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A B S T R A C T   

New tetrakis Lanthanide(III) carboxylate-based complexes (Ln3+: Eu and Tb) were successfully synthesized via a 
facile one-pot method with flufenamic acid (fluf) as ligand and benzimidazole (Bzim) or 1-ethyl-3-methylimida
zole (C2mim) as counterions. In addition, the Q[Tb(fluf)4] complexes (Q+: Bzim and C2mim) were doped into 
polymethylmethacrylate (PMMA), polystyrene (PS), polycaprolactone (PCL) and poly(9-vinylcarbazole) (PVK) 
polymeric matrices at a 1 % (w/w) concentration and revealed highly desirable photophysical features such as 
wide range excitation wavelengths for the PMMA and PCL matrices and a very uncommon emission under 
sunlight exposure arising from the Tb3+ ion for the PMMA material. Thus, the tetrakis compounds with general 
formula Q[Ln(fluf)4] were characterized by elemental and thermal analysis, ESI-MS mass spectrometry, and FTIR 
absorption spectroscopy. The PMMA:(1 %)Q[Tb(fluf)4] doped films revealed higher thermal stability than the 
complexes. The tetrakis Eu3+ complex with Bzim as counterion shows no luminescence either for room or low 
temperature due to a highly operative low-lying ligand to metal charge transfer (LMCT) state quenching, while 
the corresponding C2mim-based analogous complex reveals some weak intensity emission, showing very low 
intrinsic quantum yield (QEu

Eu) values. On the other hand, the corresponding Tb3+ compounds presented bright 
green emission for the solid-state complexes and, particularly, for the PMMA:(1 %)Q[Tb(fluf)4] doped films 
when excited at UVA, UVB, and UVC radiation. Moreover, when the doped PMMA films are exposed to sunlight 
radiation in an open external environment, a bright green emission arising from the 5D4 → 7F5 transition from the 
Tb3+ ion can be seen. In this way, these optical results suggest that the PMMA:(1 %)Q[Tb(fluf)4] luminescent 
photonic materials can act as versatile and efficient light-converting molecular devices (LCMDs).   

1. Introduction 

The luminescent properties of the trivalent lanthanide ions (Ln3+) 
are profoundly dependent on their distinguished energy level structures. 
Thus, the interest in such metal ions has been increasing over the last 
decades for several photonic applications in different areas like tem
perature sensors [1,2], optical markers [3,4], biomedicine [5,6], hybrid 
materials [7,8], as well as luminescent solar concentrators (LSCs) 
[9–12]. In addition, spectroscopic features such as large relative Stokes 
shift, relatively long emission decay times, and line-like emission pro
files, enable Ln3+ ions to be also used as bioprobes, avoiding 

autofluorescence or scattering for instance in biological systems for 
time-resolved spectroscopy [13,14]. In this way, Near-UV (NUV) and 
visible excitable materials are both highly desirable features in terms of 
biomedical and technological applications such as light-emitting diodes 
(LEDs). In fact, Eu3+ luminescent materials [15,16] have been more 
applied due to their intrinsic optical probe-like feature, while Tb3+

compounds are significantly less used [11,17]. Moreover, in general, the 
interest for light-converting metal complexes and, more specifically 
Ln3+-based organic-inorganic hybrid compounds has been increasing 
over the past few years [18–23]. 

It is noteworthy that the intraconfigurational 4 f transitions are 
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parity (Laporte) forbidden and, in this way, present rather low absorp
tivity coefficients. On the other hand, Weissman’s study [24] in 1942, 
revealed that this spectroscopic disadvantage could be overcome by 
employing organic ligands that can absorb incoming radiation and 
transfer it to the Ln3+ ion. Thus, one of the most common organic 
ligand-to-Ln3+ metal ion (L → Ln3+) intramolecular energy transfer 
(IET) mechanisms involves the absorption of light by the organic moiety 
(in the case of coordination compounds) from the ground to an excited 
singlet state (S0 → Sn) [25]. Subsequently, the energy is transferred by 
intersystem crossing (ISC) to a lower triplet state (S1 →T1). Finally, the 
T1 state non-radiatively transfers the energy to the Ln3+ emitting level, 
which usually exhibits light in the visible or near-infrared regions ac
cording to their energy level structure [26–28]. This luminescence 
process does not exclude possible energy transfer directly from the 
ligand singlet state to the Ln3+ ion. Nevertheless, competitive deacti
vation processes such as vibronic coupling with high energy oscillators 
like C-H, N-H, and mainly O-H, or even ligand to metal charge transfer 
(LMCT) states can depopulate the main Ln3+ emitting levels affecting 
strongly photoluminescent properties such as decay time and emission 
quantum yield [29–31]. 

Therefore, to prevent luminescence quenching by H2O molecules 
commonly present in the tris species, tetrakis complexes Q[Ln(L)4], Q: 
counterion, and L: organic ligand [25], can be designed in which a 
fourth organic ligand replaces the coordinated water molecules. More
over, the tetrakis species usually present improved properties when 
compared with the correspondent tris ones with the same ligand, such as 
higher thermal and chemical stabilities as well as higher luminescence 
intensity [32]. 

