ωλ parameters. It is noteworthy that recent studies 
showed the Ω2 values are more sensitive to small azimuthal angular 
variations, while the Ω4 values are more sensitive to the covalent 
character of the Ln–Ligating atom chemical bond [66–68]. 

Also, the experimental values for the A0→J spontaneous emission 
coefficients related to the 5D0 → 7F0-4 transitions of the Eu3+ ion were 
obtained from the room temperature emission spectra in the solid-state 
and solution complexes (Table 1) using Eq. (2) [10,69]: 

A0→J =

(
S0→J

S0→1

)

A0→1 (2)  

where S0→1 and S0→J correspond to the areas under the emission curves 
of the 5D0 → 7F1 and 5D0 → 7FJ, respectively, although the 5D0 → 7F6 is 
rarely observed [10]. The 5D0 → 7F1 transition is almost completely 

governed by the magnetic dipole (MD) mechanism and its intensity is 
practically insensitive to the chemical environment around the Eu3+ ion 
and then, the value A0→1 ≈ 50 s− 1 (setting nref = 1.5) [10] can be used as 
an internal reference to determine the A0→J values. 

The intrinsic emission quantum yield (QEu
Eu) [1,10] is defined as the 

ratio between the radiative (Arad) and the total (Atotal) decay rates that 
are given by the sum of radiative and non-radiative (Anrad) rates (Eq. 
(3)). Likewise, there is a relationship between Atotal rate, and the emit
ting level lifetime (τobs) given by Eq. (4) [1]. 

QEu
Eu =

Arad

Arad + Anrad
=

τobs

τrad
(3)  

τobs =
1

Arad + Anrad
=

1
Atotal

(4) 

The experimental emission lifetime (τobs) values of the 5D0 level were 
obtained for the solid samples and the 1% (mol) solutions with excita
tion directly on the Eu3+ ion at the 7F0→5D1 transition around 526 nm at 
room temperature (Fig. S7). As above mentioned, the luminescence 
decay curves can be well-fitted to a single-exponential function, 
corroborating the emission spectra data that suggests a single site of 
symmetry around the Eu3+ ion (except for n = 4, as discussed previ
ously). The τobs values present only small variations among the solid- 
state samples, while when compared to the solution ones, a more sig
nificant variation is observed (Table 1). 

As can be seen, the Ω2 and Ω4 parameter values (33 × 10− 20 cm2 and 
6 × 10− 20 cm2, respectively) for the tetrakis solid-state complexes with 
[C3mim]+ and [C4mim]+ counterions (Table 1) are very similar to those 
of the hydrated europium tris complex [Eu(tta)3(H2O)2] (33 × 10− 20 

cm2 and 6 × 10− 20 cm2, respectively) [70], indicating a similar spectral 
emission ratio between the 5D0→7F2 and 5D0→7F4 transition intensities 
concerning the 5D0→7F1 transition. On the other hand, the Ω2 and Ω4 
values increase for the Cnmim[Eu(tta)4] complexes (n = 5, 6, 7 and 8) 
showing higher emission intensity ratios of these transitions compared 
to the tetrakis systems with counterion n = 3 and 4, except for the Ω4 
parameter when n = 8. Although the [Eu(tta)4]− complexes have similar 
structures (Table S6), even slight changes can have a significant impact 
on the chemical environment surrounding the Eu3+ ion. These changes 
are reflected in the values of Ωλ, particularly in Ω2, which is more sen
sitive to angular distortions [71]. In addition, the Ω2 and Ω4 experi
mental parameters values for the Eu3+ tetrakis complexes dissolved in 
their corresponding [Cnmim]Br ionic liquid solutions present less vari
ation with the carbon chain length increase from 3 to 8, which is 
different for solid-state complexes (n = 3 to 7). Even though the intensity 
parameters present a small variation, it is enough to assert that the local 
structural changes are responsible for their variations. 

