Open Access Article. Published on 07 August 2020. Downloaded on 11/7/2025 2:06:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2020,
1, 1988

Received 13th April 2020,
Accepted 6th August 2020

DOI: 10.1039/d0ma00201a

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Highly sensitive and precise optical temperature
sensors based on new luminescent Tb>*/Eu®*
tetrakis complexes with imidazolic counterions¥

@ Alexandre M. P. Botas, {2° Maria C. F. C. Felinto, (2 ¢
® |uis D. Carlos, ©2° Oscar L. Malta®™ @ and Hermi F. Brito {2 *®

Lucca B. Guimaraes,
Rute A. S. Ferreira,

In the present work, new Tb**/Eu®" tetrakis(benzoyltrifluoroacetone) complexes containing imidazolic
counterions were successfully prepared and characterized via elemental analysis, infrared spectroscopy,
thermogravimetry, and X-ray powder diffraction. Photophysical features of the Eu®" ion, such as the
intrinsic emission quantum yields, radiative and non-radiative decay rates, and emission lifetimes were
dramatically improved when compared with the data from the hydrated tris complex reported in the
literature. The values found for the absolute emission quantum yields are up to 0.79 and ratiometric
luminescent thermometers were built-up based on the ratio between the spectral areas of the
°Dy — F» (Eu®*) and °D4 — Fs (Tb**) transitions. The best contactless temperature sensor operates in
a wide temperature range (20-225 K) with a relative thermal sensitivity higher than 4% K™ (maximum
value of ~7.6% K™! at 20 K) and a temperature uncertainty lower than 0.1 K with a minimal lower than
0.01 K by combining excitation at the ligand (360 nm) and the Tb®* ion (489 nm), illustrating the
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1. Introduction

Temperature is a fundamental thermodynamic parameter for a
vast majority of systems and holds great importance in science
and technology." In the most common temperature sensors,
direct contact with the sample is required and, therefore,
measurements at the sub-micron scale (as intracellular
measurements) are almost impossible.>* This limitation
increased the research for accurate thermometers with nano-
metric resolution such as luminescent thermometers, a topic
that has been increasingly explored.*** The first luminescent
thermometers developed used mainly non-ratiometric thermo-
metric parameters, such as the integrated area of a single
transition. This thermometric feature has enormous disadvantages
as the thermometric parameter is compromised by (i) variations
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potential of lanthanide-based tetrakis complexes in the design of efficient luminescent thermometers.

in the sensor concentration, (i) optoelectronic drifts in the
excitation source and detecting system, and (iii) material homo-
geneity effects.”>™"> Such disadvantages were overcome with the
use of ratiometric probes, which use the ratio between two
transitions or two spectral regions and, consequently, are self-
calibrating.’®'” It is worth mentioning that several other emis-
sion parameters were used as the thermometric parameter
(e.g., bandwidth and lifetimes)."® Nowadays, several Eu**/Tb**
co-doped complexes have been reported as ratiometric lumines-
cent thermometers based on the D, — “F5 (Tb*") and *D, — ’F,
(Eu*") transitions, undoubtedly inspired by the pivotal works of
Sato et al. and Brites et al.>®'®'®?? Lanthanide complexes are
usually used due to their spectroscopic features such as narrow
absorption and emission bands, relatively long excited-state
lifetimes, and high color purity.>*° The 4f-4f transitions have
an atomic-like character owing to the chemical environment
shielding by the 5s and 5p filled sub-shells and, thus, the ligand
field effect on the 4f levels is small.>'** These intraconfigura-
tional transitions are forbidden in the first order by the electric
dipole mechanism (Laporte’s rule). To overwhelm the low
oscillator strengths, chromophores are used as sensitizers to
absorb and transfer energy non-radiatively to the Ln** ions. This
effect is known as the antenna effect and is an essential feature
in the molecular design of lanthanide emitting materials.>® It is
noteworthy that Weissman first elucidated the antenna effect
in 1942.* B-diketonate compounds and their derivatives are