Polymers usually present interesting features like mechanical 
strength, relative ease and low cost of production, flexibility, and 
versatility [8,33]. Their uses comprise industries [34], technology [34, 
35], medicine [36,37], and agriculture [38,39]. Among them, poly
methylmethacrylate (PMMA) is one of the most widespread kinds of 
synthetic polymer matrix that is employed mainly due to its excellent 
mechanical and spectroscopic properties [8], high light transmittance, 
chemical resistance, and low optical absorption in the visible range [7]. 
Additionally, other kinds of polymers including polystyrene (PS), poly
caprolactone (PCL) and poly(9-vinylcarbazole) (PVK) can also find 
specific applications in different areas such as building materials, elec
tronics, protective packing [40], 3D-printing, biomedicine (bone 
remodeling) [41], smart windows [42], OLEDs [43], energy storage 
devices and sensors [44]. Furthermore, hybrid materials formed by the 
doping of luminescent Ln3+-complexes into polymeric matrices can 
generate or improve photonic properties due to their synergic effects 
arising from chemical interactions [8,43,45]. 

The organic ligand N-(3-[trifluoromethyl]phenyl)anthranilic acid, 
also known as flufenamic acid (Hfluf), is a derivative of the fenamic acid 
and belongs to the so-called non-steroidal anti-inflammatory drugs 
(NSAIDs). This class of pharmaceuticals is readily available for reason
able costs with analgesic, anti-inflammatory, antipyretic, and even anti- 
cancer activity [46–50]. Recently, a series of fenamic acid derivatives 
coordinated to Ln3+ ions received particular attention and among them, 
flufenamate (Fig. 1a) was demonstrated to be the most luminescence 
efficient when coordinated to the Tb3+ ion [11,51,52]. 

Herein, we report the synthesis, characterization, and photo
luminescence study of tetrakis Ln3+ flufenamate (Eu3+ and Tb3+) co
ordination compounds with C2mim (Fig. 1b, left) and Bzim (Fig. 1b, 
right) as counterions. Furthermore, the tetrakis Tb3+-flufenamate com
plexes were doped into polymeric matrices (PMMA, PS, PCL, and PVK) 
in a 1 % weight concentration. The terbium complexes and the doped 
polymeric materials showed a remarkable excitation range in the NUV- 
Vis region (along UVA, UVB, and UVC) or under sunlight exposure (for 
the PMMA films), which is a rather uncommon phenomenon for Tb3+- 
containing materials, as recently pointed by our research group [11]. 

Also, it is noteworthy that Ln3+-tetrakis species based on carboxylate 
ions are very scarce in the literature [53–55], possibly due to the 

inherent tendency of this organic group to form coordination polymers 
[56–60]. Besides the synthesis of uncommon Ln3+ tetrakis carboxylate 
systems, we aim to achieve a deeper understanding of the sunlight 
exposure optical phenomenon when the Tb3+-based tetrakis complexes 
are embedded in different polymeric matrices for potential applications. 

2. Materials and methods 

2.1. Preparation of the Q[Ln(fluf)4] complexes and doped polymeric 
films 

2.1.1. Synthesis of the Q[Ln(fluf)4] complexes 
Hfluf ligand, Bzim, and C2mimBr reactants were used without 

further purification. Eu(NO3)3•5 H2O were synthesized according to the 
literature [61] by dissolving the Eu2O3 in concentrated HNO3 with heat 
until pH ~ 6. The mixture was filtered, and the solvent evaporated 
leading to a crystalline solid that was dried and stored in a desiccator 
under reduced pressure. On the other hand, although the Tb 
(NO3)3•5 H2O was synthesized similarly, it is noteworthy that, once 
Tb4O7 is a mixed oxide, hydrogen peroxide H2O2 must be added to the 
mixture for the reduction of the Tb4+ to Tb3+ species, until obtaining a 
homogeneous system. 

The fluf ligand was previously neutralized in isopropanol (i-PrOH) 
with a concentrated NH4OH aqueous solution and reacted with the Ln3+

ion and counterion (Bzim or C2mimBr) in a 5:1:1 ratio. The Ln3+ tetrakis 
flufenamate complexes were obtained by the dropwise addition of a Ln 
(NO3)3•5 H2O aqueous solution to a mixture of the previous deproto
nated ligand and the corresponding counterion source. The resulting 
solution was stirred at 80 ºC, yielding a solid after the almost complete 
evaporation of the solvent. The final product was then filtered off, 
washed with cold i-PrOH and distilled H2O, and stored under reduced 
pressure. The Ln3+ tetrakis flufenamate complexes with general formula 
Q[Ln(fluf)4], where Q stands for C2mim and Bzim counterions are 
insoluble in water, but soluble in organic solvents such as methanol, 
ethanol, isopropanol (hot), acetone, dimethylsulfoxide (DMSO), petro
leum ether, and chloroform. 

2.1.2. Synthesis of the doped films polymer:(1 %)Q[Tb(fluf)4] 
The PMMA, PS, PCL, and PVK polymeric films doped with the Tb3+

tetrakis flufenamate complexes were obtained using CHCl3 as solvent. 
Firstly, 500 mg of the corresponding polymer was dissolved in 50 mL of 
CHCl3 at 60 ºC. After, 5 mg of Q[Tb(fluf)4] was added to the mixture to 
obtain a 1 % solution (w/w). Subsequently, the homogeneous mixture 
was heated and stirred for 1 hour and poured into a Petri dish and the 

Fig. 1. Molecular structures of a) flufenamate anion ligand and b) C2mim and 
Bzim counterions. 

I.P. Assunção et al.                                                                                                                                                                                                                             



Journal of Alloys and Compounds 1002 (2024) 175319

3

excess of solvent was removed at 60 ºC, yielding the doped polymeric 
system. The doped films containing the tetrakis Tb3+ complexes pre
sented bright green color emission under irradiation in the UVA, UVB, 
and UVC ranges at 405, 310, and 254 nm, respectively as well as when 
exposed to sunlight irradiation, for the PMMA films. 

