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versatile materials for developing numerous state-of-the-art optical
technologies. To design new optical glasses with tailored

properties, an extensive understanding of the intricate correlation }\.7: e o @
between their chemical composition and physical properties is - ot A
; - . ® ¢ » ¢ ©
mandatory. By harnessing this knowledge, the full potential of e,
vitreous matrices can be unlocked, driving advancements in the 8. %% e e >
field of optical sensors. We herein demonstrate the feasibility of %

using fluoride phosphate glasses co-doped with trivalent
praseodymium (Pr’*) and ytterbium (Yb*') ions for temperature
sensing over a broad range of temperatures. These glasses possess
high chemical and thermal stability, working as luminescent
primary thermometers that rely on the thermally coupled levels of
Pr’* that eliminate the need for recurring calibration procedures. The prepared glasses exhibit a relative thermal sensitivity and
uncertainty at a temperature of 1.0% K™' and 0.5 K, respectively, making them highly competitive with the existing luminescent
thermometers. Our findings highlight that Pr’*-containing materials are promising for developing cost-effective and accurate
temperature probes, taking advantage of the unique versatility of these vitreous matrices to design the next generation of photonic

technologies.

1. INTRODUCTION

Glasses are essential in the development of optical devices and
telecommunication technologies due to their tunable chemical
composition that can achieve high ion s.olubility,1 increased
transparency,” elevated thermal stability,® and low phonon
energies.” With over 400,000 compositions reported to date,
glasses play a crucial role in modern civilization.” Among the
various types of glasses available, fluoride phosphates have
garnered significant interest because they combine the low
phonon energies of fluoride glasses with the high chemical,
mechanical, and thermal stability of phosphate glasses.”””
Moreover, fluoride phosphate glasses present a high solubility
of trivalent lanthanide ions (Ln*"), making them suitable for
' magneto-optical fibers,"”” and
lighting applications.'”'* In addition to their unique optical
properties, such as narrow absorption and emission bands,

long-lived excited states, and high emission quantum
15,16 Ln3+

obtaining solid-state lasers,

yields, are promising candidates for luminescence
thermometry due to their rich energy level structure.'” The
temperature-dependent light emission from various lumines-

cent ions has enabled the development of luminescent
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thermometers for temperature sensing across a wide range of
applications.'*~**

Luminescence thermometry is a versatile, cost-effective,
remote, and minimally invasive technique that relies on the
temperature dependence of the luminescence of a phosphor
with various response parameters, such as the band shape, peak
energy or intensity, and excited state lifetimes and rise times.”*
This technique can afford real-time temperature measurements
with high relative thermal sensitivity (S, > 1% K™1).® Most
luminescent thermometers require a calibration procedure to
establish the relationship between the photophysical features
and the temperature, being classified as secondary thermom-
eters. However, the recording of calibration curves is simply
not possible in some applications, such as in biological
media,* living animals,”” and operating electronic devices.”®
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The strategy used so far in most of these examples was to
assume that a calibration curve recorded in one dispersion
medium remains valid in other environments, which is a rough
estimation that diminishes the accuracy of the luminescent
probe due to artifacts arising from spectral distortion.””*

An alternative to the calibration procedure is to perform an
absolute determination of the temperature by relying on well-
established equations of state, such as those governing ideal
gases and blackbody radiation.”’ These so-called primary
thermometers avoid the need for prior temperature calibration,
which is a major surplus. Nonetheless, the number of primary
luminescent thermometers reported to date remains scarce,
with fewer than 20 examples, mainly involving Er**/Yb** co-
doped materials.*> Herein, we present, for the first time, a
luminescent primary thermometer based on the thermally
coupled levels of Pr**. This novel approach is advantageous
because (i) the recording of tedious calibration curves is not
necessary and (ii) self-heating induced by the excitation source
can be neglected. In this work, we thoroughly investigate the
preparation route, structural composition, thermal stability,
optical properties, and thermometric performance of Pr**/Yb**
co-doped fluoride phosphate glasses used as luminescent
primary thermometers.

2. EXPERIMENTAL SECTION

2.1. Materials. Lithium carbonate (Li,CO; Sigma-Aldrich,
99.9%), ammonium dihydrogen phosphate ((NH,)H,PO,, Alfa
Aesar, 98.0%), yttrium fluoride (YF;, Strem Chemicals, 99.9%),
strontium fluoride (SrF,, Sigma-Aldrich, 99.9%), calcium fluoride
(CaF,, Sigma-Aldrich, 99.9%), praseodymium oxide (Pr,O,;, Lumtec,
99.9%), and ytterbium oxide (Yb,O;, Lumtec, 99.9%) were used as
received from the companies.

2.2. Synthesis of Lithium Metaphosphate. Lithium meta-
phosphate (LiPO;) was synthesized through the solid-state reaction
between Li,CO; and (NH,)H,PO,, where thermal decomposition of
the mixture was carried out at 543 K for 12 h in a platinum crucible
under an air atmosphere. The temperature was increased, after the
decomposition step, at a rate of 10 K min™" up to 1173 K, and the
mixture was melted for 30 min before cooling it down to room
temperature (298 K). The obtained LiPO; was stored in a glass
desiccator for further use.

2.3. Preparation of the Glasses. Undoped and Pr’*/Yb* co-
doped fluoride phosphate glass samples were obtained by using the
conventional melting-quenching method with molar compositions of
SOLiPO;-20YF;-20SrF,-10CaF,, 98.75[SOLiPO,-20YF,-20SrF,-
10CaF,]:0.25 Pr,0,,/1.00Yb,0,, and 97.75[ SOLiPO;-20YF,-20StE,-
10CaF,]:0.25 Pr,0;,/2.00Yb,0;, labeled as PY00, PY14, and PY18,
respectively. Further details of the preparation procedure and the
chemical composition of the samples are presented in Section SI.1
and Table S1 of the Supporting Information.

2.4. Differential Scanning Calorimetry. The differential
scanning calorimetry (DSC) curves of the glass samples were
registered in a high-temperature calorimeter (DSC 404 F3 Pegasus,
Netzsch) to identify the characteristic glass transition temperature
(Tg, + 2 K), the onset temperature of crystallization (T,, + 2 K), and
thermal stability parameter (AT = T, — Ty =4 K) of the obtained
glasses. For this, each glass sample (~15 mg) was placed in an
alumina crucible and heated from 298 to 873 K at a heating rate of 10
K min~, under a nitrogen atmosphere (10 mL min™"). T, and T,
were assigned to the temperatures at which the first derivative of the
heat flow Q (dQ/dT) gives the minimum and maximum values
around their corresponding peaks, respectively.

2.5. Solid-State Nuclear Magnetic Resonance Spectroscopy.
Solid-state nuclear magnetic resonance (NMR) studies were
performed on an NMR spectrometer (DD2, Agilent) with a field
strength of 5.7 T using a 3.2 mm probe with a magic angle spinning
(MAS) rate of 8.0 kHz for "Li, and 24.0 kHz for "F and 3'P MAS-

NMR, 3'P{F} and ’Li{"®F} rotational-echo double-resonance
(REDOR)™ and constant time REDOR (CT-REDOR),** and *'P
two-dimensional (2D) J-resolved experiments.”> All spectra were
analyzed using ssNake® and/or SIMPSON®” software. The complete
description and experimental conditions of the solid-state NMR
experiments are detailed in Section S1.2 of the Supporting
Information.