This journal is © The Royal Society of Chemistry 2020
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reported to be one of the best groups of ligands for the
luminescence of Eu** and Tb** complexes, due to their first
excited triplet state energies (Ty) (and, in some examples,
their first excited singlet states S;).>> Furthermore, the Ln**
B-diketonate complexes have been studied both in the tris and
tetrakis forms. Usually, in the tris complexes, the water molecules
can be replaced by neutral ancillary ligands, showing a general
formula [Ln(p-diketonate)s(L),], where L is a neutral ligand, for
example, pyridine, bipyridine, triphenylphosphine oxide, etc. How-
ever, in the tetrakis complexes, [cation]Ln(B-diketonate),], there is
an additional B-diketonate ligand, which can increase the chance of
an intramolecular energy transfer process.***” Besides, the advan-
tage of Ln”" tetrakis complexes is the possibility of energy transfer
from organic cations, apart from the diketonate ligands. Also, these
compounds are usually anhydrous and the absence of water
molecules in the first coordination sphere is known to lead to an
increase in the emission quantum efficiency of the Ln*" ions.***° 1t
was also reported that organic counterions could improve the
stability of the complex and solubility in organic solvents.*® Usually,
the ligand T, energy is determined by using the Gd** (4f’) ion, due
to the large energy gap (~32 000 cm™ ') between the ground
state (®S,,) and the first excited state (°P,;) and the Gd**
contribution to intersystem crossing (ISC) rates by the para-
magnetic and heavy-ion effects. The observation of the ligand
phosphorescence broadband in the Gd*" complexes at low
temperature is assigned to the T; — S, transition.>"*!™*3

In this work, the synthesis, characterization and optical-
thermal properties of the [C,mim][Tb, ,Eu,(btfa),] complexes
(x = 0.01, 0.05, 0.10, 1.00) are reported, where btfa stands for
benzoyltrifluoroacetone and [Cymim] stands for 1-butyl-3-
methyilmidazolium. These luminescent materials were synthe-
sized in a one-pot reaction and characterized via elemental
analysis (CHN), Fourier Transform infrared spectroscopy
(FTIR), thermogravimetry (TG/DTG), and X-ray powder diffrac-
tion (XRD). The photoluminescence properties were investi-
gated based on the excitation and emission spectra, absolute
emission quantum yield (Qf,), luminescence decay curve of
the Eu®*" °D, level, radiative and non-radiative decay rates,
and intrinsic °D, quantum yield (Qf.). The thermometric
parameters were determined based on the ratio between the
integrated intensities of the Tb** °D, — "F5 and Eu** °D, — ’F,
transitions and the relative thermal sensitivity (S,), as well as
the temperature uncertainty (37), were discussed.®'° These
optical thermometers operate by combining excitations by blue
and UV light with minimal temperature uncertainty lower than
0.01 K, indicating that these Tb**/Eu®" tetrakis systems can be
used as precise optical temperature sensors.

2. Experimental section

The lanthanide chlorides LnCl;-6H,O (Ln*": Eu and Tb) were
prepared by using an aqueous suspension of the respective
oxide Eu,O3 and Tb,0;, (Cstarm, 99.99%) with concentrated
HCI acid until the solution reached a pH ~ 6.0. It is worth
mentioning that for the terbium chloride synthesis, hydrogen
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peroxide (Synth - 30%) was added for the reduction of Tb" to
Tb**. The ligand used was benzoyltrifluoroacetone (4,4,4-trifluoro-
1-phenyl-1,3-butanedione - btfa) from Sigma-Aldrich (99%).
The counterion source, [C;mim]|Br (1-butyl-3-methylimidazolium
bromide) was synthesized from the reaction of 1-methylimidazole
(Sigma-Aldrich, 99%) and 1-bromobutane (Sigma-Aldrich, 99%),
using the microwave method described in the literature.*

Elemental analysis was performed in a PerkinElmer CHN
2400 analyzer. The FTIR measurements were registered in KBr
pellets in a PerkinElmer Frontier FTIR from 500 to 4000 cm ™.
The thermogravimetric curves were recorded in a TA Q500
thermoanalyzer from 25 to 900 °C. The X-ray powder diffraction
(XPD) patterns were obtained in Miniflex Rigaku equipment
(Cu K,;) from 5 to 65° (26).