It is noted that the highest QEu
Eu values (from 74 to 90%) Cnmim[Eu 

(tta)4] complexes in solid-state with an increase in the carbon chain 
length from 3 to 8, indicating that the length of the carbon chain in the 
[Cnmim]+ may protect the Eu3+ ion from being influenced by quenching 
of C–H vibrational modes. This suggestion agrees with the trend of 
decreasing Anrad as the number of carbon atoms in the counterion in
creases (Table 1). Just for comparison, the intrinsic quantum yield for 
the analogous tris complex in solid-state, [Eu(tta)3(H2O)2] is close to 
30% [72]. Such experimental discrepancies are mainly due to the 
absence of coordinated H2O molecules around the Eu3+ ion in the tet
rakis species once the high energy oscillators such as O–H usually lead to 
strong luminescence quenching [20–22]. In general, the QEu

Eu values of 
the solution system are lower than those in solid-state due to the solvent 
effect. Therefore, the europium tetrakis complexes synthesized in 
solid-state and in ionic liquid solution show much higher luminescence 
than the Eu3+ tris tta-complex, demonstrating their suitable potential as 
molecular light-converting devices. 

According to semi-empirical PM6/Sparkle [73,74] quantum chem
istry calculations, the molecular structures of [Eu(tta)4]− are quite 
similar to each other, with only small differences. The root-mean-square 

Table 1 
Experimental intensity parameters (Ω2 and Ω4), radiative (Arad) and non- 
radiative (Anrad) decay rates, emission lifetime (τobs), and intrinsic quantum 
yield (QEu

Eu) of the solid-state Cnmim[Eu(tta)4] complexes (n from 3 to 8) and 
their corresponding [Cnmim]Br ionic liquid solutions at 1% in mol. All data were 
determined at 300 K. The errors in τobs are less than 10− 3 ms.  

Solid-state Ω2 

(10− 20 

cm2) 

Ω4 

(10− 20 

cm2) 

Arad 

(102 

s− 1) 

Anrad 

(102 

s− 1) 

τobs 

(ms) 
QEu

Eu 
(%) 

C3mim[Eu 
(tta)4] 

33 ± 1 6 ± 1 11.8 ±
0.5 

4.1 ±
0.5 

0.636 74 ±
2 

C4mim[Eu 
(tta)4] 

32 ± 2 6 ± 1 11.5 ±
0.5 

3.7 ±
0.5 

0.658 76 ±
3 

C5mim[Eu 
(tta)4] 

42 ± 2 8 ± 1 14.7 ±
0.5 

4.5 ±
0.5 

0.521 76 ±
3 

C6mim[Eu 
(tta)4] 

44 ± 2 9 ± 1 15.7 ±
0.5 

4.0 ±
0.5 

0.508 80 ±
2 

C7mim[Eu 
(tta)4] 

45 ± 1 9 ± 1 15.9 ±
0.5 

1.8 ±
0.5 

0.568 90 ±
3 

C8mim[Eu 
(tta)4] 

39 ± 1 6 ± 1 13.9 ±
0.5 

1.7 ±
0.5 

0.642 89 ±
3 

Solution       
C3mim[Eu 

(tta)4] 
43 ± 4 8 ± 2 15.4 ±

0.6 
13.8 ±
0.6 

0.343 53 ±
2 

C4mim[Eu 
(tta)4] 

49 ± 5 10 ± 2 17.2 ±
0.6 

4.0 ±
0.6 

0.474 81 ±
3 

C5mim[Eu 
(tta)4] 

37 ± 4 7 ± 1 13.3 ±
0.6 

11.4 ±
0.6 

0.404 54 ±
3 

C6mim[Eu 
(tta)4] 

44 ± 3 9 ± 2 15.8 ±
0.6 

12.0 ±
0.6 

0.360 57 ±
3 

C7mim[Eu 
(tta)4] 

44 ± 2 10 ± 2 18.0 ±
0.6 

2.9 ±
0.6 

0.478 86 ±
2 

C8mim[Eu 
(tta)4] 

35 ± 3 9 ± 1 12.8 ±
0.6 

6.2 ±
0.6 

0.525 67 ±
2  
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deviations (RMSD) between the [Eu(tta)4]− structures are quantified 
and presented in Table S6. When the RMSD value is lower, the structures 
are more similar. In this sense, the compounds C5mim[Eu(tta)4], C6mim 
[Eu(tta)4], and C7mim[Eu(tta)4] have lower RMSD values between each 
other, suggesting that the change in [Cnmim]+ from n = 5, 6, and 7 does 
not significantly distort the [Eu(tta)4]– structure. Thus, indicating that 
they may exhibit similar structures and luminescent properties, as 
shown by the intensity peaks in Fig. 5. In addition, the donor-acceptor 
distances for both S1 and T1 states (RL in Eqs. S8–S10), which are 
considered as the distance from the centroid of each tta ligand to the 
Ln3+ center, are approximately 4 Å for solid-state samples (Fig. S10). 