2.6. Absorption Spectroscopy. The absorption spectra of the
samples in the visible (Vis) and near-infrared (NIR) spectral regions
were measured at room temperature (298 K) in a dual-beam
spectrometer (Lambda 950, PerkinElmer) over the 400—2200 nm
range with a resolution of 1.0 nm.

2.7. Photoluminescence Spectroscopy and Temperature-
Dependent Measurements. The excitation and emission spectra of
the Pr’*/Yb* co-doped glass samples in the visible spectral range
were acquired in a Fluorolog3 spectrofluorometer (FL3-2T, Horiba),
with a TRIAX 320 emission monochromator (fitted with 1200
grooves mm™' grating blazed at 500 nm with a reciprocal linear
density of 2.6 nm mm™) coupled to a photomultiplier (R928,
Hamamatsu) using the front face acquisition mode and a 450 W
Xenon arc lamp as the excitation source. The emission spectra were
corrected for detection and optical spectral response of the
spectrofluorometer while the excitation spectra were corrected for
the spectral distribution of the lamp intensity using a photodiode
reference detector. The spectral acquisition in the NIR was performed
with the same equipment by using a grating with 600 grooves mm™
blazed at 1200 nm and an H10330A-75 photomultiplier (Hama-
matsu) without spectral correction. The temperature was controlled
by a helium-closed cycle cryostat coupled to a vacuum system (4 X
107* Pa) and an autotuning temperature controller (Lakeshore 331,
Lakeshore) with a resistance heater. Temperatures were measured
with a silicon diode cryogenic sensor (DT-470-SD, Lakeshore) with
an accuracy of + 0.5 K (12—30 K), + 0.25 K (30—60 K), and =+ 0.15
K (60—340 K).

2.8. Emission Quantum Yield. The absolute emission quantum
yields (q) were measured at room temperature (298 K) using a
Quantaurus quantum yield measurement system (QY Plus C13534,
Hamamatsu) with a 150 W Xenon lamp coupled to a monochromator
for wavelength discrimination, an integrating sphere as sample
chamber, and two multi-channel analyzers for signal detection in
the visible spectral range. The values of g for the downshifting
emission of Pr’* correspond to the integration over the 450—750 nm
spectral range under 443 nm excitation. The reported values present
an accuracy of 10%, according to the manufacturer. It was not possible
to determine the values of g for the NIR emission of Yb®* once it was
too faint to be detected by the equipment.

2.9. Spectral Deconvolution and Energy Separation
Determination. The energy separation AE between the °P; and
3P, thermally coupled levels of Pr** was estimated from the difference
between the barycenters of the emission bands assigned to the *P; —
H; and °P, — *Hj transitions in the deconvoluted emission spectra
of the glass samples measured at room temperature. The spectral
deconvolution and obtained values of AE are presented in Section
S1.3 and Figure SI in the Supporting Information.

2.10. Determination of the Thermometric Parameter. The
integrated intensities were obtained by taking the integrated areas in
the spectral regions corresponding to the *P; — *Hj (I,, 510—533
nm) and 3P, — 3H; (I;, 533—565 nm) transitions of Pr’* from the
temperature-dependent emission spectra under excitation at 443 nm.
The thermometric parameter A was defined as A = L/I,. The
thermometric performance of Pr’* in the obtained fluoride phosphate
glasses was assessed in terms of thermal sensitivity and temperature
resolution, as described in Section S1.4 of the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Thermal Evaluation and Structural NMR Studies.
Fluoride phosphate glasses were obtained with densities of
3.48, 3.62, and 3.74 g cm™ for the samples PY00, PY14, and
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Figure 1. (a) DSC curves and (b) first derivative of the heat flow of the obtained fluoride phosphate samples. The inset in panel b displays the
zoomed region of the 550—650 K temperature range. The circles and diamonds indicate the T, and T, temperature values obtained from the onset

points of the thermal events, respectively.
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Figure 2. (a) *'P MAS-NMR spectra of the undoped (PY00) and co-doped (PY14 and PY18) fluoride phosphate glasses measured at 5.7 T
(bottom). Individual lineshape components extracted from the deconvolution analysis of the undoped PY0O sample based on the R-
INADEQUATE data (top). (b) '’F MAS-NMR spectra of the glasses (bottom). Fluorine loss quantified by '°F MAS-NMR (top). The uncorrected
signal in pink considers the detection of all F atoms while the corrected signal in blue excludes F atoms coordinated to Yb3*/Pr**. Results in blue
are mean values from three distinct coordination scenarios with the error bars indicating the deviations between them (see Figure S4). (c) "Li and
(d) °Li MAS-NMR spectra of the PY00, PY14, and PY18 samples. The solid black curve in panel ¢ corresponds to the Czjzek fits of the spinning
sideband pattern of the undoped glass. Spinning sidebands are indicated by asterisks in b and d.

PY18, respectively. The increasing density of these glasses
follows the increasing Pt /YB3 co-doping content, showcas-
ing the influence of the dopant concentration on the physical
properties of the glass matrix. The DSC curves of the obtained
samples shown in Figure 1 demonstrate that T, remains
essentially the same regardless of the glasses’ composition,
indicating that the addition of Pr** and Yb*" does not cause
significant structural changes in the connectivity of the fluoride
phosphate glassy network. Nevertheless, the crystallization
peak gets narrower and shifts to lower temperatures when
increasing the content of ytterbium oxide, indicating that Yb**
may act as a nucleating agent. Although the thermal stability
parameter AT decreases after co-doping the samples, the

obtained values are greater than 100 K, revealing that the
obtained glasses present good thermal stability against the
devitrification process. The characteristic temperatures of all
samples are summarized in Table S2.

Figure 2a displays the *'P MAS-NMR spectra of the
obtained glasses. Sample PY00 presents multiple components
which were analyzed in terms of contributions from
nonbridged orthophosphate (P°, empirical formula PO,*"),
singly bridged pyrophosphate (P', empirical formula P,0,*"),
and doubly bridged metaphosphate (P? empirical formula
PO;”) units,”® based on additional interaction-selective
experiments demonstrated in Section S1.2 of the Supporting
Information, where the fitting parameters are listed in Table 1.

https://doi.org/10.1021/acs.chemmater.3c01508
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Table 1. Fitting Parameters of the Obtained 3Ip NMR Data

3p R-INADEQUATE 3P MAS-NMR

sample units Smax (PPm) S0 (ppm) FWHM (ppm) area (%) Smax (PPm) S0 (ppm) FWHM (ppm) area (%)
PY00 p°®@ —8.7 —6.8 —0.1 31 28

pot) —4.5 11 5

p! -72 22 85 -7.1 19 55

p? —13.6 28 15 -12.7 28 12
PY14 -7.1 —6.6 45 100
PY18 -72 —6.5 69 100

Table 2. Fitting Parameters of the Obtained YE 7Li, and °Li NMR Data
YF MAS-NMR 7Li MAS-NMR °Li MAS-NMR

sample dcg (ppm) FWHM (ppm) Smax (PPm) Jiso (ppm) FWHM (ppm) Cq (kHz) Jiso (ppm) FWHM (ppm)
PY00 —96.1 76.0 —89.2 0.23 6.0 110 —0.65 1.8
PY14 —96.9 79.0 —88.6 —0.10 21.0 —-0.87 228
PY18 —98.5 84.0 -87.9 —0.01 32.0 —1.12 30.8