The photoluminescence study was based on the excitation
and emission spectra recorded at room temperature (300 K)
and in a temperature interval from 15 to 350 K. These optical
data were recorded using a Fluorolog-3® Horiba Scientific
(Model FL3-22) fluorometer equipped with a 450 W Xe lamp
as an excitation source, a modular double grating excitation
spectrometer, and an iHR 320 single emission monochromator.
The temperature was varied using a helium-closed cycle cryostat,
a vacuum system (4 x 10~ * Pa), and an autotuning temperature
controller (Lakeshore 330, Lakeshore) with a resistance heater.
All the measurements began at least 300 s after the temperature
indicated in the temperature controller remained constant, thus
ensuring the thermalization of the samples and a constant
temperature during the measurement. The time-resolved experi-
ments were carried out using a Xe-Hg flash lamp (6 ps pulse
half-width and 20-30 ps tail) as the excitation source. The
conversion from wavelength to energy units and the Jacobian
transformation of the intensity values were performed.*”> The
emission lifetimes were determined by modeling the emission
decay curves with a single exponential function.

The absolute emission quantum yields were measured using
a quantum yield measurement system C13534 from Hamamatsu
with a 150 W xenon lamp coupled to a monochromator for
wavelength discrimination, an integrating sphere as the sample
chamber and a multichannel analyzer. An empty quartz Petri
plate sample holder was used as a reference, and the samples
were placed inside another quartz Petri plate, in the form of a
pellet of about 1 cm in diameter. Three measurements were
made for each sample and the average is reported. The method
is accurate within 10%.

2.1. Synthesis of the [C;mim][Tb,_,Eu,(btfa),] (x = 0.01, 0.05,
0.10, 1.00)

First, in the preparation of the complexes, an aqueous solution
of NaOH (20 mmol in 10 mL of water) was added to an
isopropanol solution of benzoyltrifluoroacetone (20 mmol in
40 mL of isopropanol) with stirring at 60 °C to deprotonate the
Hbtfa ligand (pK, = 7). After that, an isopropanol solution of
[Csmim]Br (6 mmol in 10 mL of isopropanol) was added to the
mixture. Lastly, an aqueous solution of europium chloride
(4 mmol in 10 mL of water) was added to the solution and a
precipitate of the [C;mim][Eu(btfa),] complex was formed.***®

Mater. Adv., 2020, 1,1988-1995 | 1989
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After stirring at around 70 °C for 2 h, the mixture was cooled down
to room temperature and then the complex was filtered, washed
with water and dried under reduced pressure for 5 h. The same
procedure was used to synthesize [C,mim][Tb, ,Eu,(btfa),]
(x = 0.01, 0.05, 0.10), the only difference is the addition of
terbium chloride to the same solution of EuCl;. All prepared
Ln*" complexes are soluble in the most common organic
solvents (acetone, chloroform, dichloromethane, acetonitrile)
however, they are insoluble in ethanol and hexane. The experi-
mental and calculated elemental analysis data, CHN (%), of the
complexes are very close:

[Cymim][Eu(btfa),] (pale yellow solid): anal. caled for
C,sH30EuF;,N,0g: C 50.05, H 3.41, N 2.43; found: C 50.21,
H 3.44, N 2.34.

[Csmim][Tbg g9Eug o1(btfa),] (pale yellow solid): anal. calcd
for C4gH39Tbg.99EUg 01F12N,0g: C 49.71, H 3.37, N 2.42; found:
C 49.51, H 3.25, N 2.42.

