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[RE(TMA)] anhydrous complexes (RE3*: Y, Gd and Lu) present high red emission intensity with a
quantum efficiency (~45%) for the [Y(TMA):Eu®>*] complexes, due to the absence of non-radioactive
decay pathways mediated by water molecules. The complexes were prepared in mild conditions. All the
compounds are crystalline and thermostable up to 460 °C. Phosphorescence data of the complexes with
Y, Gd and Lu show that the T state of the TMA®~ anion has energy higher than the °D, emitting level of
the Eu®>* ion, indicating that the ligand can act as an intramolecular energy sensitizer. The photo-
luminescence properties of the doped materials were studied based on the excitation and emission
spectra and luminescence decay curves. The experimental intensity parameters (£2;), lifetimes (7),
radiative (A;aq) and non-radiative (Anraq) decay rates were determined and discussed.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the last decades, complexes containing carboxylate ligands
have been extensively used due to their great structural variety in
producing materials with large range of chemical properties and
applications such as selective markers for medical applications,
magnetic materials, gas storage, drug delivery, etc. [1-4].

Rare earth (RE) ions are used in applications like catalyzers and
permanent magnets in hybrid cars batteries [5,6]. In photonic science
these ions are very important due to their wide range of emissions,
from infrared to ultraviolet [7], for eg Nd>*, Eu®*, Gd3>*, Tb®*+ and
Tm>* ions which emit in the infrared, red, ultraviolet, green and blue
regions, respectively. Besides, RE ions are applied to electroluminescent
materials, persistent phosphors, structural probes, luminescent mar-
Kkers, display panels, etc. [8-11].

The luminescent properties of RE3* depend mostly on their
unusual energy level structure. The atomic character of the 4f
transitions is due to the shielding from the chemical environment by
the filled 5s and 5p sub-shells [12]. The 4f intraconfigurational
transitions are forbidden to first order by the Laporte rule. Therefore,
to overcome the small absorptivity coefficients, luminescence
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sensitizers are used to absorb and transfer energy efficiently to the
RE ions. This phenomenon is a key feature in design of luminescent
materials [13].

The Y3+ (4d°) and Lu** (4f™) jons exhibit no luminescence
originated from the 4f-4f transitions, Gd>* (4f’) ion have a large
energy gap (~32,000 cm~!) between the 8S;, ground state and the
first 6P7/2 excited state. In the RE>+-TMA (trimesic acid) complexes,
the energy level of the first triplet state (T;) of the ligand is around
24,000 cm~ !, which is above the emitting °Dg level of the Eu®* ion
(~17,000 cm~') [14], enabling the ligand-to-metal energy transfer,
involving also the °D, and °D; levels.

The [RE(TMA)] complexes containing La®>* to Eu** ions have
six water molecules and are anhydrous for compounds with Tb3+
to Lu>* ions (including Y3 ). In addition, the Gd**-complexes can
be obtained in both forms, this effect occurs due to the lanthanide
contraction. Since the presence of water molecules causes lumi-
nescence quenching, the [RE(TMA)] (RE3*: Y, Gd and Lu) com-
plexes can be used as host matrices resulting in the [RE(TMA):
Eu?*] systems, showing higher luminescence efficiency compared
to the hydrated complexes [14-17].

In this work the synthesis, characterization and optical prop-
erties of [RE(TMA):Eu®* (x mol%)] compounds (RE>*: Y, Gd and Lu;
x: 0.1, 0.5, 1.0, and 5.0 mol%) are reported. These highly lumines-
cent materials were prepared by a one-step synthesis in water. The
materials were characterized by elemental analysis, infrared
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spectroscopy (FTIR), thermogravimetry (TG/DTG), X-ray powder
diffraction (XRD) and scanning electron microscopy (SEM). The
photoluminescence properties were studied based on the excita-
tion and emission spectra, and luminescence decay lifetimes of the
emitting °Dy level of the Eu®>* ion. The experimental intensity
parameters (£2,), °Dy lifetime, emission efficiency (7), radiative
(Araq) and non-radiative (Anraq) decay rates and CIE color coordi-
nates (x, y) were also determined.