2.1.3. Methods 
The elemental analyses of the lanthanide complexes were performed 

in Perkin-Elmer CHN 2400 instruments. The ESI-MS spectra were 
recorded in a Bruker Daltonics Microtof Mass Spectrometer with ESI 
source and TOF detection, using a 4500 V electrospray ionization source 
underflow of hot N2 gas (180◦C, 4 L min− 1) and the solid sample was 
dissolved in MeOH. FTIR spectra were measured in ATR mode with a 
Perkin-Elmer Frontier spectrometer from 4000 to 600 cm− 1 with a 
spectral resolution of 4.0 cm− 1 using a LiTaO3 detector and a total of 20 
scans. The thermogravimetric analysis (TG) was performed from 30 to 
900 ◦C on a 2950 TGA HR V5.4 A under a dynamic synthetic air at
mosphere of 50 cm3⋅min− 1 with a constant heating rate of 10◦Cmin− 1. 

The excitation and emission spectra of the Eu3+ and Tb3+ complexes 
in solid state at room temperature (~ 300 K) were recorded at an angle 
of 22.5◦ (front face) with a spectrofluorometer (Horiba Fluorolog 3) 
with a single grating between 0.5 and 2.0 mm monochromator 
(SPEX1680), and the excitation source was a 450 W Xenon lamp. All 
spectra were recorded using a detector mode correction. The emission 
spectra of the Q[Tb(fluf)4] complexes and the corresponding PMMA 
doped films under sunlight irradiation were recorded using an Optical 
Fiber (diameter 1 mm) connected to an Ocean Optics QE65000 spec
trometer with resolution up to 1 nm. The luminescence decay curves of 
the emitting levels of the Q[Tb(fluf)4] species were obtained at room 
temperature, using a phosphorimeter SPEX 1934D accessory coupled to 
the spectrofluorometer. 

3. Results and discussion 

The elemental analysis of the C, H, and N content of the Q[Ln(fluf)4] 
complexes, where Q: C2mim and Bzim, while Ln3+: La, Eu and Tb, 
revealed a metal-to-ligand ratio of 1:4, suggesting the formation of the 
lanthanide tetrakis species (Table S1). 

The ESI(+) MS data (Figure S1, S3) for the Q[Eu(fluf)4] complexes 
revealed peaks at m/z = 119.0611 (theor. m/z = 119.0609) and m/z =
111.0924 (theor. m/z = 111.0924) arising from the Bzim+ and C2mim+

cations, respectively, while the corresponding values for the Tb3+

complexes (Figure S5, S7) were m/z = 119.0607 (theor. m/z =
119.0607) and m/z = 111.0921 (theor. m/z = 111.0924) for the same 
counterions, respectively. The ESI(− ) MS showed peaks/signals/ions at 
m/z = 1273.1629 and m/z = 1273.1643 (theor. m/z = 1273.1554) for 
the [151Eu(fluf)4]- anionic species in the Bzim+ and C2mim+ complexes 
(Figure S2, S4), respectively. For the Tb3+ analogous complexes, were 
found the values m/z = 1279.1535 and m/z = 1279.1632 (theor. m/z =
1279.1595) for the [Tb(fluf)4]- anionic complex, respectively for com
plexes containing Bzim+ and C2mim+ as counterions (Figure S6, S8). 
These spectrometric results suggest thus, the formation of the Q[Ln 
(fluf)4] tetrakis species either for the Eu3+ or Tb3+ ions. The isotopic 
patterns suggest the formation of a 2•[Eu(fluf)4]− adduct during the 
ionization process (Figure S2, S4). The negative mode spectra for the 
Tb3+ complexes also show the formation of adducts but to a lesser 
extent. 

The thermogravimetric (TG) curves (Fig. 2) of the tetrakis Tb3+- 
flufenamate complexes were recorded in the temperature interval from 
30 to 900 ºC. It is noteworthy that PMMA:(1 %)Q[Tb(fluf)4] materials 
revealed the most promising optical properties among the polymers 
under consideration in this study, as will be discussed in the proper 
section. Thus, the thermal study of the polymers will be centered in the 
doped PMMA ones, and the measurements were carried out under the 
same experimental conditions as those of the Tb3+ complexes. 

It is noteworthy that a precise assignment of the released species 

along the thermal events, is an effortful task without a TG-MS equipment 
and is beyond the scope of this study. Thus, the aim of the thermogra
vimetric investigation is to obtain information about the thermal sta
bility of the complexes as well as the doped polymeric films. 

Concerning the terbium complexes Q[Tb(fluf)4], the one containing 
the C2mim+ counterion showed higher thermal stability in comparison 
with the Bzim+ based one (Fig. 2) for the first thermal decomposition 
event from 30 to 120 ºC, possibly due to stronger intermolecular in
teractions arising from the alkyl side chains of the C2mim+ group that is 
less likely in the Bzim[Tb(fluf)4] complex. In general, for both tetrakis 
species, the thermal decomposition path occurs in three overlapped 
steps. The first one takes place from 40 to 250 ºC and accounts for the 
loss of ~28 and ~51 %, while in the second decomposition step from 
225 to 400 ºC, the mass loss corresponds to ~45 and 28 % for the C2mim 
and Bzim-based counterions, respectively. Finally, the last thermal event 
accounts for 14 and 11 % of mass loss in the 460–625 ºC interval for both 
systems. Considering the remaining mass, the residue product is possibly 
the mixed terbium oxide, Tb4O7, independently of the counterion. It is 
noteworthy that the mass loss values and the decomposition pathway 
are significantly different from the previously reported TG curves for the 
corresponding tris species [11]. The polymeric films doped with the 
Tb3+ complexes revealed higher thermal stability when compared to the 
complexes in the solid state (Fig. 2). 