The IET rates from tta ligands to the Eu3+ ion were calculated using 
the JOYSpectra web platform [44], where the energies of the S0←S1 (26, 
250 cm− 1) and S0←T1 (18,950–18,450 cm− 1, values in Table S3) tran
sitions were accounted as donors localized at the tta ligand. As accep
tors, the combination of 7F0 and 7F1 as initial states and 5D0, 5D1, 5D2, 
5D3, 5D4, 5L6, 5L7, 5G2, 5G3, 5G5, and 5G6 as final excited states localized 
at the Eu3+ center are considered. In this sense, 32 non-null IET path
ways were calculated for each Cnmim[Eu(tta)4] compound (n = 3, 4, 5, 
6, 7, and 8). All calculated pathways (forwards and backwards) for each 
compound are presented in Tables S8–S19. The JOYSpectra web plat
form has proven to be a helpful tool for quantifying energy transfer 
rates. In a notable application, the JOYSpectra was utilized by Zhang, 
Wang, Xu et al. to elucidate the near 100% energy transfer efficiency 
from Uranyl to Eu3+ in a heterobimetallic metal-organic framework 
[75]. 

The IET results indicate that both forward and backward rates from 
the S1 and T1 channels are in the order of ~108 s− 1, as indicated in Fig. 6. 
Thus, there is no predominance of one channel suggesting that both are 
important in the IET processes. Such behavior is not commonly observed 
[16,17]. Although both S1 and T1 channels are operative in the present 
case, the T1 channel is more significant when considering the total 
balance using a rate equations model. This is because the intersystem 
crossing rates (S1→T1 and T1→S0) have a crucial role in population ki
netics [11]. It is worth highlighting that the exchange mechanism (Wex, 
Eq. S10) has a major influence on the WS, WT , WS

b and WT
b rates. 

Table 2 shows the total forward (WS and WT) and backward (WS
b and 

WT
b ) rates for each channel. The WS rates are composed mainly of the 

7F0→5D1 and 7F1→5G2 transitions (pathways 2 and 13 in Tables S8, S10, 
S12, S14, S16, and S18), with contributions of 58.0 ± 0.1% and 34.4 ±

0.1%, respectively. On the other hand, the backward transfer rate WS
b is 

dominated only by the 5G2→7F1 transition (pathway 13 in Tables S9, 
S11, S13, S15, S17, and S19), with a contribution of 95.7 ± 0.1% of the 
total WS

b . The backward energy transfer rates involving the T1 state (WT
b ) 

has a great contribution of the 5D1→7F0 transition (pathway 18 in 
Tables S9, S11, S13, S15, S17, and S19), corresponding to 91.8 ± 0.2% 
of the total rate. Despite the predominant focus on the 5D0, 5D1, 5D2, and 
5L6 energy levels of the Eu3+ ion, the literature generally overlooks the 
involvement of other levels, such as the 5G2, in the sensitization of Eu3+. 
The 5G2 state is crucial in the energy transfer process because it exclu
sively accepts energy through the exchange mechanism, specifically via 
the 7F1→5G2 transition governed by selection rules on the total angular 
momentum quantum number J (ΔJ = 0, ±1). Additionally, once the 
population of the 7F1 level is highly temperature-dependent according to 
Boltzmann statistics, it impacts directly the energy transfer through the 
7F1→5G2 pathway which can accept energy from both S1 [76,77] and T1 
[11] states. 

Interestingly, the WT rate has a different contribution from the 
7F0→5D1 and 7F1→5D0 transitions (pathways 18 and 23 in Tables S8, 
S10, S12, S14, S16, and S18) depending on the energy barycenter of the 
T1, this behavior is depicted in Fig. 7. Therefore, the higher the T1 en
ergy, the less participation of the 7F1→5D0 pathway and the more 
participation of the 7F0→5D1. These results are associated with the 
changing of the Δ (donor-acceptor energy difference) in Eq. S11, 
becoming more or less resonant with the energies of the 7F0→5D1 and 
7F1→5D0 transitions. 