2. Experimental section

The RECI;-(H,0)s were obtained from their respective oxides
RE,0; (RE3*: Y, Eu, Gd and Lu>* - Cstarm, 99.99%) by reaction
with concentrated HCl. The aqueous solution of trimesic acid
(benzene-1,3,5-tricarboxylic acid - Sigma-Aldrich, 95%) was pre-
pared adding NaOH solution until pH reached ~6.0 [18].

The doped [RE(TMA):Eu®*] complexes (Eu*>* concentration of
0.1, 0.5, 1.0 and 5.0 mol%) were prepared by adding 50 mL of RECl3
(~0.050 M) aqueous solution over 200 mL of previously prepared
(TMA3~) ligand aqueous solution (~0.0125 M), at temperature of
100 °C for 1 h. The resulting solid was filtered and washed with
distilled water, the materials are non-hygroscopic white crystalline
powders, air-stable and insoluble in a large range of solvents
(ethanol, acetone, acetophenone, benzene, chloroform and DMSO)
[14].

Elemental analysis was performed with a Perkin-Elmer CHN
2400 analyzer. The FTIR measurements were made in KBr pellets
in a Bomem MB100 FTIR instrument from 400 to 4000 cm™ .
Thermogravimetry was performed in a TA HI-RES TGA 2850
equipment from 30 to 900 °C (heating ramp of 5°C min~!, syn-
thetic air dynamic atmosphere). The XRD patterns were obtained
in a Miniflex Rigaku equipment (CuKy;) from 5° to 50° (26). The
SEM micrographs were recorded in a Field Emission Scanning
Electron Microscope model JEOL JSM 7401F, the solid samples
were placed on a double-sided copper tape.

The luminescence study was based on the excitation and
emission spectra recorded at room (300 K) and liquid nitrogen
temperature (77 K). The data was obtained in a SPEX-Fluorolog
2 instrument with double monochromators in front face mode
(22.5°) with a 450 W xenon lamp as excitation source. Lumines-
cence decay curves were recorded in a SPEX 1934D phosphori-
meter accessory with a 150 W pulsed lamp.

3. Results and discussion

The elemental (Table SI1) and TG analyses [19] of the coordi-
nation compounds confirm that the molar ratio between the RE3*
ion and TMA ligand is 1:1 with [RE(TMA):Eu®* ] anhydrous general
formula. On the other hand, the [Gd(TMA)- (H>0)g:Eu®* (5.0 mol-
%)] system is the only one that is hydrated with 6 water molecules.
The TG analysis of the [RE(TMA):Eu®*] anhydrous materials pre-
sent no mass-loss event in the temperature range from 30 to
460 °C, except for Gd*>*-system (5.0 mol%) that has water loss
event from 50 to 150 °C [19]. All the compounds present good
thermal stability, corroborating with the elemental analysis data
(Table SI1). The thermal behavior indicates the formation of metal-
organic framework between the RE3* ions and the TMA ligand.
The single-step decomposition event from 460 to 580 °C corre-
spond to the organic moiety decomposition, yielding their
respective sesquioxides (RE;0s3).

The FTIR spectra of the RE3*-complexes (Fig. 1) shows the
absorption bands at 1300-1600 cm ! assigned to the TMA ligand
symmetric 7s(C=0) and asymmetric v,5(C=0) stretching modes.
The difference Av (v.s—vs) for Nag(TMA) is 195 cm ™~ ! and the Av
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Fig. 1. Infrared spectra of the non-doped and doped [RE(TMA):Eu>*(x mol%)]
systems.
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Fig. 2. XRD patterns of the non-doped and doped [RE(TMA):Eu*(xmol%)]
systems.

values of [RE(TMA):Eu®*] materials are ~175 cm™!, indicating
bridge-type coordination [15,20]. Moreover, the narrow absorption
peak around 3070 cm~! is assigned to C-H bond stretching
characteristic of the anhydrous compounds, which is absent in
hydrated [Gd(TMA)-(H,0)s:Eu* (5.0 mol%)] complex [14]. The
three sharp absorption bands between 690 and 780 cm~! corre-
spond to the out-of-plane C-H bending of the aromatic ring [21].
The infrared absorption spectra (Fig. 1) present similar spectral
profile for the doped and undoped anhydrous complexes, except
for Gd>*-system (5.0 mol%) corroborated by TG analysis.