FTIR absorption spectra of the Bzim[Tb(fluf)4] complexes (Figure S9, 
left) revealed two middle-intensity peaks at 3490 and 3295 cm− 1 

attributed to N – H stretching mode from the bridge secondary amine 
group. Considering that the Hfluf free ligand showed the corresponding 
N – H vibrational mode at 3325 cm− 1, the shift of this frequency towards 
a higher wavenumber suggests the coordination of the N atom to the 
Ln3+ ion in contrast with other fenamate tris species [51,61–63], but in 
good agreement with other carboxylate-based tetrakis species contain
ing an N or O atom close to the COO- group [55]. It seems reasonable to 
assume the participation of a neighboring atom, such as the N in the 
flufenamate ligand, once it leads to the formation of a more stable 
6-member ring upon the coordination to the metal ion, instead of a high 
energy 4-member ring formed in a “purely” carboxylate coordination. 
Also, the absorption band at 3295 cm− 1 can be assigned to a NH group 
from a polymorphic form of the flufenamate anion [64,65]. Neverthe
less, it is possible to observe that the N – H mode is overlapped with a 
broad band from 3700 to 3100 cm− 1 for the C2mim[Tb(fluf)4] complex 
(Figure S9, right), suggesting the formation of hydrogen bonding in
teractions involving the C2mim+ counterion, once no similar feature is 

Fig. 2. TG curves of the Q[Tb(fluf)4] complexes, their corresponding PMMA 
doped films at 1 % (w/w), and the undoped PMMA polymer. All data were 
obtained under a dynamic synthetic air atmosphere, of 50 cm3⋅min− 1 with a 
constant heating rate of 10 ºC⋅min− 1 from 30 to 900 ºC. 
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observed for the Bzim+-based compound. In addition, the strong ab
sorption peaks from 3100 to 2800 cm− 1 in the C2mimBr free species 
were almost completely suppressed, suggesting that the C2mim+ species 
is involved in new chemical interactions. Such experimental observation 
corroborates with the thermogravimetric data that could confirm the 
higher thermal stability of the C2mim+-based complex. The 
high-intensity peak at 1660 cm− 1 in the Hfluf ligand is no longer seen in 
the Q[Tb(fluf)4] complexes. Conversely, in the coordination com
pounds, two new bands are observed at around 1610 and 1400 cm− 1 

corresponding, respectively, to the asymmetric (νas) and symmetric (νs) 
stretching modes of the carbonyl group, suggesting, thus, its effective 
coordination to the Ln3+ ion. The difference between the νas and νs 
modes, i.e. Δν, the comparison between this value for the solid-state 
complexes and a corresponding Na+ or K+ salt gives information 
about the carbonyl group coordination mode [66]. Hence, once the Δν 
for the complexes is lower but very close to the corresponding value for 
the Nafluf salt, it is possible to infer that the flufenamate ligand is co
ordinated to the Ln3+ ion via a bridge-type or chelate-type coordination 
mode, as observed for the tris species [11,51,52]. 

4. Luminescence study 

4.1. Photoluminescence investigation of europium tetrakis complexes Q 
[Eu(fluf)4] 

To investigate the origin of the distinguishing yellowish color of the 
Q[Eu(fluf)4] (Q+: Bzim and C2mim) in contrast with the whitish powder 
for the analogous systems containing other Ln3+ ions such as La3+ or 
Tb3+, the diffuse reflectance spectra of the Eu3+ complexes and the 
corresponding La3+-based ones were recorded at room temperature 
from 300 to 800 nm (Fig. 3a,b). 

As one can see, there is a broad and intense band in the Q[Eu(fluf)4] 

spectra that is absent in the Q[La(fluf)4] (Fig. 3a,b) and the arithmetic 
difference between each of the points in the Eu3+ complexes spectra and 
the corresponding La3+ ones corresponds to a ligand-to-metal charge 
transfer state (LMCT) observed in the Eu3+ complexes (green curve in 
the inset in Fig. 3a,b) and is the main responsible for the yellowish color 
of these materials (Fig. 3c-f), conversely to the La3+-based analogues. 
Such optical data are in good agreement with previous results for cor
responding tris Ln3+ flufenamates [11]. The fact that only the C2mim[Eu 
(fluf)4] complex presents some emission intensity, is an indication of a 
less operative quenching by the LMCT state, due to the higher energy of 
the LMCT transition. In this way, the complex containing the C2mim+

counterion presents a lesser luminescence quenching contribution that 
is corroborated by its fainter yellowish color when compared to those of 
the Bzim[Eu(fluf)4] (Fig. 3c-f) and [Eu(fluf)3(H2O)] complexes [11]. 

Differently from the tetrakis terbium complexes Q[Tb(fluf)4], the 
corresponding Eu3+ ones are practically non-luminescent at room tem
perature. The excitation spectra of the Q[Eu(fluf)4] complexes (Q+: 
Bzim and C2mim) were recorded at 300 K (Fig. 4a) and low temperature 
(Fig. 4b) from 250 to 525 nm monitoring the emission at Eu3+ hyper
sensitive transition 5D0 → 7F2 (~ 617 nm). The excitation spectra 
revealed a broad band from 350 to 425 nm assigned to the intraligand S0 
→ S1 transition with moderate intensity and a narrow peak at 464 nm 
arising from the 7F0 → 5D2 transition of the Eu3+ ion. It is noteworthy 
that the excitation spectra of the [Eu(fluf)3(H2O)] complex do not 
exhibit excitation bands (Fig. 4a-b, black line). 