The major contribution centered at —7.2 ppm arises from P'
units (85%), although some contributions from P’ and P* units
are also evident. This assignment is supported by the 2D J-
resolved spectrum of Figure S2, indicating the doublet
structure as expected for P' species having P—O—P linkages,
with an estimated *J coupling constant of 20 Hz. The identity
of the P! and the P? units having P—O—P linkages was further
confirmed by the double-quantum filtered signal displayed in
Figure S3, showing the NMR signal of only those P species
that are involved in P—O—P linkages. We note that the P’
units identified in the double-quantum filtration experiment
show their peak maximum (8,,,,) at —8.7 ppm, whereas §,,,, in
the single-pulse spectrum appears at —6.8 ppm (Table 1). This
~2.0 ppm difference suggests that another P° contribution may
be overlapping the P' signal, as also suggested by a more
detailed inspection of the contour plot in the J-resolved MAS-
NMR spectrum.

Figure 2a also shows the simulation of the 'P MAS-NMR
spectrum, constrained by the line shape parameters of the P*
species via the R-INADEQUATE line shape fit. The possibility
for this additional P° signal arising from an FPO,*~ unit was
tested by analyzing the Fourier transforms of *'P{'’F} REDOR
difference signals at short dipolar mixing times (Figure SS). As
an FPO,*” unit is expected to show rapid dephasing in such an
experiment, a chemical shift difference between the remaining
signal and the difference signal would be expected. This,
however, was not observed experimentally. The *'P{'°F}
REDOR curve (Figure S6) also gives no evidence of a fraction
of rapidly dephasing phosphate species. Still, we cannot
exclude the possibility that the minor feature near —4.5 ppm
(labeled P°® in Figure 2a) was not detectable by 3'P{’F}
REDOR owing to sensitivity limitations. Samples PY14 and
PY18 show poorly resolved spectra in Figure 2a due to
broadening by interactions with paramagnetic Pr’* and Yb*',
precluding a detailed deconvolution analysis.

The "F MAS-NMR line shape (Figure 2b) of the undoped
sample is slightly asymmetric with the center of gravity (5c¢)
at —96.1 ppm, whereas J,,,, is observed near —89.2 ppm, as
displayed in Table 2. Considering that the '°F chemical shift
values for LiF, CaF,, SrF,, and YF; are —204, —108, —87, and
—62 ppm, respectively, it is possible to attribute the observed
signal to fluorine (F) in a mixed-metal environment. These
results further indicate that the resonance signals of F species
not directly coordinated to Yb** or Pr** are little affected by

paramagnetic broadening. The observed spectra do not show
evidence of P-bonded F species, which would give rise to a
peak in the vicinity of —70 ppm. Thus, these samples are better
described as fluoride phosphate rather than fluorophosphate
glasses.”

Fluoride phosphate glasses are known to experience F
volatilization during synthesis. Hence, the quantitative nature
of NMR was used to estimate the amount of F loss by
employing '’F MAS-NMR. By analyzing the detected "F
signal, a significantly higher apparent loss was observed in the
paramagnetically co-doped glasses compared to the undoped
glass (Figure 2b, top panel), with this loss increasing with the
Yb** content. It is worth noting that once all these glasses were
prepared under identical conditions, the fluorine species
directly bonded to the paramagnetic dopants cannot be
detected due to the excessive paramagnetic broadening of the
resonance signal. Although considering 8-fold coordination is a
reasonable approximation for estimating the minimum signal
loss due to lanthanide ions embedded within a crystalline
fluoride structure,” previous diffraction studies from Hoppe et
al. have shown that the average coordination numbers of Pr’*
and Yb%* in metaphosphate glasses are 7.0 and 6.5,
respectively.” Assuming that these average coordination
numbers are similar in fluoride phosphate glasses, the signal
loss resulting from paramagnetic interactions can be estimated
in the case of dominant Pr—F and Yb—F bonding.

Upon correcting for this additional contribution to the signal
loss, the estimated evaporation loss is more consistent with
that observed in the undoped sample, yielding 15, 20, and 21%
F losses for PY00, PY14, and PY18, respectively (Figure S4). It
is important to note that these calculations represent the
estimation of the average F loss caused by evaporation, where
higher evaporation losses would occur if a significant amount
of phosphate ions were present in the first coordination sphere
of the lanthanide ions. For instance, assuming half of the
ligands to be phosphate and the other half fluoride ions, the
maximum corrected evaporation losses would give 24 and 27%
for PY14 and PY18, respectively. Therefore, Figure 2b displays
the F evaporation loss, which presents the uncorrected values
and the corrected mean values from calculations considering
the coordination number of Pr**/Yb®" in crystalline fluoride
(8.00/8.00), vitreous fluoride-only (7.00/6.50), and mixed
vitreous fluoride phosphate (3.50/3.25) environments. Never-
theless, the enhanced signal loss observed in the co-doped

https://doi.org/10.1021/acs.chemmater.3c01508
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Figure 3. (a) Vis—NIR absorption spectra of the fluoride phosphate glass samples. The absorptions of Pr** arise from the *H, ground state to
different excited states while Yb** exhibits the F,,, — *F;, transition. The absorption spectrum of the sample PY0O is not shown because it is
optically inactive due to the lack of Yb** and Pr** in its composition. (b) Excitation spectra monitoring the emission at 606 nm and (c) emission
spectra in the Vis (Pr’", left) and NIR (Yb*, right) spectral range under excitation at 443 nm of the samples PY14 and PY18 measured at room
temperature. (d) Energy level diagram of Pr** depicting the downshifting emission in the Vis spectral range, underscoring the thermally coupled

levels.

glasses compared to the undoped sample indirectly indicates
significant Pr/Yb—F bonding in the co-doped samples.

Figure 2¢,d displays the "Li and °Li MAS-NMR spectra of
the fluoride phosphate glasses, respectively, stressing the
paramagnetic broadening effects caused by Pr’* and Yb**
doping. For the undoped PYO0O0 sample, the spinning sideband
manifold observed arises from the effect of MAS on the m = +
1/2 & m = =+ 3/2 satellite transitions, which are
inhomogeneously broadened by the quadrupolar interactions.
Furthermore, a comparison of the spinning sideband patterns
on the doped and the undoped samples suggests that
paramagnetic interactions have an additional effect on the
observed spinning sideband intensity distribution. For the
undoped sample, the satellite transitions in the "Li MAS-NMR
spectra were fitted with the Czjzek model using the ssNake
software (refer to Table 2 for the fitting parameters).*®*!

As the chemical shift dispersion in ®’Li NMR is extremely
limited, further spectral editing and characterization were done
exploiting the °Li—*'P dipole—dipole interactions using a
°Li{*'P} REDOR experiment. In this case, the less abundant
isotope °Li must be chosen as the observed nucleus because
the resonance frequencies of "Li and *'P are too close to enable
the necessary double-tuning of the NMR probe. Figure S7
compares the °Li{*'P} REDOR data of PY00 and LiPOj, glass,
where the uncorrected second moments extracted from the
data by using eq S1 are 0.69 and 0.65 Mrad® s, respectively,
being considered identical within the experimental uncertainty
limits of + 10%. The theoretically calculated My, _py for
crystalline LiPO; is 2.69 Mrad* s, based on eq S2. In

addition, an analysis of molecular dynamics simulation output
for glassy LiPO; resulted in M, (;_p) = 1.97 Mrad® s and the
corresponding parabola predictions are included in Figure S7.
The substantial deviation of the experimental REDOR data
from the latter simulation suggest a calibration factor f = 0.33.
Most likely, this relatively small value arises from the large *'P
chemical shift anisotropy interfering with the dipolar
recoupling efficiency.