The powder XRD patterns (Fig. 2) show no relevant difference,
in all the anhydrous samples, indicating that the [RE(TMA):
Eu*(x mol%)] can be grouped in one isomorphous series. The
patterns are similar to the data for the [RE(TMA)], [RE(TMA):Dy>*]
anhydrous complexes reported in the literature [15,22] presenting
monoclinic structure (C2/m, no. 12) with centrosymmetric feature.

The similarity in the XRD data suggests that the crystalline
structure of the [RE(TMA)] anhydrous complexes presents small
perturbation by the doping process indicating the formation of
solid solution between the Eu®>* dopant and the RE3** in the host
matrices due to the comparable radii of these RE3* ions, Vegard’s
rule [23].

The SEM images show the 6-12 um width and 1 um thickness
sheets-like structure of [Y(TMA):Eu3* (1.0 mol%)] complex (Fig. 3).
The images indicate different morphologies compared with the
rods reported in Ref. [14] obtained for the hydrated [Eu(TMA)-
(H,0)g] complexes.
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Fig. 3. SEM images of [Y(TMA):Eu®*(1.0 mol%)].
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Fig. 4. Excitation spectra of [RE(TMA):Eu>*(xmol%)] system recorded at 77K,
monitored at 614 nm.

The excitation spectra of [RE(TMA):Eu®*(x mol%)] (RE>*: Y, Gd
and Lu) and hydrated Gd®>* compounds were monitored at the
hypersensitive transition >Dyo— ’F, (614 nm) at 77 K (Fig. 4). The
energy levels of the Eu>*-samples were assigned to the absorption
bands originated from the ground state “F, to the excited levels
such as (in cm™1): °Dq (17,280); °D; (19,025); °D», (21,530); °Ds
(24,380); °Lg (25,390); °L; (26,475); °D4 (27,670) (based at the [Y
(TMA):Eu®* (5.0 mol%)] compound).

As it can be seen, the “Fy—°Lg transition (25,390 cm~!) exhi-
bits the highest intensity among the intraconfigurational transi-
tions. The highest intensity of the TMA ligand absorption band is
localized in higher energy in the UV region. The efficient energy
transfer ligand-to-Eu®* ion is due to the absence of non-radiative
decay mediated by water molecules, except for the [Gd(TMA)-
(H,0)s:Eu>* (5.0 mol%)] compound. Besides, the excitation spectra
of the [RE(TMA):Eu*(x mol%)] anhydrous compounds show
similar profile suggesting that this system present equivalent
chemical environment around RE3* ions and optical behaviors.

The emission spectra of the [RE(TMA):Eu?*(xmol%)] complexes
(RE3*: Y, Gd and Lu) were recorded under excitation in the TMA
ligand band (~300nm) at 77 K, to reduce the vibronic coupling
compared to the room temperature (Fig. 5). The emission energy
levels of *Do—’F, transitions (J=0-4) of the Eu®* ion can be
attributed as the following (in cm~!): °Do— ’Fp (17195); F,
(16,875); "F>, (16,190); "F5 (15,040) and “F4 (14,215).

The °Do—’F, transition presents only one emission band
indicating that the Eu®>* ion occupies one symmetry site [24]. The
emission spectra show comparable intensities for the hypersen-
sitive transition °Dy— Fs, allowed by the forced electric dipole and

dynamic coupling mechanisms for non-centrosymmetric point
groups, and °Dy—’F;, allowed by magnetic dipole mechanism
character [12,21]. The decrease in the phosphorescence intensities
of the TMA ligand broad band in the region 420-500 nm with the
increase of the Eu* concentrations indicates that the energy
transfer process becomes more efficient [25,26].