The excitation spectra of the tetrakis species are significantly 
different from each other at 300 K, but similar at low temperature, and 
the C2mim[Eu(fluf)4] complex showed higher relative excitation in
tensity than the Bzim[Eu(fluf)4] (Fig. 4a,b) in the 300–425 nm range. 
Due to the operative LMCT energy transfer of the Q[Eu(fluf)4] com
plexes, the excitation band intensities centered on the organic ligand in 
the Eu3+ complexes are significantly lower than those of the 

Fig. 3. Diffuse reflectance spectra of the Q[Ln(fluf)4] compounds, where Q+: Bzim (a) and C2mim (b), while Ln: La3+ (blue line) and Eu3+ (red line) registered at 
room temperature (~ 300 K). The inset figure shows the LMCT band (green curves) generated by the arithmetic difference between the Eu3+ and La3+ spectra. The 
photographs correspond to the Eu3+ tetrakis complexes with Bzim+ (c) and C2mim+ (e) countercations (yellowish powders), while the corresponding La3+-based ones 
are depicted in (d) and (f) for the same countercations (whitish powders), respectively under ambient light. 
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corresponding Tb3+ ones. Moreover, the complete absence of excitation 
bands in the tris [Eu(fluf)3(H2O)] complex (Fig. 4a,b, black line) is due 
to the operative LMCT states for depopulating both ligand states and 
Eu3+ levels as reported in reference [11]. 

The emission spectra of the Q[Eu(fluf)4] compounds (Q+: C2mim and 
Bzim) and the corresponding tris species were recorded from 550 to 
750 nm with excitation centered on the Eu3+ ion at 464 nm under room 
temperature and 77 K (Fig. 4c,d). In general, the low-temperature 
spectra of the tetrakis species with the same counterion presented a 

slightly higher emission intensity than the room temperature measure
ment, better spectral resolution and the electric dipole hypersensitive 
5D0 → 7F2 transition (~ 617 nm) [14] was the most intense for both 
temperatures. It is noteworthy that the emission spectra of the Eu3+

complexes were also registered with excitation at 410 nm, but the 
relative intensity of the emission bands were comparatively lower than 
those obtained when excited at 464 nm and were thus not shown. 

Interestingly, the C2mim[Eu(fluf)4] complex showed significantly 
higher intensity than the corresponding Bzim+-based complex, 

Fig. 4. Excitation spectra of the solid-state Q[Eu(fluf)4] complexes, where Q = Bzim+ and C2mim+ recorded under room temperature (a) and 77 K (b) in the 250 – 
525 nm range monitoring the emission at the 5D0 → 7F2 transition (λem. = 617 nm) of the Eu3+ ion. Emission spectra of the solid-state Q[Eu(fluf)4] complexes, where 
Q+: Bzim and C2mim recorded under room temperature (c) and 77 K (d) in the 550 – 750 nm range with excitation at 464 nm centered on the Eu3+ ion. 
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suggesting a possible participation of the counterion in the energy 
transfer process. In fact, the presence of the C2mim+ and Bzim+ coun
terions in the tetrakis compounds seems to play a role in the coordina
tion geometry around the Eu3+ ion, contributing to the relative energy 
position of the LMCT state. The relative position of the LMCT band of the 
tetrakis Eu3+-based complexes seems to be temperature-dependent, as 
already observed for other systems [67–69] including hydrated and 
tris-substituted Eu3+ flufenamates [11]. 

The experimental intensity parameters (Ω2 and Ω4) values for the 
solid-state C2mim[Eu(fluf)4] complex (Table 1) were calculated ac
cording to Eq. 1 since this Eu3+ complex is the only one that presents 
sufficient emission intensity: 

A0→λ =
4ω3e2χ
3ℏc3 Ωλ

⃒
⃒〈5D0

⃒
⃒
⃒
⃒U(λ)

⃒
⃒
⃒
⃒ 7Fλ〉

⃒
⃒2 (1)  

for which ω is the angular frequency of the transition, e is the elementary 
charge, χ is the Lorentz local field correction factor, ℏ is the reduced 
Planck constant and c is the speed of light. The quantities 
⃒
⃒〈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 [70, 
71]. 

The values for χ were determined using n = 1.5 [72] as the index of 
refraction. It is noteworthy that recent studies revealed a higher sensi
tivity of the Ω2 parameter to even small angular variations, while the Ω4 
values are more sensitive to the distance variations between ligand atom 
and Eu3+ ion [73,74]. 

The experimental values for the spontaneous emission coefficients 
(A0→J) related to the 5D0 → 7F1,2,4 transitions of the Eu3+ ion were 
determined using Eq. 2 [26,71,75] from the emission spectra of the 
C2mim[Eu(fluf)4] compound: 

A0→J =

(
S0→J

S0→1

)

A0→1 (2)  

where S0→1 and S0→J stands for the areas under the emission curves of 
the 5D0 → 7F1 and 5D0 → 7F2,4, respectively [75]. Moreover, once the 5D0 
→ 7F1 transition is almost completely governed by the magnetic dipole 
(MD) mechanism and its intensity is practically insensitive (n = 1.5, 
A0→1 ~ 50 s− 1) [75] to the chemical environment around the Eu3+ ion, 
such transition is frequently used as an internal reference to obtain the 
A0→J values. 