[Camim][Tby o5Eug o5(btfa),] (pale yellow solid): anal. caled
for CugHs0Tbg 0sEUg 0sF1,N,0g: C 49.72, H 3.37, N 2.42; found:
C 49.74, H 3.32, N 2.41.

[Camim][Tbg ooEug.10(btfa),] (pale yellow solid): anal. caled
for C4gH30Tbg.90EUg.10F12N20g: C 49.74, H 3.37, N 2.42; found:
C 49.96, H 3.39, N 2.42.

3. Results and discussion

The elemental analysis results of the complexes indicate a
formula with four benzoyltrifluoroacetone ligands and one 1-butyl-
3-methylimidazolium counterion [C,mim][Tb, _,Eu,(btfa),] (x = 0.01,
0.05, 0.10, 1.00) for all the synthesized complexes. The thermo-
gravimetric curves of these complexes were registered in a
dynamic synthetic air atmosphere at 10 °C min ' rate and
showed no mass loss in the 80-200 °C temperature interval
(Fig. 1), indicating the anhydrous character of the system. The
DTG curve profiles (Fig. S1, ESIt) are the same for all com-
plexes, with the second mass loss event being shifted to lower
temperatures as the Tb®*" concentration increases. Moreover,
the residue from the decomposition of the [Cymim][Eu(btfa),]

100 ﬂ —— [C,mim][Eu(btfa),]

—IC 4mim][Tb°,99Eu°,m(btfa) J
ok —|C 4mim][TboygsEuu’us(btfa)A]_
—[C,mim][Tb, ,Eu, ,(btfa),]

60 | b
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Fig.1 TGA curves of the [Csmim][Tb;_,Eu,(btfa),] (x = 0.01, 0.05, 0.10,

1.00) complexes recorded under a synthetic air atmosphere at 10 °C min~2.
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Fig. 2 Powder X-ray diffractograms for the [Csmim][Tb;_Eu,(btfa),] (x =
0.01, 0.05, 0.10, 1.00) complexes.

is indicated to be europium oxyfluoride and the experimental
mass found is very close to the theoretical EuOF residue (calcd:
16.1%, found: 16.2%).

The XRD patterns of the Ln*' coordination compounds
(Fig. 2) show that the crystalline structure of the materials is
very similar, indicating an isomorph character. Since the ionic
radius of the Tb** (1.040 A) and Eu’*(1.066 A) ions are very close
for a coordination number 8, the [Ln(btfa),]” anionic unities of
Eu®" and Tb*" are isostructural.

FTIR spectra of the [C;mim][Tb;_,Eu,(btfa),] (x = 0.01, 0.05,
0.10, 1.00) complexes and Hbtfa ligand are reported in Fig. S2
(ESIYT). These spectra display a shift and split of the carbonyl
stretching absorption from 1603 cm™' (Hbtfa) to 1574 and
1615 cm™ " for all compounds; there is also a significant change
in the 1000-1200 cm ™" range related to C=C and C-O bonds of
the enolate anion.***® In addition, it is possible to observe the
absorptions of the counterion moiety at around 2960 cm " and
2860 cm ™ '.*” A weak absorption band observed at ~3500 cm™*
is assigned to water absorbed by the KBr pellets once both
elemental and thermogravimetric analyses have confirmed the
absence of water molecules.

3.1. Photoluminescence

The excitation spectra of the [Cymim][Eu(btfa),] and [C,mim]-
[Tb;_,Eu,(btfa),] (x = 0.01, 0.05, 0.10) complexes were recorded
in a solid-state from 250 up to 600 nm range monitoring the
emission at 610 nm (°D, — ’F, from Eu*") at 300 K (Fig. 3).
These spectra display absorption broadbands between 250 and
450 nm assigned to singlet-singlet transitions (S, — S,) from
the organic moiety (btfa ligands and [C,mim] cation). The
presence of the ligand absorption band when monitoring at
the Eu®* emission indicates an intramolecular ligand-to-metal
energy transfer process.>*** Furthermore, some narrow absorp-
tion bands related to the Eu*" ("F, — °D,) and Tb** ("Fs — D)
intraconfigurational transitions are also observed.’®*® Given
that a Tb>* absorption transition is present in the excitation
spectra while monitoring the Eu** emission, a metal-to-metal
energy transfer may also be present, though the most probable

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Excitation spectra for the [C4mim][Tb; _Eu,(btfa)s] (x = 0.01, 0.05,
0.10 and 1.00) complexes recorded at room temperature (300 K) mon-
itoring the Eu®* Dy — ’F, emission (610 nm).