Using the emission spectra it is possible to obtain the radiative
rates (Ao ;) for the *Dy— ’F, transitions by Eq. (1) [12,17]

A =(Uoﬁ1](50~1}40]
- SO—rl 00-) - (1)

where ¢¢_,1 and g¢_,; correspond to the energy barycenters of the
5Do— "Fy, taken as the reference due to its magnetic dipole char-
acter, and 5D0—>7FJ transitions, respectively. The Sq_,; and So_,; are
the emission areas of the spectrum corresponding to the Dy — ’F;
and °Do—’F; transitions, respectively [27]. Since the magnetic
dipole °Dy— ’F; transition is almost insensitive to changes in the
chemical environment around the Eu®* ion the A, _ ; rate can be
used as an internal standard to determine the Aq_,; coefficients for
Eu** compounds [17].

The lifetime (7) of the [RE(TMA):Eu3* (x mol%)] materials were
obtained from the Iuminescence decay curve using a mono-
exponencial exponential decay. The emission quantum efficiency
(n) of the D, emitting level is determined according to Eq. (2)

Arad

n= -
Arad + Anrad (2)

where the total decay rate, Aioc=1/T=Araqa+Anraa and the Apg=2
A o). The Arag and Apraq are the radiative and non-radiative rates,
respectively. Table 1 shows the experimental values of the radia-
tive (Araq) and non-radiative (Apaq) rates, and emission quantum
efficiency (7).

The transitions >Do— F, and Do — F4 can be used to estimate
the experimental intensity parameters (£2;, A=2 and 4). The £2¢
intensity parameter is not included in this study since the
>Dy— "F¢ transition was not observed in these materials. The
coefficient of spontaneous emission, A, is given by Eq. (3)

4e2w3}(
3nc3

0y = > 2 FIUP|PDyy
A

(3)
where, y=n(n+2)?/9 is the Lorentz local field correction and n is
the refraction index of the medium (1.5 for these materials). The
square reduced matrix elements ('FiiU“"5D)? are 0.0032 and
0.0023 calculated for J=2 and 4, respectively [27,28].

The €2, parameters depend on the local geometry, bonding
atom and polarizabilities in the first coordination sphere of metal
ion. The three parameters depend equally on the ligating atom
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Fig. 5. Emission spectra of the doped [RE(TMA):Eu>*(x mol%)] systems recorded at 77 K, under excitation at 300 nm.

Table 1

Experimental intensity parameters (£2,,4), radiative (A;aq), non-radiative (An.q) and total (Ac) rates, lifetimes of the Dy emitting level (<) and quantum efficiencies () for the

[RE(TMA):Eu>* (x mol%)] materials.

[RE(TMA):Eu>*(x mol%)] 2, Q4 Arad Anrad Aot T n
(10* cm~?) (107** cm™?) (s (s7h (s (ms) (%)
[Y(TMA):Eu3+(0.1)] 2 1 154 202 356 2.81 43
(0.5) 2 1 152 188 339 2.95 45
(1.0) 2 1 155 185 340 2.94 46
(5.0) 2 1 157 204 362 2.76 43
[GA(TMA):Eu3*(0.1)] 2 2 160 190 348 2.87 46
(0.5) 2 1 155 187 341 2.93 45
(1.0) 2 2 135 249 384 2.60 35
[GA(TMA) - (H20)s:Eu3*(5.0)] 6 3 147 1935 2083 0.73 7
[Lu(TMA):Eu3+ (0.1)] 2 1 153 195 348 2.87 44
(0.5) 2 1 156 190 346 2.89 45
(1.0) 2 1 160 182 342 2.92 47
(5.0) 2 1 153 166 320 3.13 48
[Eu(TMA) - (H,0)s]? 1 10 623 2015 2637 0.23 12

2 Ref. [14].

polarizability. However, according to theory, the £2, values are by
far the most sensitive to small angular changes in the chemical
environment around the Eu®* ion, and it tends rapidly to decrease
as the local symmetry tends to a higher one, possibly towards a
one with center of inversion.