The coordinates in the CIE (Commission Internationale l’Eclairage) 
chromaticity diagrams were determined based on the emission spectra 
of the Cnmim[Eu(tta)4] and their corresponding Cnmim[Eu(tta)4]@ 

Fig. 6. Schematic Jablonski-type energy level dia
gram for the [Eu(tta)4]– moieties. The barycenter of 
the S1 (~26,250 cm− 1) and T1 states (18,950–18,450 
cm− 1, Table S3), respectively. S0 is the tta funda
mental level. Φ0 is the pumping rate. ISC is the 
intersystem crossing S1 ⟿ T1 decay. Blue arrows 
represent the forward IET rate while the backward 
rates are the red ones. τT is the decay lifetime of the 
T1 state. The gray dashed arrows are the non- 
radiative decay from higher levels of Eu3+ to the 
emitting one (5D0). This diagram was generated 
automatically from the JOYSpectra web platform 
[44].   

Table 2 
Forward (WS and WT) and backward (WS

b and WT
b ) IET rates (in s− 1) of the 

Cnmim[Eu(tta)4] complexes (n = 3, 4, 5, 6, 7, and 8) obtained at 300 K.  

Solid-state WS (s− 1) WT (s− 1) WS
b (s

− 1) WT
b (s− 1) 

C3mim[Eu(tta)4] 2.6 × 108 8.8 × 108 1.1 × 108 4.3 × 108 

C4mim[Eu(tta)4] 2.6 × 108 3.0 × 108 1.1 × 108 4.2 × 108 

C5mim[Eu(tta)4] 2.6 × 108 3.5 × 108 1.1 × 108 4.2 × 108 

C6mim[Eu(tta)4] 2.6 × 108 3.1 × 108 1.1 × 108 4.2 × 108 

C7mim[Eu(tta)4] 2.6 × 108 3.4 × 108 1.1 × 108 4.2 × 108 

C8mim[Eu(tta)4] 2.6 × 108 4.4 × 108 1.1 × 108 4.2 × 108  
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[Cnmim]Br (n = 3 to 8) solutions under excitation at 365 nm at room 
temperature (Fig. 8). All [x,y] coordinates for both systems are very 
similar (Table S4) and located in the red region, revealing a highly 
monochromatic character. Fig. 8 also shows the digital camera photo
graphs of the complexes in solid state and solution under ambient light 
and excited under 365 nm. 

5. Conclusions 

A series of lanthanide tetrakis complexes Cnmim[Ln(tta)4] (Ln: Eu 
and Gd), with n = 3 to 8, were successfully synthesized and character
ized. Phosphorescence spectra of the solid-state Cnmim[Gd(tta)4] com
plexes showed that the T1 state (~18,700 cm− 1) is barely affected by the 
carbon chain size (n). However, the experimental intensity parameters 
Ωλ revealed some trends, although not very pronounced among the 
systems containing lower (n = 3 and 4) and higher (n = 6 and 7) 
numbers of carbons in [Cnmim]+. In particular, the higher QEu

Eu values 
found for the C7mim[Eu(tta)4] and C8mim[Eu(tta)4] complexes mainly 
reflect the significant decrease in the non-radiative rate (Anrad). A sys
tematic trend was not observed for the complexes in ionic liquid solu
tions. The high Ω2 values either for the solid or solution samples 
corroborate with the intensity of the 5D0→7F2 transition while the values 
of Ω4 (associated with the 5D0→7F4 transition) present more similarity 
among the series. The former has been demonstrated to be much more 

sensitive to angular variations (concerning Ω4 and Ω6), while Ω4 is more 
affected by the Ln–O bond length [71,78]. 

The intramolecular energy transfer rates (calculated using the JOY
Spectra program [44]) for the solid-state compounds showed that both 
channels via S1 and T1 are operative, providing rates in the order of 108 

s− 1. This behavior is not commonly observed in the literature [16,17], 
but it can be explained by the exceptional resonance between S1 and T1 
with the 5G2 and 5D0/5D1 levels of the Eu3+, respectively. It was 
demonstrated theoretically that the sensitization via T1 may change the 
contribution of the IET rates to 5D1,0 (starting from the 7F0,1) according 
to the T1 energy when n changes, as depicted in Fig. 7. 

The Eu3+ tetrakis complexes revealed, in general, relatively high 
intrinsic quantum yields. The C7mim[Eu(tta)4] presents the highest 
values of QEu

Eu = 90 and 86% in the solid-state and ionic liquid solution, 
respectively. In addition, all complexes present a highly red mono
chromatic emission either in a solid state or in solution as well as good 
thermal stability, being potential candidates for luminescent 
applications. 
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