300 350 500 550 600

mechanism is ligand-assisted.>***° Notably, the excitation spec-
trum monitoring at the very weak Tb*' emission has no
difference from the Eu®* excitation spectrum, aside from the
absence of the Eu®" 4f-4f transitions (not shown).

The emission spectra of the [Cymim][Tb;_,Eu,(btfa),]
(x = 0.01, 0.05, 0.10 and 1.00) compounds were recorded in
the solid-state at 300 K from 450 to 800 nm (Fig. 4) under
excitation on the ligand absorption band at 360 nm (Sy — S4).
These spectra show the low intensity Tb** D, — "F¢ (490 nm)

v 1 M 1 v 1 M 1 M 1
— [C,mim][Tb, ,Eu, . (btfa),] =

F— [C4mim]['l'bo‘gsEuo’M(btfa),,] w .
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Fig. 4 Emission spectra of the [C4mim][Tb;_,Eu,(btfa)s] (x = 0.01, 0.05,
0.10 and 1.00) complexes recorded at room temperature (300 K), under
360 nm excitation (ligand absorption). The inset shows a magnification of
the Tb>* electronic transitions.
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Table 1 Spontaneous emission coefficients (Aag, Anrad: and Acor), lUMI-
nescence lifetimes (tops), intrinsic emission quantum yield of the 5Dy state
(QEY) at 465 nm, and absolute emission quantum yield (at 360 and 465 nm)
of the [C4mim][Tb;_4Eu,(btfa),] (x = 0.01, 0.05, 0.10, 1.00) complexes. The
data were collected at room-tempertaure

Arad Anrad Atot Tobs an QEg
Complex (s (s (s7") (ms) QF: (360) (465)
[Eu(btfa);(H,0),]" 650 1982 2632 0.38 0.25
[Cymim][Eu(btfa),] 839 411 1250 0.80 0.67
[Camim][Tby ooEug o1(btfa)s] 775 415 1190 0.84 0.65 0.35 0.12
[Cymim][Tby o5sEug os5(btfa)y] 775 507 1282 0.78 0.60 0.79 0.19
[Camim][Tbg ooEu, 10(btfa),] 814 376 1190 0.84 0.68 0.72 0.28

@ Ref. 31, 42, 43.

and °D, — ’Fs (545 nm) transitions. At room temperature, the
Eu*" °D, — 'F; (590 nm), °D, — ’F, (610 nm), °D, — ’Fj
(650 nm), and °D, — ’F, (700 nm) transitions are
predominant.*® The low emission intensity of the Tb** peaks
is caused most probably due to back-energy transfer to the btfa
ligand, since T; (~20350 cm™ ", see Fig. S3, ESIY) is practically
resonant with the Tb** °D, level (20450 cm™").*" Besides, all the
Eu®" transitions have the same emission spectral profiles for all
the complexes, indicating the same chemical environment
around the Eu®" ion, which is in agreement with the X-ray
and FTIR results for the structural similarity.

The radiative and non-radiative decay rate values (Table 1) of
the Eu®*" °D, level for the tetrakis complexes were also com-
pared to those reported in the literature for the tris hydrated
complex.’"*?*% The A,.q coefficient values were determined by
Araa = > Ao, where A,_,; are the spontaneous emission
coefficients of °Dy — F, transitions (J = 1, 2 and 4) of the Eu**
ion and S,_,; are the integrated areas under the emission curves
(eqn (1)). The spontaneous emission coefficient 4,_; of the
°D, — F, transition is mostly governed by the magnetic dipole
mechanism and depends only on the refractive index of the

material. Therefore, this transition is taken as a reference.?"”