Regardless of this issue, the most surprising result of Figure
S7 is the close correspondence of the two experimental values
for LiPOj; glass and PY00, despite the considerable dilution of
phosphate content in the latter glass. It suggests that the
lithium ions exercise a strong preference for being bound to
phosphate rather than to fluoride ions in this mixed anion
glass. Complementary information is available from *'P spin
echo decay data assessing the strength of the homonuclear
*'P—*'P magnetic dipole—dipole interactions (Figure S8). The
M, p_p) values extracted from these data are much larger than
those expected from a random distribution of *'P nuclei in
space, as estimated from a Monte Carlo simulation. This is, of
course, understandable, as the presence of a considerable
fraction of P—O—P linkages brings the P atoms into proximity
much more closely than would be expected for a random
distribution of P atoms in space. Also, M,p_p) is significantly
larger in LiPOj; glass than in PY0O glass, because it features two
P—O-—P linkages per P atom whereas the NMR results show
that there is less than one P—O—P linkage on average in the
latter case.

https://doi.org/10.1021/acs.chemmater.3c01508
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Altogether, these NMR results show that alloying LiPO,
glass with alkaline-earth and yttrium fluorides produces
significant network modification. A substantial fraction of P—
O-—P linkages is broken leading to the depolymerization of a
P>-dominated structure into one that is dominated by P units.
The process can be initially visualized as:

40,,, — P(=0)(0") + SrE,
= 20,), — P(=0)(0"), + 20, ,, — P(=0)(0")
F+ 8*F ey

which may be followed by partial O < F exchange in the
melting atmosphere. The latter process is experienced as
fluorine loss and may be responsible for our inability to
observe specific structural features indicating P—F bonding in
the obtained glasses. The °Li{*'P} REDOR experiment
suggests a clear preference for Li-phosphate over Li-fluoride
interaction. The formation of P—F bonds appears to be largely
suppressed in these samples.

3.2. Optical Characterization. The absorption spectra of
the colorless undoped and greenish Pr’*/Yb** co-doped
fluoride phosphate glass samples are shown in Figure 3a.
The Pr’* transitions from the ground state (*H,) to the P,
(443 nm), P, and 'I; (469 nm), °P, (481 nm), and 'D, (588
nm) upper energy levels are observed in the Vis spectral
region. In the NIR spectralrange, the absorption bands peaking
at 1440, 1533, and 1941 nm are related to transitions from the
*H, ground state to the 3F,, °F;, and °F, excited states of Pr*”,
respectively. The absorption band observed at 974 nm is
assigned to the transition of Yb®>" from the ground state *F,/,
to the excited state *Fs ,. It is worth pointing out that all the
transitions of Pr’* present similar absorbance values because
the content of Pr,O,; is the same in both samples while the
absorbance of the *F,,, — °F;, transition of Yb** at 974 nm is
greater for PY18 once it presents twice the content of Yb,O;
compared to PY14.

The room-temperature excitation spectra of the Pr**/Yb**
co-doped glasses were recorded by monitoring the emission of
the P, — *Hy transition of Pr’* at 606 nm (Figure 3b),
displaying the characteristic absorptions of Pr’* centered at
443 nm (*H, — °P,), 469 nm (*H, — °P,,'I;), 481 nm (*H,
— 3P,), and 588 nm (*H, — 'D,), in good agreement with the
absorption spectra of the samples presented in Figure 3a.
Under excitation at 443 nm, both co-doped samples present
the typical multicolor emission of Pr’* between the blue and
red spectral range (Figure 3c). The emission bands within this
spectral region arise from the *Py — *H, (482 nm), *P; — *Hj
(524 nm), *°P, — *H; (539 nm), °P; — 3H, (589 nm), °P, —
3H, (606 nm), °P, — 3F, (639 nm), °P, — °F; (677 nm), P,
— °F, (701 nm), and P, — °F, (721 nm) transitions of Pr**
in a downshifting emission process.

Additionally, the excitation of PY14 and PY18 at 443 nm
also gives rise to a broad emission band peaking at 979 and
1006 nm, with the characteristic emission profile of the *F;,,
— ’F,, transition of Yb*" in the NIR spectral range (Figure
3¢).” Under 443 nm excitation, the °P; manifold and 'I4
emitting levels of Pr’* may undergo nonradiative decay to the
'G, energy level, which is resonant with the °F; , level of Yb**,
resulting in the Yb** NIR emission around 1000 nm, due to a
Pr’*-to-Yb®* energy transfer process.”" By comparing the
absorption and excitation spectra of the PY14 and PY18 glasses
(Figure S9), it is possible to observe that the relative

absorption strengths of the *H, — *P,_,'Il; and *H, — 'D,
transitions (i.e., the ratio between the integrated intensities
from the *H, — *P,_,,'Is and *H, — 'D, absorption bands)
stay nearly unchanged (Table S3), indicating that the Yb**
NIR emission upon Pr** excitation is a downshifting
mechanism rather than a downconversion emission.” This is
further supported by the fact that the absolute emission
quantum yield in the NIR cannot be measured under 443 nm
excitation, as observed in Table S4.

Glasses containing Pr**/Yb** are also known for displaying
upconversion light emission due to a Yb**-to-Pr** energy
transfer process, where the emission of Pr’* in the Vis spectral
range is induced by NIR excitation of the Fg/, level of
Yb>*.***” Although upconversion was observed for the PY14
and PY18 co-doped glass samples, it required a high laser
excitation power density (> 100 W cm™), with the laser-
induced heating resulting in a local temperature increment
which was high enough to break the samples. Nevertheless,
measurements were performed by using the ground samples
prepared for the solid-state MAS-NMR studies, where their
upconversion emission spectra under 980 nm laser excitation
are presented in Figure S10, displaying the characteristic
emission bands of Pr’" in the visible spectral range.

3.3. Primary Pr3*-Based Luminescence Thermometry.
When the energy separation between two emitting levels is
sufficiently small (200 to 2000 cm™),* they are considered
thermally coupled because they exhibit a thermally induced
population distribution between them, following the Boltz-
mann statistics.”® By taking the ratio between the integrated
intensity of the emission bands arising from these levels (I; and
I,, namely, the integrated emission intensities of the emission
bands arising from the lower and upper energetic emitting
levels, respectively), a thermometric parameter A can be
obtained, translating the temperature-induced changes into a
luminescence intensity ratio:

I
A = 2 = Bexp _AE
I ky T

)
where AE is the energy separation between the thermally-
coupled levels, kg is the Boltzmann constant, T is the absolute
temperature, and B is a pre-exponential factor given by the
ratio of the product of degeneracy and total spontaneous
emission of both excited states to the ground state.**

Most of the studies on luminescent thermometers based on
the Boltzmann statistics are calibrated by performing a fitting
procedure that enables the estimation of AE and B through eq
2, from the slope and intercept of the In(A) against 1/T plot,
respectively.'” However, this introduces artifacts in temper-
ature determination, mainly when emission spectra are
measured outside the luminescent thermometer’s optimal
temperature range'’ or when intruding emission bands
(unrelated to the thermally coupled levels) coexist in the
same spectral range of I, and 1,>° Moreover, once this
approach determines the values of AE and B in a temperature-
dependent fitting procedure as in secondary thermometers, it is
challenging to perform accurate measurements of the temper-
ature outside the calibration range.