On the other hand €24 and €2 are by far the most sensitive to
ligating atom-metal ion distances, and do not necessarily decrease
rapidly as the local symmetry tend to a higher one, possibly
towards a one with center of inversion. The £2; (1=2 and 4) values
for the [RE(TMA):Eu*(x mol%)] compounds (x=0.1, 0.5, 1.0 and
5.0 mol%) are presented in Table 1. The £2; values of [RE(TMA)] are
much smaller (~2-1072°cm™2) than that of [Eu(TMA)- (H,0)g]
complex (~11-1072°cm™2) [14], agreeing with the crystal-
lography data [21], which show that the anhydrous complex tends
to a point group with inversion center [29,30]. Thus, these theo-
retical considerations might be used to rationalize the £2; beha-
viors in Table 1.

The lifetime values (~2.90ms) presented by the [RE(TMA):
Eu3*(x mol%)] phosphors are longer than for the majority of the
Eu*-complexes reported in the literature [14,17] and one order of
magnitude higher than the [Eu(TMA)- (H0)s] (0.23 ms) and three

times higher than the [Gd(TMA)- (H,0)s:Eu®* (5.0 mol%)] (0.73 ms).
This optical property corroborates that the absence of water mole-
cules is very important, as indeed expected, to the photoluminescence
efficiency, avoiding the luminescence quenching, due the non-radia-
tive decay pathways mediated by vibrational levels of the O-H
oscillators.

The emission quantum efficiency values of the anhydrous com-
pounds (r7~45%) are higher than for [Eu(TMA) - (H,0)s] (7=12%) and
[GA(TMA) - (H,0)s:Eu* (5.0 mol%)] (7=7%) complexes confirming
that the water molecules are responsible to the luminescence
quenching for the hydrated compounds (Table 1) [14]. Moreover, the
increase in the Eu>* concentration from 0.1 to 5.0 mol% does not
affect the emission quantum efficiency suggesting that the lumines-
cence quenching concentration effect is not operative.

The color coordinates of the complexes in the CIE chromaticity
diagram (Commission Internationale de I'Eclairage) are shown in
Fig. 6 (left) [31]. The color purity increases with the raise of Eu®>*-
doping concentration (0.651, 0.337 for [Y(TMA):Eu>* (5.0 mol%)]).
The [RE(TMA):Eu3+(x mol%)] crystalline powder samples emits an
intense red light, when irradiated with light in the ultraviolet
region Fig. 6 (right).
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[Y(TMA)Eu**(1.0 mole-%)]

[GATMA)Euw*(1.0 mole-%)]

[Lu(TMA):E*(1.0 mole-%)]

Fig. 6. CIE chromaticity diagram showing the x,y emission color coordinates for [Y
(TMA):Eu>*(x mol%)] (x: 0.1 (left), 0.5, 1.0 and 5.0 (right)) and picture of [RE(TMA):
Eu* (1.0 mol%) (RE>*: Y, Gd and Lu), irradiated at 254 nm. (For interpretation of
the references to color in this figure, the reader is referred to the web version of this
article.)

4. Conclusion

The highly efficient anhydrous red emitting [RE(TMA):Eu®™]
materials were prepared by a one-step synthesis in aqueous
solution. The TG curves show the absence of water molecules in
the structure, thermostability up to 460°C and single-step
decomposition of the organic moiety. The XRD data indicate an
isostructural series for the anhydrous complexes. The TMA ligand
T, state has higher energy than the °D, (Eu*) emitting level,
acting as intramolecular energy transfer donor to the Eu®>* ion.
The [RE(TMA):Eu®>*] anhydrous compounds present monochro-
matic red emission and quantum efficiency at around 45%. The
small values of the £2, and £2, parameters for the anhydrous
compounds corroborates with a local point symmetry and also a
rather low polarizability around the Eu** ion, respectively. Pho-
toluminescence data show that these materials can act as an
efficient red light conversion molecular devices (LCMDs) and the
lowest Eu>*-concentration doped compounds can be used as
efficient and more economically viable optical markers.
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