So—.
Ao~y = Ao—1 (SO J) (1)
0—1

The intrinsic emission quantum yield Qf. of the °D, emitting
level is defined by the ratio between the radiative emission and
total decay rates (radiative and non-radiative) for this energy
level (eqn (2)). The total decay rate (A;aq + Anraq) is related to the
deactivation process of the *D, level, mainly by multiphonon
relaxation, which is determined by the experimental lifetime
values (eqn (3)).* The lifetime values reported in Table 1 were
calculated from the emission decay curves (Fig. S4, ESIT).

Arad Tobs
fo ol Ton ©)
Arad + Anrad Trad
1 1
Tobs = (3)

Arad + Anrad B Alol

The Qg4 values of the anhydrous tetrakis complexes (Table 1) are
higher compared to that of the hydrated tris complex. This
increment in the tetrakis complexes occurs due to the decrease
in the non-radiative process rates (Anr.q) since the phonon

Mater. Adv., 2020, 1,1988-1995 | 1991


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00201a

Open Access Article. Published on 07 August 2020. Downloaded on 11/7/2025 2:06:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

coupling between the D, and O-H oscillators is very strong in
hydrated compounds.*****° Comparing the present values of
A;aq found in the literature for the [Eu(btfa);(H,0),], a contrast
in the reported values is observed.>"***3

This is (at least partially) because emitted power was used in the
calculations.*'*> The absolute quantum yield values measured for
the [C;mim][Tb, ,Eu,(btfa),] compounds with excitation within
the ligands (360 nm) and within the °D, level (465 nm) are
displayed in Table 1. The larger Qf, values were found under
ligand excitation being 0.35, 0.79 and 0.72, for x = 0.01, 0.05 and
0.10, respectively. The fact that the more concentrated samples (x =
0.05 and 0.10) display larger values may be related to the fact that
more Eu®" ions are located near the ligands favoring, therefore, the
ligand-to-metal energy transfer. We also note that these optical data
suggest no significant Eu®**/Tb*" luminescence concentration
quenching. Besides, both the emissions from the *D, (Eu*") and
°D, (Tb*") energy levels are contributing to the absolute quantum
yield values (Fig. S5, ESIT). To compare the measured Q};, values
with the QEs ones, a selective intra-4f° excitation is used (465 nm,
Fig. S5, ESIT). Consistently, we observe that the intrinsic emission
quantum yield values (QE.) are higher than the absolute quantum
yield (Qfn), as expected.*”"

4. Thermometric characterization

The thermometric behavior of the [C,mim][Tb, _,Eu,(btfa),] com-
plexes (x = 0.01, 0.05, 0.10) was checked recording their emission
spectra from 15 to 300 K. Fig. 5 shows the corresponding CIE
(Commission International de I’Eclairage) chromaticity diagram
of the [Cymim][Tb, ¢9Eug o;(btfa);] compound (Table S1, ESIT).
The emission color presents a shift from monochromatic red

Fig. 5 CIE chromaticity diagram showing the x, y emission color coordi-
nates for [C4mim][Tbg o9EUg o1(btfa)s] complexes as a function of tem-
perature with excitation at 360 nm. The inset figures are photographs of
the complex at 77 to 298 K taken using a digital camera displaying the
green to red emission colors under UV irradiation at 360 nm.
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(room temperature ~300 K) to green (liquid N, temperature
~77 K). Besides from being excited at the ligand absorption
(360 nm), the emission spectra for the [C,mim][Tb,_,Eu,(btfa),]
(x = 0.01, 0.05, 0.10) complexes (Fig. 6 and Fig. S6, ESIt) were
also recorded by exciting selectively at the Tb** ion (489 nm,
"F¢ — °D,). Based on these spectra and the integrated emission
intensities from 16259 to 16499 ¢cm ' corresponding to the
Eu** °Dy — ’F, (Iz,) and from 17553 to 18640 cm ' for the
Tb** °D, — 7Fs (Irp,) transitions, the ratiometric thermometric
parameter A = Iry/Ig, was calculated (Fig. 6a-d).>°