To circumvent these issues, Balabhadra et al. have reported a
straightforward procedure that can be used to avoid the
recording of calibration curves when dealing with the
Boltzmann-based luminescent thermometers discussed
here.”’ This methodology consists in determining the
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Figure 4. (a) Temperature-dependent emission spectra of the PY14 and PY18 samples under 443 nm excitation, highlighting the emission bands
arising from the thermally coupled levels of Pr**. The emission spectra in the complete spectral range recorded are presented in Figure S11.
Temperature dependence of (b) integrated emission intensities I; and I, and (c) corresponding A values. The dashed line in c displays the
temperature values calculated through eq 4 and their corresponding uncertainties while symbols are the temperature values measured with the
reference silicon diode cryogenic temperature sensor. The shadowed area delimits the temperature range where Boltzmann statistics fail. (d)
Correlation between the measured with the reference silicon diode cryogenic temperature sensor (x-axis) and calculated from eq 4 (y-axis)

temperature values. The dashed line corresponds to x = y.

parameter A, which is the thermometric parameter A (ie.,
luminescence intensity ratio from two thermally coupled
levels) obtained at room temperature (Tj):

Ay = Bexp(—kA—E]

B0 ©)

This strategy is ingenious because it paves the way for
measuring the absolute temperature T by taking the ratio A/
A, from eqs 2 and 3:

1 1k [ A ]
== - B2

T o AE (A, (4)
where T, can be easily measured with a temperature sensor, A,
corresponds to the luminescence intensity ratio from the
emission spectra recorded at T, and the experimental values of
A are obtained from the emission spectra recorded at different
temperatures. Therefore, it is possible to predict T directly
from the thermometric parameter A by using eq 4. Because A,
and T correspond to experimentally measured values that are
obtained apart from any calibration or fitting procedures, they
play the role of normalization factors rather than a calibration
process. In addition, AE is calculated in a nontemperature-
dependent way, where this Boltzmann-derived thermometric
approach is based on a well-defined equation of state that does
not rely on unknown or significantly temperature-dependent
values, matching the definition of a primary thermometer.”’

Even though this methodology precludes the calculation of
the pre-exponential factor B and can be virtually applied to any
Lot displaying thermally coupled levels, it has been
predominantly employed for primary temperature sensing
using the upconverting emission from Yb**/Er’* co-doped
materials. The major drawback of this preference is the
estimation of A, from the intercept of a straight line fitted to
the power dependence of A, which may introduce errors in the
determination of the temperature. In addition, the temperature
readouts are affected by local temperature increases induced by
the laser excitation required in upconverting approaches,
further compromising the accuracy of the temperature
measurements.”’

The use of Pr¥* is advantageous in this context because,
besides presenting thermally coupled energy levels (*P; and
3Py, AE ~ 600 cm™),”>> its downshifting emission can be
achieved by using a Xe lamp as the excitation source, where
laser-induced heating is absent during the spectral acquisition
and A, can be determined by simply measuring the emission
spectrum at room temperature. The only fitting parameter
required to perform primary temperature sensing by applying
eq 4 to Pr’* is AE, which can be easily calculated by
deconvoluting the emission spectra measured at room
temperature (see Experimental Section). Interestingly, AE
and A can be calculated by using the emission bands of Pr**
arising in the $10—565 nm range (°P; — *H; and *P, — *Hj)
or the 5§75—632 nm range (°P; — *Hy and *P, — °Hy).
Although the latter requires spectral deconvolution to account
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for the overlapping emission band from the ‘P, — °F,
transition peaking at 639 nm, Pr’* offers two distinct pathways
for assessing the temperature-dependent population distribu-
tion between the *P; and *P, emitting levels. This allows using
the Pr**/Yb** co-doped fluoride phosphate glasses as primary
thermometers based on eq 4 without the need for external
calibration,” showcasing the greater advantage of choosing
Pr** over Er’*-based materials to perform luminescent primary
temperature sensing.

Therefore, by replacing the values of AE, T, A, and the
experimental values of A obtained from the temperature-
dependent emission spectra of the obtained samples in eq 4, an
excellent agreement between the calculated and measured
temperatures was achieved, as observed in Figure 4a. This
indicates that the proposed methodology is valid for predicting
the absolute temperature, without the need for previously
recording a calibration curve. The values of AE, T, and A,
obtained for PY14 and PY18 are listed in Table S6. Although
there is a slight difference in the values of AE calculated for
PY14 and PY18, the integrated intensities of the emission
bands related to the thermally coupled levels of Pr’* show the
same behavior for the temperature evolution in both samples
(Figure 4b). Furthermore, the temperatures predicted by both
samples follow the same trend at distinct temperature ranges
(Figure 4c,d), indicating that the intrinsic thermal sensing
ability of Pr’* is not affected by the chemical environment of
the fluoride phosphate glass matrix.

The optimal thermal response of the thermally coupled
levels occurs within a specific temperature range that depends
on the energy separation AE between them
((2+A7\/E5)kﬁ <TXZ zATi , encompassing the optimal operating
temperature range where the Boltzmann statistics are still
valid.*® Taking into account that Pr** presents a AE of
approximately 600 cm™', 253—432 K is the best temperature
operating range for the obtained fluoride phosphate glasses co-
doped with Yb**/Pr**. Notably, the intensity of the *P; — *H;
transition in sample PY14 is comparable to the noise level for
temperatures below 111 K, being I, near zero (Figure 4a,b).
This is because at these temperatures, the nonradiative rates
are comparable to the radiative rates, and there is not enough
thermal energy to allow the population distribution between
the P, and *P, thermally coupled levels of Pr**. Consequently,
only the lower P, emitting level is populated.”® This means
that, from an experimental point of view, the primary
thermometric approach can be employed in a broader range
of temperatures, working well for Pr’* operating above 111 K.
Nevertheless, the thermometric performance was herein
evaluated at room temperature T to avoid misinterpretations
of the thermal response of the *P; and *P, levels of Pr**.

The thermometric performance of Pr’* working as a primary
thermometer in the obtained fluoride phosphate glasses was
evaluated by using the relative thermal sensitivity (S,) and
uncertainty in temperature (6T), which are crucial figures of
merit used to compare the performance of different
luminescent thermometers (see Section S1.4 of the Supporting
Information for further information)."® The S, values obtained
for both PY14 and PY18 are ~1.0% K™' at T, (Table S6),
consistent with previously reported S, values for Pr**.>*~>° The
obtained samples present a 6T of 0.5 K at T, in close
correspondence with the primary luminescent thermometers
reported for Yb**/Er**-containing materials (see Table 2 in ref
32).