The intrinsic emission quantum yield (QEu
Eu) [72,75] 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). 
In addition, Eq. 4 [72] shows the relationship between Atotal rate and the 
emitting 5D0 level lifetime (τobs) in which the τobs values were calculated 
from their luminescence decay curves. By its turn, such curves were 
obtained by monitoring the emission at the 5D0 → 7F2 transition 
(617 nm) under excitation at the 7F0 → 5D2 transition (464 nm) at 300 
and 77 K. 

QEu
Eu =

Arad

Arad + Anrad
(3)  

τ464 =
1

Arad + Anrad
=

1
Atotal

(4) 

The values of the Ω2 and Ω4 intensity parameters of the C2mim[Eu 

(fluf)4] complex were obtained at 300 and 77 K (Table 1). On the other 
hand, the corresponding data for the Bzim[Eu(fluf)4] complex were not 
calculated due to the absence of luminescence at both temperatures. 

The Ω2 parameter is relatively small and reflects the low intensity of 
the 5D0 → 7F2 hypersensitive transition of the Eu3+ ion. In addition, the 
value under 77 K is slightly higher than at 300 K, suggesting a higher 
angular variation around the Eu3+ ion as the temperature decreases. The 
Ω4 values, on the other hand, are practically the same, and thus, one can 
infer that the Eu3+ - L bond distances are almost unaffected by the 
change in temperature. It is worth mentioning that the Ω4 values for the 
tetrakis complex under consideration in this investigation is very similar 
to the values found in the ternary tris ones reported by our group [11], 
indicating the major contribution of the fluf anion to ligand to metal 
bond distances. We should note that the measured Ω4 value at room 
temperature differs from that at 77 K due to the difficulty in the detec
tion of the 5D0 → 7F4 transition. 

Concerning the values of the Arad rate under both temperatures, only 
a small effect is observed upon cooling down, once the values are 
essentially the same (Table 1). Conversely, the Anrad rate is significantly 
affected by lowering the temperature due to a decrease in vibronic 
contributions with high energy oscillators like C–H, N–H, and mainly 
O–H [15,76] and a decrease in the luminescence quenching due to the 
LMCT state. Table 1 also reveals a consequent increase in the emission 
lifetime value as the temperature decreases, reinforcing the role of the 
LMCT state as an efficient suppressing channel. 

Finally, a higher intrinsic quantum yield value at low temperature 
(QEu

Eu = 32 %) when compared to that recorded at room temperature 
(QEu

Eu = 5.4 %) is due to the lower nonradiative contribution of Anrad 
(1030 s− 1) at 77 K. Once again, these spectroscopic results are close to 
those found for the tris species [11] and point out that flufenamate ion is 
the main responsible for the optical features of these materials. 

4.2. Photoluminescence study of terbium complexes Q[Tb(fluf)4] and the 
doped polymeric films 

The photophysical properties were investigated by the excitation 
spectra of the tetrakis Q[Tb(fluf)4] (Q: Bzim+ and C2mim+) and the tris 
[Tb(fluf)3(H2O)] complexes doped in PMMA, PCL, PS, and PVK poly
meric films (Fig. 5a-c). These spectra were recorded at room tempera
ture (~ 300 K) in the 250–525 nm range monitoring the emission at the 
5D4 → 7F5 transition of the Tb3+ ion (543 nm). 

When we consider the tetrakis and tris Tb3+ complexes (Fig. 5a), 
their optical data reveal intense and broad excitation bands in the UVA, 
UVB, and UVC ranges centered at the organic ligand and assigned to the 
S0 → Sn transitions of flufenamate anion. The excitation bands exhibit 
similar spectral profiles, although, when one compares the excitation 
band of the tetrakis species with the analogous tris one (Fig. 5a), the 
former showed a slight broadening to longer wavelengths. 

The excitation spectra of the polymeric films doped with the Q[Tb 
(fluf)4] (Fig. 5b,c) and [Tb(fluf)3(H2O)] (Figure S10) also present 
intense broad bands centered on the organic ligand and similar spectral 
profiles either for the tris or the tetrakis compounds. Moreover, the PS- 
and PVK-based materials show notably even broader excitation range, 
up to 440 nm when doped with C2mim[Tb(fluf)4] complex (Fig. 5c) and 
450 nm for the doped films containing the tris [Tb(fluf)3(H2O)] species 
(Figure S10). Nevertheless, in the PMMA-based film doped with the tris 
species, the coordinated H2O molecule is possibly released and replaced 

Table 1 
Experimental intensity parameters (Ω2.4), radiative (Arad) and non-radiative (Anrad) decay rates, emission lifetime (τ464), and intrinsic quantum yield (QEu

Eu) of the solid- 
state C2mim[Eu(fluf)4] complex determined at 300 and 77 K.  

Eu3+-Complex/ T(K) Ω2 

(10− 20 cm2) 
Ω4 

(10− 20 cm2) 
Arad 

(s− 1) 
Anrad 

(s− 1) 
Atotal 

(s− 1) 
τ 
(ms) 

QEu
Eu (%) 

C2mim[Eu(fluf)4] (300 K)  12.8  2.8  335  5876  6211  0.161  5.4 
(77 K)  10.4  7.1  332  697  1030  0.971  32  
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by the polymeric matrix via carbonyl groups as previously observed for 
other doped PMMA materials [33]. 