As in the operating range of the [C,mim][Tby.goEug 10(btfa),]
luminescent thermometer under excitation at 360 nm Iy, > Iy,
(Fig. S7, ESIt), the temperature dependence of the ratiometric
parameter 4 can be approximately described by the classical
Mott-Seitz model with one non-radiative channel (eqn (4)):>>

4o

A —p (4)

| + Be kT
where £k, is the Boltzmann constant, 4, is the limit for the ratio
at 0 K, B is a pre-exponential factor and E, is the activation
energy for the quenching process.”>>* The fitted values are
B=(8 £5) x 10°, E, = 1606 &+ 80 cm ', and 4, = 8.4 £ 0.2
(correlation coefficient, R* = 0.996). Remarkably, the E, value is
in accordance with a thermal activation (~1050 cm™") from the
°D, state of the Tb*" ion (~20450 cm ') to the barycenter
position (~21500 cm ™) of the T; state for the btfa ligand via
the “F5 excited state.?':4%43:3%,%6
A different (AT) temperature dependence is observed when
the [Cymim][Tbg ooEuy 10(btfa),] complex is selectively excited at
the Tb*" ion (Fig. 6b). The 4 values increase as the temperature
increases from 15 to 70 K, decreasing, then, as the temperature
increases up to 200 K, and keeping approximately constant for
higher temperatures (Fig. 6d). The physical origin of this
thermometric behavior is not yet clarified from a theoretical
point of view and is not detailed in this work. To allow
the characterization of the thermometric performance under
excitation at 489 nm, the (AT) dependence can be empirically
described by:

(12 i2)<1 - e<46i2>xl0’3T> 20 < T <70

A= (5)

(44 £ 1) x 10% x eBHE)X107T 70 « T < 400

The performance of the luminescent thermometers is made
based on the relative thermal sensitivity (S,), which is an
important parameter to compare a thermometer with others,
regardless of their origin, and the minimum temperature
uncertainty (57).>"° The relative thermal sensitivity and mini-
mum temperature uncertainty are defined as:

104

Sr - 207 (6)
and
164
0T = —— 7
S A 7)

where 64 is the uncertainty in 4.
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Fig. 6 Emission spectra of the [C4smim][Tbg goEUg 10(btfa)s] complex recorded as a function of temperature with excitation at 360 nm (a) and 489 nm (b).
In (a) the emission spectra are normalized by the intensity at 611 nm (°Dy — “F,), while in (b) they are normalized by the maximum intensity in each
individual spectrum. The °D4 — “Fs/°Dg — ’F, ratios measured with 360 and 489 nm are shown in (c and d), respectively. The lines represent the fits using
eqn (5) and (6), respectively. The residual plot is shown on the bottom for a judgment of the fit quality. The shadowed areas mark the regions in which the
thermometric parameters change within its uncertainty meaning that for these temperatures the thermometer is out of the so-called operating range.
Relative thermal sensitivity (e) and temperature uncertainty (f) obtained at 360 nm (dashed line) and 489 nm (solid line). In (f), the temperature range is

limited to 6T < 0.07 K.