It is important to stress that, despite both PY14 and PY18
samples presenting Yb®* and Pr’* in their composition, the
energy levels of Yb*" do not participate in the thermalization
process between the P, and P, thermally coupled levels of
Pr*, and thus they do not affect the thermometric perform-
ance of Pr’". Hence, once the thermometric response of these
Pr**/Yb*" co-doped fluoride phosphate glasses is solely due to
light emission arising from Pr**, we may conclude that these
samples can operate as luminescent primary temperature
sensors in different media as far as we guarantee (i) the
structural integrity of the vitreous matrix and (ii) no
overlapping is occurring between the Pr’* emission and the
absorption of an eventual light emitting material placed in the
optical path of the samples. These findings indicate that
embedding Pr’* into a vitreous matrix is an ingenious strategy
for developing highly accurate luminescent thermometers
because it does not suffer from temperature deviations from
laser-induced heating observed in power-dependent ap-
proaches, reducing thermal and spectral artifacts, besides
operating in a wide temperature range without requiring time-
consuming calibration curves.

4. CONCLUSIONS

We successfully prepared and characterized luminescent
fluoride phosphate glasses co-doped with Pr’* and Yb**
performing the structural, thermal, optical, and thermometric
evaluation of the glasses. The NMR results showed significant
network modification resulting from the addition of alkaline-
earth and yttrium fluorides, which led to the depolymerization
of phosphate chains through the breaking of P—O—P linkages.
A clear preference for Li-phosphate over Li-fluoride interaction
was observed and the formation of P—F bonds is largely
suppressed in the obtained samples. While the incorporation of
Yb** can induce crystallization, the DSC results suggest that
co-doping the samples does not substantially alter the
connectivity of the fluoride phosphate glass network. The
temperature-dependent emission spectra of the co-doped
samples demonstrated the inherent ability of Pr’* to work as
a primary thermometer irrespective of the doping content,
making these samples suitable for real-world applications due
to their elevated thermal stability.

Overall, our work represents a significant contribution to the
field of luminescence thermometry by proposing a simpler,
faster, and more reliable approach for temperature readouts.
The obtained Pr’*/Yb** co-doped fluoride phosphate glasses
constitute a promising platform for the development of cost-
effective, accurate, and high-performance temperature sensors,
particularly in applications such as biomedical sensors and
wearable technology, where a vitreous matrix that can be
molded into different shapes is required. These findings
demonstrate the potential use of Pr’*-containing materials as
luminescent thermometers that do not require thermal
calibration.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01508.

Detailed preparation and characterization procedures,
advanced NMR studies and molecular dynamics
simulations, and additional details of the thermometric
performance (PDF)

https://doi.org/10.1021/acs.chemmater.3c01508
Chem. Mater. XXXX, XXX, XXX—XXX



Chemistry of Materials

pubs.acs.org/cm

B AUTHOR INFORMATION

Corresponding Authors

Luis D. Carlos — Phantom-g, CICECO - Aveiro Institute of
Materials, Department of Physics, University of Aveiro, Aveiro
3810-193, Portugal; ® orcid.org/0000-0003-4747-6535;
Email: Icarlos@ua.pt

Danilo Manzani — Sao Carlos Institute of Chemistry,
University of Sdo Paulo, IQSC-USP, Sao Carlos, Sao Paulo
13560-970, Brazil; ® orcid.org/0000-0001-7280-5404;
Email: dmanzani@usp.br

Authors

Fernando E. Maturi — Phantom-g, CICECO - Aveiro Institute
of Materials, Department of Physics, University of Aveiro,
Aveiro 3810-193, Portugal; Institute of Chemistry, Sdo Paulo
State University (UNESP), Araraquara, Sao Paulo 14800-
060, Brazil; © orcid.org/0000-0002-9305-8185

Anuraag Gaddam — Sao Carlos Institute of Physics, University
of Sao Paulo, IFSC-USP, Sao Carlos, Sao Paulo 13566-590,
Brazil

Carlos D. S. Brites — Phantom-g, CICECO - Aveiro Institute
of Materials, Department of Physics, University of Aveiro,
Aveiro 3810-193, Portugal; ® orcid.org/0000-0001-9636-
2628

Joacilia M. M. Souza — Sdo Carlos Institute of Chemistry,
University of Sao Paulo, IQSC-USP, Sao Carlos, Sao Paulo
13560-970, Brazil

Hellmut Eckert — Sdo Carlos Institute of Physics, University of
Sao Paulo, IFSC-USP, Sao Carlos, Sao Paulo 13566-590,
Brazil; ® orcid.org/0000-0002-6536-0117

Sidney J. L. Ribeiro — Institute of Chemistry, Sao Paulo State
University (UNESP), Araraquara, Sdo Paulo 14800-060,
Brazil; © orcid.org/0000-0002-8162-6747

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.3c01508

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was developed within the scope of the project
CICECO-Aveiro Institute of Materials, UIDB/50011/2020,
UIDP/50011/2020 & LA/P/0006/2020 and Shape of Water
(PTDC/NAN-PRO/3881/2020) financed by Portuguese
funds through the FCT/MEC (PIDDAC). F.E.M. acknowl-
edges the funding received from the European Union’s
Horizon 2020 research and innovation program under the
Marie Sklodowska-Curie grant agreement No. 823941
(FUNGLASS) and the financial support from the Foundation
for Science and Technology (FCT) through the research grant
UI/BD/151445/2021. A.G. is grateful for the post-doctoral
support received from S3ao Paulo Research Foundation
(FAPESP) under grant 2021/06370-0. The NMR studies
were supported by the Center of Research, Technology, and
Education of Vitreous Materials (CeRTEV), funded by
FAPESP, project number 2013/07793-6. D.M. acknowledges
the Brazilian funding agency National Council for Scientific
and Technological Development (CNPq, 405048/2021-1).
H.E. acknowledges support by CNPq grants 310870/2020-8
and 422159/2018-2.

B REFERENCES

(1) Cicconi, M. R;; Pili, E.; Grousset, L.; Florian, P.; Bouillard, J. C.;
Vantelon, D.; Neuville, D. R. Iodine Solubility and Speciation in
Glasses. Sci. Rep. 2019, 9, 7758.

(2) Laval, J.-P.; Duclére, J.-R.; Couderc, V.; Allix, M.; Genevois, C.;
Sarou-Kanian, V.; Fayon, F.; Coulon, P.-E.,; Chenu, S.; Colas, M,;
Cornette, J.; Thomas, P.; Delaizir, G. Highly Transparent
Fluorotellurite Glass-Ceramics: Structural Investigations and Lumi-
nescence Properties. Inorg. Chem. 2019, 58, 16387—16401.

(3) Yang, M; Liu, X. J.; Ruan, H. H,; Wu, Y,; Wang, H,; Lu, Z. P.
High Thermal Stability and Sluggish Crystallization Kinetics of High-
Entropy Bulk Metallic Glasses. J. Appl. Phys. 2016, 119, 245112.

(4) Abdel-baki, M.; Mostafa, A. M.; Azooz, M. A; Fayad, A. M.
Magnesium Fluoride Borate Glasses for Low Phonon Energy. J.
Electron. Mater. 2022, 51, 5042—5049.

(5) Zanotto, E. D.; Mauro, J. C. The Glassy State of Matter: Its
Definition and Ultimate Fate. ]. Non-Cryst. Solids 2017, 471, 490—
498S.