Emission spectra of the tris [Tb(fluf)3(H2O)] and tetrakis Q[Tb 
(fluf)4] complexes (Fig. 6a) and the respective PMMA, PCL, PS, and PVK 
doped films with Bzim[Tb(fluf)4] and C2mim[Tb(fluf)4] (Fig. 6b, c, 
respectively) were registered in the 475–700 nm range with excitation 
at the ligand band (390 nm) at 300 K. Concerning either the tris or the 
tetrakis complexes, all emission spectra revealed no broad bands arising 
from the organic moiety, suggesting an efficient L → Tb3+ energy 
transfer. Therefore, only narrow emission peaks are observed and were 
assigned to the 5D4 → 7F6–3 intraconfigurational transitions centered on 
the Tb3+ ion, i.e., 5D4 → 7F6 (489 nm), 7F5 (543 nm), 7F4 (585 nm) and 
7F3 (621 nm). The 5D4 → 7F5 transition is invariably the most intense 
and the main responsible for the bright green emission arising from the 

complex and the doped films. Moreover, such transition, that possess a 
electric and magnetic dipole nature, showed different spectral profiles 
for each Tb3+-based species (notably for the C2mim-containing one), 
suggesting different chemical environments around the metal ion. 

In addition, their spectral profiles (Fig. 6a), and the relative emission 
intensities for each complex are different, suggesting unique chemical 
environments around the Tb3+ ion. Qualitatively, it is possible to 
observe that for the Q[Tb(fluf)4] compounds, there is an influence of the 
counterion upon the coordination geometry. These observations rein
force the formation of the tetrakis complexes, conversely to the tris one. 

The emission spectra of the PMMA, PCL, PS, and PVK films doped 
with the tris [Tb(fluf)3(H2O)] (Figure S11) and tetrakis Q[Tb(fluf)4], 
where Q: Bzim+ (Fig. 6b) and C2mim+ (Fig. 6c), showed that emission 
bands for the doped materials are broader than the corresponding 

Fig. 5. Excitation spectra of the solid-state Q[Tb(fluf)4] and [Tb(fluf)3(H2O)] complexes (a) and the corresponding polymeric films doped at 1 % (w/w) with the Q 
[Tb(fluf)4], where Q = Bzim+ (b) and C2mim+ (c). All spectra were recorded at room temperature in the 250 – 525 nm range monitoring the emission at the 5D4 → 
7F5 transition (λem. = 543 nm) of the Tb3+ ion. 

Fig. 6. Emission spectra of the tris [Tb(fluf)3(H2O)] and tetrakis Q[Tb(fluf)4] complexes (a), as well as the corresponding polymer films doped at 1 % (w/w) with the 
Q[Tb(fluf)4], where Q: Bzim+ (b) and C2mim+ (c). All spectra were recorded at 300 K in the 475 – 700 nm range with excitation at 390 nm. 
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complexes. In general, no broad emission bands arising from the organic 
moiety can be seen for any of the polymers doped with tetrakis species, 
while the PVK- and mainly PS-based systems doped with the tris Tb3+

complex revealed some contribution arising from the polymer matrix 
(Figure S11). 

Comparatively, among the doped polymers, those containing the 
Bzim[Tb(fluf)4] complex (Fig. 6b), revealed the better energy transfer 
process and the most intense emission bands, while the matrices doped 
with the C2mim[Tb(fluf)4] and [Tb(fluf)3(H2O)] species (Fig. 6c and 
S11) revealed to be comparatively less efficient. 

The doped polymers were also excited by sunlight irradiation and 
their emission spectra were recorded at room temperature (Fig. 7a-c). In 
the case of the emission spectra of the doped PCL, PS, and PVK films, 
either the tris or tetrakis complexes, all of them revealed essentially 
exclusively the background broad emission bands arising from the 
sunlight, and no narrow peaks from the Tb3+ ion were observed. On the 
other hand, the doped PMMA polymer films exhibit narrow emission 
peaks originating from the 5D4 → 7F6–3 transitions of the Tb3+ ion 
(Fig. 7a-c). In addition, these photoluminescent data suggest that the 
tetrakis-based PMMA:(1 %)Bzim[Tb(fluf)4] material is the best candi
date for excitation at UVA, UVB and UVC regions, as well as for exci
tation under sunlight exposure, due to the absence of the solar 
background radiation from the emission spectrum (Fig. 7c). 

In addition, the emission decay lifetimes of the doped polymers with 
the tetrakis Tb3+-complexes increase in the following order PVK < PS <
PCL < PMMA (Table S2). The highest values were invariably shown by 
the materials doped with the Bzim[Tb(fluf)4] complex, while the lowest 
ones were found for the tris [Tb(fluf)3(H2O)]-doped species. Based on 
these observations, one can infer that, irrespective of the polymeric 
matrix, the Bzim[Tb(fluf)4] species possibly present the most strong 
interactions with the host material, leading to the higher lifetime values 
found in this investigation. Also, the lack of a fourth fluf ligand around 
the Tb3+ ion could explain the fact of the tris species presents the lower 
lifetimes, no matter the host matrix constitution. 

The CIE (Commission Internationale l’Eclairage) chromaticity co
ordinates were determined based on the experimental emission spectra 
of the Q[Tb(fluf)4] complexes and their corresponding doped films, with 
excitation under 405 nm (UVA), 310 nm (UVB) and 254 nm (UVC), 
besides the exposure to the sunlight irradiation. Nevertheless, for the 
sake of clarity, Fig. 8 shows the results only for the doped PMMA and 

PCL films, while the diagram of PS and PVK polymers can be seen in 
Figure S12. 