The temperature dependence of S, and 37T for the [C;mim]-
[Tby.90Eug 10(btfa),] luminescent thermometer operating under
excitation at 360 and 489 nm are shown in Fig. 6e and f.
Under excitation at 360 nm, the thermometer operates in the
150-225 K interval with S, > 1% K™' (with a maximum value
Sm ~ 5% K" at 200 K) and 3T < 1 K. Similar results were
found for [Cymim][Tbgg9Eug o:(btfa),] and [Cymim][Tbg o5
Eug os(btfa),] (Fig. S6a and b, ESIf). Furthermore, under
489 nm [Cymim][Tbg goEug 10(btfa),] can operate in the 20-
200 K interval with S, > 1% K ' (S, ~ 7.6% K ' at 20 K)
and 3T < 0.03 K (Fig. 6f). Previous studies on Eu**/Tb**-based
luminescent thermometers reported higher Sy, values although
in narrower operating ranges (Table 1 of ref. 10, 44 and 45, as
illustrative examples).'®*”*® Examples are the thermometers
with Sy, = 31% K ' based on an Ln-HL MOF (Ln = Eu and Tb
and HL = 5-hydroxy-1,2,4-benzenetricarboxylic acid) operating
between 4 and 50 K,*” and S,,, = 11% K~ based on a complex-
polymer composite of ethyl-diphenylphosphine oxide function-
alized poly(dimethylsiloxane) and [Ln(bzac);] where bzac stands
for benzoylacetone (PDMS-eddpo-Ln(bzac);; Ln = Eu and Tb)
operating between 158 and 248 K.”®

An insight into the mechanism for the temperature depen-
dence of the Tb** and Eu®" emissions can be provided by a

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Schematic partial energy level diagram of the [Camim][Tb;_,-
Euy(btfa)s] (x = 0.01, 0.05 and 0.10) complexes involving the btfa ligand,
Eu®* and Tb®* electronic states. Ty is the lowest ligand triplet level and S
and S; are the ligand ground and lowest singlet excited states, respectively.
Abs. is the initial absorption, ISC is the intersystem crossing and Em is the
emission. ET and bET are the forward and backward energy transfer,
respectively.
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simplified energy level diagram of the system (Fig. 7). The first
excited triplet state (T,) barycenter of the btfa ligand is above
the Tb®* °D, excited state when considering the “F5 energy level,
therefore a back-transfer from the Tb®" ion to the ligand is
expected to occur at room temperature and only Eu** emission
is observed.>® On the other hand, at lower temperatures, the
back-transfer rate to the ligand should be lower and the Tb**
emission will be predominant.*”

5. Conclusions

A series of new temperature sensors based on trivalent lanthanide
tetrakis complexes were synthesized successfuly by a one-pot proce-
dure. The formula [C;mim][Tb, _,Eu,(btfa),] was confirmed via CHN
and TG analyses. Besides, the XPD and FTIR data alongside the
photoluminescence study indicate structural similarity between the
Eu*" and Tb*" doped complexes. The compounds exhibited relatively
high absolute and intrinsic emission quantum yields (up to 0.79 and
0.68, respectively), indicating that they can also act as efficient light-
converting molecular devices. The temperature dependence of the
intensity ratio between the *D, — F5 (Tb®") and °D, — “F, (Eu’)
transitions for excitation at the ligand (360 nm) in the [C,mim][T-
bo.oEug (btfa),] complex was fitted according to the Mott-Seitz
model, suggesting that the depopulation of the D, emitting state
of the Tb*" jon could be through thermal activation. The mechanism
of this energy transfer process is still unclear, principally when the
complex is selectively excited at the °D, state (489 nm) with this
investigation being a current project in our research group. The
[Camim][Thg goEug 10(btfa),] luminescent thermometer presented a
maximum value for the relative thermal sensitivity around 7.6% at
20 K and a minimum temperature uncertainty below 0.03 K. More-
over, by using excitation at the ligand (360 nm) or the Tb*" ion
(489 nm), it is possible to shift the operating range of the thermo-
meter with S, > 1% in the 20-200 K and 150-225 K intervals,
respectively. By combining both excitations, the luminescent ther-
mometers can operate in an extended temperature range with a low-
temperature uncertainty. These spectroscopic results show that the
optical thermometers can operate under excitations at blue and UV
spectral regions with very low minimal temperature uncertainty
(below 0.01 K) with high emission quantum yields (~ 0.70). There-
fore, the [C,mim][Tb;_,Eu,(btfa),] luminescent materials can be
applied as precise photonic temperature sensors.
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