(6) Dejneka, M. J. Transparent Oxyfluoride Glass Ceramics. MRS
Bull. 1998, 23, 57—62.

(7) Moéncke, D.; Eckert, H. Review on the Structural Analysis of
Fluoride-Phosphate and Fluoro-Phosphate Glasses. J. Non-Crystalline
Solids X 2019, 3, No. 100026.

(8) Bogdanov, O. A.; Kolobkova, E. V.; Perevislov, S. N.
Thermomechanical Properties and Structure of Fluorophosphate
Glasses Activated with Nd** at Different Concentrations of Ba(PO,),.
Glass Phys. Chem. 2021, 47, 334—339.

(9) Galleani, G.; Khalil, A. A.; Canioni, L.; Dussauze, M.; Fargin, E.;
Cardinal, T,; de Camargo, A. S. S. Fluorine and Sodium Depletion
Followed by Refractive Index Modification Imprinted on Fluoro-
phosphate Glass Surface by Thermal Poling. J. Non-Cryst. Solids 2023,
601, No. 122054.

(10) Rajagukguk, J.; Situmorang, R.; Fitrilawati; Djamal, M,;
Rajaramakrishna, R.; Kaewkhao, J.; Minh, P. H. Structural,
Spectroscopic and Optical Gain of Nd** Doped Fluorophosphate
Glasses for Solid State Laser Application. J. Lumin. 2019, 216,
No. 116738.

(11) Xiao, Y. B;; Ji, Y,; Liu, J. L.; Wang, W. C. Nd**-Doped Mixed-
Anion Fluoro-Sulfo-Phosphate Glass for 1.06 ym Solid-State Laser. J.
Non-Cryst. Solids 2019, 522, No. 119586.

(12) Bellanger, B.; Ledemi, Y.; Messaddeq, Y. Fluorophosphate
Glasses with High Terbium Content for Magneto-Optical Applica-
tions. J. Phys. Chem. C 2020, 124, 5353—5362.

(13) Rao, V. R; Basavapoornima, C.; Depury, S. R.; Jayasankar, C.
K. Energy Transfer and Red Fluorescence Properties of (Ce®/
Eu**):Fluorophosphate Glasses for Lighting Applications. J. Non-
Cryst. Solids 2020, 549, No. 120333.

(14) Jayachandra Prasad, T.; Neelima, G.; Ravi, N.; Kiran, N.;
Nallabala, N. K. R; Kummara, V. K; Gadige, P. Optical and
Spectroscopic Properties of Ho*>*-Doped Fluorophosphate Glasses for
Visible Lighting Applications. Mater. Res. Bull. 2020, 124, No. 110753.

(15) Binnemans, K. Interpretation of Europium(IIl) Spectra. Coord.
Chem. Rev. 2018, 295, 1—45.

(16) Biinzli, J.-C. G. Lanthanide Light for Biology and Medical
Diagnosis. J. Lumin. 2016, 170, 866—878.

(17) Dramicanin, M. D. Sensing Temperature via Downshifting
Emissions of Lanthanide-Doped Metal Oxides and Salts A Review.
Methods Appl. Fluoresc. 2016, 4, No. 042001.

(18) Brites, C. D. S;; Lima, P. P,; Silva, N. J. O.; Milldn, A.; Amaral,
V. S.; Palacio, F; Carlos, L. D. Thermometry at the Nanoscale.
Nanoscale 2012, 4, 4799.

(19) Jaque, D.; Vetrone, F. Luminescence Nanothermometry.
Nanoscale 2012, 4, 4301.

(20) Wang, X.; Wolfbeis, O. S.; Meier, R. ]. Luminescent Probes and
Sensors for Temperature. Chem. Soc. Rev. 2013, 42, 7834.

(21) Quintanilla, M.; Liz-Marzén, L. M. Guiding Rules for Selecting
a Nanothermometer. Nano Today 2018, 19, 126—14S.

(22) Back, M.; Ueda, J.; Nambu, H.; Fujita, M.; Yamamoto, A;
Yoshida, H.; Tanaka, H.; Brik, M. G.; Tanabe, S. Boltzmann

https://doi.org/10.1021/acs.chemmater.3c01508
Chem. Mater. XXXX, XXX, XXX—XXX



Chemistry of Materials

pubs.acs.org/cm

Thermometry in Cr**-Doped Ga,O; Polymorphs: The Structure
Matters! Adv. Opt. Mater. 2021, 9, No. 2100033.

(23) Marciniak, L.; Kniec, K; Elibieciak-Piecka, K; Trejgis, K;
Stefanska, J.; Dramicanin, M. Luminescence Thermometry with
Transition Metal Ions A Review. Coord. Chem. Rev. 2022, 469,
No. 214671.

(24) Bednarkiewicz, A.; Marciniak, L.; Carlos, L. D.; Jaque, D.
Standardizing Luminescence Nanothermometry for Biomedical
Applications. Nanoscale 2020, 12, 14405—14421.

(25) Brites, C. D. S.; Balabhadra, S.; Carlos, L. D. Lanthanide-Based
Thermometers: At the Cutting-Edge of Luminescence Thermometry.
Adv. Opt. Mater. 2019, 7, No. 1801239.

(26) Pifiol, R.; Zeler, J.; Brites, C. D. S.; Gu, Y.; Téllez, P.; Carneiro
Neto, A. N.; da Silva, T. E.; Moreno-Loshuertos, R.; Fernandez-Silva,
P.; Gallego, A. I; Martinez-Lostao, L.; Martinez, A,; Carlos, L. D.;
Millan, A. Real-Time Intracellular Temperature Imaging Using
Lanthanide-Bearing Polymeric Micelles. Nano Lett. 2020, 20, 6466—
6472.

(27) Shen, Y.; Santos, H. D. A.; Ximendes, E. C.; Lifante, J.; Sanz-
Portilla, A.; Monge, L.; Ferndndez, N.; Chaves-Coira, 1; Jacinto, C,;
Brites, C. D. S.; Carlos, L. D.; Benayas, A.; Iglesias-de la Cruz, M. C,;
Jaque, D. Ag,S Nanoheaters with Multiparameter Sensing for Reliable
Thermal Feedback during In Vivo Tumor Therapy. Adv. Funct. Mater.
2020, 30, No. 2002730.

(28) van Swieten, T. P.; van Omme, T.; van den Heuvel, D. J.; Vonk,
S.J. W,; Spruit, R. G.; Meirer, F.; Garza, H. H. P.; Weckhuysen, B. M;
Meijerink, A.; Rabouw, F. T.; Geitenbeek, R. G. Mapping Elevated
Temperatures with a Micrometer Resolution Using the Luminescence
of Chemically Stable Upconversion Nanoparticles. ACS Appl. Nano
Mater. 2021, 4, 4208—4215.

(29) Zhou, J; del Rosal, B; Jaque, D.; Uchiyama, S.; Jin, D.
Advances and Challenges for Fluorescence Nanothermometry. Nat.
Methods 2020, 17, 967—980.

(30) Shen, Y.; Lifante, J.; Zabala-Gutierrez, L; Fuente-Fernindez,
M.; Granado, M.; Fernéndez, N.; Rubio-Retama, J.; Jaque, D.; Marin,
R,; Ximendes, E.; Benayas, A. Reliable and Remote Monitoring of
Absolute Temperature during Liver Inflammation via Luminescence-
Lifetime-Based Nanothermometry. Adv. Mater. 2022, 34,
No. 2107764.