The inset photographs in Fig. 8 and Figure S12 were taken with a 
digital camera and show the green emission of the doped polymeric 
materials under excitation at different wavelengths and when irradiated 
by the sunlight in an open external environment (in the case of the 
PMMA matrix). As can be seen, the luminescence is rather high for the 
PMMA and PCL polymers (Fig. 8), while is significantly less intense for 
the PS and PVK-based materials (Figure S12), when these materials are 
excited at 405 nm (UVA), 310 nm (UVB) and 254 nm (UVC). In general, 
the x,y coordinates (Table S3) can be seen in the green region with some 
slight deviations to the yellowish including the points assigned to the 
sunlight irradiation spectra due to the background solar contribution in 
a similar manner of previously observed for other Tb3+ flufenamate 
complexes [11]. 

5. Conclusions 

The Q[Ln(fluf)4] complexes (Q+: Bzim and C2mim) (Ln3+: Eu and Tb) 
and the corresponding Tb3+ doped films at 1 % (w/w) with PMMA, PCL, 
PS, and PVK polymer films were successfully prepared and character
ized. The thermal stability of the complexes was improved upon doping 
in the PMMA polymeric matrix. The C2mim[Eu(fluf)4] complex revealed 
a weak luminescence either at room temperature or 77 K, which can be 
attributed to the presence of an operative LMCT state that quenches the 
emission from the Eu3+ ion. In addition, the higher emission intrinsic 
quantum yield (QEu

Eu) showed a significant increase of about five times as 
the temperature decreased. On the other hand, for the Bzim[Eu(fluf)4] 
compound luminescence intensity is completely suppressed by the 
LMCT state. It is noteworthy that, the Bzim[Eu(fluf)4] complex showed a 
higher intensity yellow color to the naked eye, under ambient light when 
compared to the C2mim+ analogous, which arises from the lower LMCT 
energy relative position of the former that present consequently, abso
lutely no emission under 300 or 77 K. 

The photophysical data showed that all the doped films with the Q 
[Tb(fluf)4] complexes can be excited over a large range of wavelengths 
comprising the UVA (405 nm), UVB (310 nm), and UVC (254 nm) re
gions, exhibiting particularly strong emission for the PMMA and PCL- 
based doped polymers arising from the 5D4 → 7F6–3 transitions of the 
Tb3+ ion. Besides, the PMMA:(1 %)Q[Tb(fluf)4] materials showed a 

Fig. 7. Emission spectra of the doped films with the tris [Tb(fluf)3(H2O)] (a) and tetrakis Q[Tb(fluf)4] complexes, where Q: C2mim+ (b) and Bzim+ (c). All spectra 
were recorded at 300 K in the 450 – 700 nm range under excitation by the sunlight exposing the films in an open external environment. 
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remarkable green emission when the films were exposed to sunlight 
radiation in an open external environment. In this way, the doped 
polymers were revealed to be versatile photonic materials with a wide 
excitability range, including near UV and beyond, and with possible 
different applications such as bioprobes, and light-converting molecular 
devices (LCMDs). 
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[26] G. de Sá, O.L. Malta, C. de Mello Donegá, A.M. Simas, R.L. Longo, P.A. Santa-Cruz, 
et al., Spectroscopic properties and design of highly luminescent lanthanide 
coordination complexes, Coord. Chem. Rev. 196 (2000) 165–195, https://doi.org/ 
10.1016/S0010-8545(99)00054-5. 

[27] O.L. Malta, Ligand—rare-earth ion energy transfer in coordination compounds. A 
theoretical approach, J. Lumin 71 (1997) 229–236, https://doi.org/10.1016/ 
S0022-2313(96)00126-3. 

[28] G.E. Buono-core, H. Li, B. Marciniak, Quenching of excited states by lanthanide 
ions and chelates in solution, Coord. Chem. Rev. 99 (1990) 55–87, https://doi.org/ 
10.1016/0010-8545(90)80060-7. 

[29] W.M. Faustino, G.F. de Sá Intramolecular energy transfer through charge transfer 
state in lanthanide compounds: A theoretical approach Intramolecular energy 
transfer through charge transfer state in lanthanide compounds: A theoretical 
approach 2005;54109. https://doi.org/10.1063/1.1830452. 

[30] G.A. Crosby, R.E. Whan, J.J. Freeman, Spectroscopic studies of rare earth chelates, 
J. Phys. Chem. 66 (1962) 2493–2499, https://doi.org/10.1021/j100818a041. 

[31] R.E. Whan, G.A. Crosby, 1962_Luminescence studies of rare earth complexes: 
benzoylacetonate and dibenzoylmethide chelates, J. Mol. Spectrosc. 8 (1962) 
315–327, https://doi.org/10.1016/0022-2852(62)90031-0. 

[32] R.D. Adati, J.H.S.K. Monteiro, The influence of different ammonium cations on the 
optical properties of tetrakis Gd, J. Braz. Chem. Soc. 30 (2019) 1707–1716, 
https://doi.org/10.21577/0103-5053.20190073. 

[33] J. Kai, M.C.F.C. Felinto, L. a O. Nunes, O.L. Malta, H.F. Brito, Intermolecular 
energy transfer and photostability of luminescence-tuneable multicolour PMMA 
films doped with lanthanide–β-diketonate complexes, J. Mater. Chem. 21 (2011) 
3796, https://doi.org/10.1039/c0jm03474f. 

[34] R. Brighenti, Y. Li, F.J. Vernerey, Smart polymers for advanced applications: a 
mechanical perspective review, Front Mater. 7 (2020) 1–18, https://doi.org/ 
10.3389/fmats.2020.00196. 

[35] W.S.P. Carvalho, M. Wei, N. Ikpo, Y. Gao, M.J. Serpe, Polymer-based technologies 
for sensing applications, Anal. Chem. 90 (2018) 459–479, https://doi.org/ 
10.1021/acs.analchem.7b04751. 
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