(31) Fellmuth, B.; Fischer, J.; Machin, G.; Picard, S.; Steur, P. P. M.;
Tamura, O.; White, D. R.; Yoon, H. The Kelvin Redefinition and Its
Mise En Pratique. Philos. Trans. R. Soc. A: Math. Phys. Eng. Sci. 2016,
374, No. 20150037.

(32) Martins, J. C.; Brites, C. D. S.; Carneiro Neto, A. N.; Ferreira,
R A S; Carlos, L. D. An Overview of Luminescent Primary
Thermometers. In Luminescent Thermometry; Marti, J. J. C.; Baiges,
M. C. P,, Eds.; Springer Nature, 2023; pp 1—48.

(33) Gullion, T.; Schaefer, J. Rotational-Echo Double-Resonance
NMR. J. Magn. Reson. 1989, 81, 196—200.

(34) Echelmeyer, T.; van Wiillen, L.; Wegner, S. A New Application
for an Old Concept: Constant Time (CT)-REDOR for an Accurate
Determination of Second Moments in Multiple Spin Systems with
Strong Heteronuclear Dipolar Couplings. Solid State Nucl. Magn.
Reson. 2008, 34, 14—19.

(35) Aue, W. P.; Karhan, J.; Ernst, R. R. Homonuclear Broad Band
Decoupling and Two-dimensional J-resolved NMR Spectroscopy. J.
Chem. Phys. 1976, 64, 4226—4227.

(36) van Meerten, S. G. J.; Franssen, W. M. J.; Kentgens, A. P. M.
SsNake: A Cross-Platform Open-Source NMR Data Processing and
Fitting Application. J. Magn. Reson. 2019, 301, 56—66.

(37) Bak, M.; Rasmussen, J. T.; Nielsen, N. C. SIMPSON: A
General Simulation Program for Solid-State NMR Spectroscopy. J.
Magn. Reson. 2000, 147, 296—330.

(38) Eckert, H.; Meise-Gresch, K.; Anderson, S. E.; Saiki, D. A Solid-
State NMR Experiment: Analysis of Local Structural Environments in
Phosphate Glasses. . Chem. Educ. 2004, 81, 1034—1037.

(39) Karraker, D. G. Coordination of Trivalent Lanthanide Ions. J.
Chem. Educ. 1970, 47, 424.

(40) Hoppe, U.; Brow, R. K; Ilieva, D.; J6vari, P.; Hannon, A. C.
Structure of Rare-Earth Phosphate Glasses by X-Ray and Neutron
Diffraction. J. Non-Cryst. Solids 2008, 351, 3179—3190.

(41) Czjzek, G.; Fink, J.; Gotz, F.; Schmidt, H.; Coey, J. M. D,;
Rebouillat, J.-P.; Liénard, A. Atomic Coordination and the
Distribution of Electric Field Gradients in Amorphous Solids. Phys.
Rev. B 1981, 23, 2513—2530.

(42) Manzani, D.; Pabceuf, D.; Ribeiro, S. J. L; Goldner, P.;
Bretenaker, F. Orange Emission in Pr**-Doped Fluoroindate Glasses.
Opt. Mater. 2013, 35, 383—386.

(43) Borrero-Gonzélez, L. J.; Galleani, G.; Manzani, D.; Nunes, L. A.
0.; Ribeiro, S. J. L. Visible to Infrared Energy Conversion in Pr*'—
Yb* Co-Doped Fluoroindate Glasses. Opt. Mater. 2013, 35, 2085—
2089.

(44) Van Wijngaarden, J. T.; Scheidelaar, S.; Vlugt, T. J. H.; Reid, M.
F.; Meijerink, A. Energy Transfer Mechanism for Downconversion in
the (Pr**, Yb*") Couple. Phys. Rev. B: Condens. Matter Mater. Phys.
2010, 81, No. 155112.

(4S5) van der Ende, B. M.; Aarts, L.; Meijerink, A. Near-Infrared
Quantum Cutting for Photovoltaics. Adv. Mater. 2009, 21, 3073—
3077.

(46) Lozano B, W.; De Aratjo, C. B,; Egalon, C,; Gomes, A. S. L,;
Costa, B. J.; Messaddeq, Y Upconversion of Infrared-to-Visible Light
in Pr¥*—Yb3* Codoped Fluoroindate Glass. Opt. Commun. 1998, 153,
271-274.

(47) Seshadri, M; Bell, M. J. V.; Anjos, V.; Messaddeq, Y.
Spectroscopic Investigations on Yb** Doped and Pr**/Yb* Codoped
Tellurite Glasses for Photonic Applications. J. Rare Earths 2021, 39,
33—42.

(48) Suta, M.; Meijerink, A. A Theoretical Framework for
Ratiometric Single Ion Luminescent Thermometers—Thermody-
namic and Kinetic Guidelines for Optimized Performance. Adv.
Theory Simul. 2020, 3, No. 2000176.

(49) Suta, M.; Anti¢, Z.; Pordevi¢, V.; Kuzman, S.; Dramicanin, M.
D.; Meijerink, A. Making Nd*" a Sensitive Luminescent Thermometer
for Physiological Temperatures—An Account of Pitfalls in Boltzmann
Thermometry. Nanomaterials 2020, 10, 543.

(50) Martins, J. C.; Bastos, A. R. N.; Ferreira, R. A. S,; Wang, X,;
Chen, G.; Carlos, L. D. Primary Luminescent Nanothermometers for
Temperature Measurements Reliability Assessment. Adv. Photon. Res.
2021, 2, No. 2000169.

(51) Balabhadra, S.; Debasu, M. L.; Brites, C. D. S.; Ferreira, R. A.
S.; Carlos, L. D. Upconverting Nanoparticles Working As Primary
Thermometers In Different Media. J. Phys. Chem. C 2017, 121,
13962—13968.

(52) Rai, V. K; Rai, D. K;; Rai, S. B. Pr** Doped Lithium Tellurite
Glass as a Temperature Sensor. Sens. Actuators, A 2006, 128, 14—17.

(53) Rai, V. K; Rai, S. B. A Comparative Study of FIR and FL Based
Temperature Sensing Schemes: An Example of Pr’*. Appl. Phys. B:
Lasers Opt. 2007, 87, 323—328.

(54) Pudovkin, M. S.; Morozov, O. A.; Pavlov, V. V.; Korableva, S.
L.; Lukinova, E. V; Osin, Y. N; Evtugyn, V. G.; Safiullin, R. A;
Semashko, V. V. Physical Background for Luminescence Thermom-
etry Sensors Based on Pr’*:LaF; Crystalline Particles. J. Nanomater.
2017, 2017, No. 3108586.

(55) Pudovkin, M. S.; Kuznetsov, S. V.; Proydakova, V. Y.; Voronov,
V. V,; Semashko, V. V. Luminescent Thermometry Based on
Ba,Y;F,:Pr’* and Ba,Y;F,:Pr**,Yb*" Nanoparticles. Ceram. Int.
2020, 46, 11658—11666.

B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP on August 2, 2023, with an
incorrect equation in equation 2. The corrected version was
reposted August 4, 2023.
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