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Introduction

The emergence of luminescence nanothermometry during the
last decade opened up the possibility of measuring thermal
flows at spatial scales below 10 pm, unreachable by conven-
tional electrical methods." In fact, diverse phosphors capable
of providing a contactless thermal reading through their light
emission properties have been examined, e.g., polymers,> DNA
or protein conjugated systems,’ organic dyes,* quantum dots,”
Cr**-based materials,® and trivalent lanthanide (Ln®**) ions
incorporated into organic-inorganic hybrids,” multifunctional
heater-thermometer nanoplatforms,®*° and upconverting,"**
downconverting'® and downshifting’®'® nanoparticles. The
implementation of these Ln*"-based phosphors as ratiometric
thermometers was extensively reviewed in the past five years
for diverse applications.’”>*

In the last couple of years, the focus of luminescence
thermometry has gradually shifted from the fabrication of
more sensitive nanoarchitectures towards the use of the tech-
nique as a tool for thermal bioimaging (acquisition of in vivo
thermal images*>*® and subcutaneous thermal videos®” and
in vivo ischemia detection in small animals*®) and for the
unveiling of properties of the thermometers themselves and
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the heat transfer at the nanoscale.

roundings, for example to evaluate heat transport at unprecedented small scales. In this work, we demon-
strated that KLUu(WO,)»:Ho®* Tm®* nanoparticles are able to combine controllable heat release and
upconversion thermometry permitting to estimate its thermal resistance (in air), a key parameter to model

of their local surroundings, as, for instance, the heat transfer
in heater-thermometer nanoplatforms, the absorption
coefficient and thermal diffusivity of tissues,® the instan-
taneous ballistic velocity of Brownian nanocrystals suspended
in both aqueous and organic solvents,*" and the thermal con-
ductivity of porous silica and titania nanostructures.®?
Thermal heating of nanoparticles (nanoheaters), induced
either by the application of an alternating magnetic field or
by irradiation with a near infrared (NIR) laser, has found sig-
nificant applications in nanomedicine, as, for instance, mag-
netic hyperthermia (or magnetothermal therapy)**?* and
photothermal therapy.***” Concerning the last two examples,
in which malignant cells are destroyed by intracellular
thermal ablation and the tumour microenvironment is ther-
mally-modulated to have synergic effects with standard
cancer treatments, the accurate measurement of the surface-
temperature of nanoheaters by using a nanothermometer is
crucial for regulating the heat released to the surroundings,
allowing the adjustment of the irradiation parameters, thus
assisting the therapy. Although distinct nanomaterials have
been designed and fabricated as nanoheaters for magne-
tothermal and photothermal therapies,***%%% single
heater-thermometer nanoplatforms operating in the biologi-
cal spectral windows of the tissues where the absorption of
water and biological specimens is minimal, and combining
(i) efficient light-to-heat or magnetic field-to-heat energy
conversion (>50%), (ii) high relative thermal sensitivity
(>1% K1), and (iii) low temperature uncertainty (<0.1 K) have
not yet been realized, despite the numerous attempts
reported in the last five years,5293974>

Wawrzynczyk et al.,>® Debasu et al*® and Pifol et a
were pioneers in combining heat generation and noncontact
optical temperature sensing in single nanoplatforms using,
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Table 1 Comparison of illustrative Ln**-doped systems used in luminescence nanothermometry operating in the I-BW. The temperature range
(AT), the excitation wavelength (i), the emission wavelengths used to define 4, and the reported S, and 6T, values are presented for

comparison

Material AT (K) Jexe (NM) A Sm (% K1) 6T min (K) Ref.
Upconversion

KLUg.04HOg 01 TM 05(WO,), 300-333 808 Isoo/l7s5 1.86 0.3 This work
KLUy g4HOg 01 TMg 15(WO,), 300-333 808 Isoe/I7s5 2.84 0.2 This work
GdVO,@Si0,:Tm*",Yb*" 298-333 980 Loo/Ts00 0.94 0.4 43
LiNbO,;:Tm?",Yb** 323-723 980 L0/ Is00 3.00 — 44
Downshifting

LiLaP,0,,:Cr’",Nd*" ? 123-473 665 Igo-gao/Troas 4.89 — 45
Gd,0,:Nd*"? 288-323 580 Igpallgon 1.75 0.1 15
LaF;:Nd*" 283-333 808 Iges/Tgss 0.26 — 42
LiLaP,0,,:Nd** 80-600 808 Ige6/Ts70 0.22 1.1 46
YAG:Nd** 283-343 808 Tozs/Toss 0.15 — 47
NaYF,:Nd** 273-423 830 Iges/Is70 0.12 — 39
SIF,:Gd*" Nd*"? 293-338 573 Igsollse7 0.61 2.0 48
CaF,:Gd*",Nd*"? 293-338 573 Loss/Iser 0.12 1.8 49
NaNdF,@NaYF,@NaYF:Nd*" 77-550 808 Igs7/Tg63 0.11 — 50

“ Emission wavelength out of the I-BW. ? Excitation wavelength out of the I-BW.

respectively, heavily Nd**-doped NaYF, heater/thermometer
nanoparticles metallic heaters combined with Yb**/Er**" lumi-
nescent thermometers and magnetic heaters combined with
Eu’’/Tb®" luminescent thermometers. The latter two
examples operate using the visible emission lines of the Er**
and Eu’’/Tb’" ions, respectively, thus, out of the first biologi-
cal window (I-BW, 700-980 nm (ref. 36)). In contrast, Nd>*-
based nanostructures can simultaneously generate heating
through photothermal conversion and temperature reading
using intra-4f® emissions with energies within the first,
second and third biological spectral 35,39,51
However, the relative thermal sensitivity of the Nd**-based
nanostructures is generally one order of magnitude lower
than the typical values reported for Yb**/Er’** and Eu**/Tb**
luminescent thermometers (Table 1 and ref. 20 and 51).

Moreover, temperature uncertainties and photothermal con-
d.50:52

windows.

version values were scarcely evaluate
Here, we report the synthesis and thermal characterization
of Ho**, Tm®" co-doped KLu(WO,), nanoparticles as new
multifunctional heater-thermometer nanoplatforms operating
in the I-BW with an unprecedented performance: relative
thermal sensitivity of 2.8% K ™', temperature uncertainty of
0.2 K (both at 300 K) and photothermal efficiency of 34 + 2%
(integrating sphere method?) or 41 + 3% (thermal relaxation
method®*). Moreover, as an added benefit, we demonstrate
how upconversion thermometry can be used to calculate the
thermal resistance of the nanoparticles in air through a full
non-contact heating and temperature reading. The value
obtained, 9.84 x 107 K W', is similar to those reported for
Si nanorods and Si-based heterostructured nanowires using
conventional techniques. The thermal resistance of a nano-
structured material is a key parameter to understand thermal
transport in a large variety of technologies, such as, micro-
and nanoelectronic devices, thin-film thermoelectrics, and
nanoparticle-based thermal interface materials.>”

This journal is © The Royal Society of Chemistry 2018

Experimental details
Photoluminescence

The emission spectra were acquired using an integrating
sphere (Labsphere, 4P-GPS-020-SL), exciting with 0.100 W
using a 200 x 107° m core diameter fiber-coupled laser diode
(Apollo Instruments, F25-808-2) emitting at 808 nm. The laser
was collimated to a spot diameter of 3.0 x 107> m on the
sample. The emission was collected using an optical spectrum
analyzer (OSA, Yokogawa, AQ6373). All the samples were
measured after being compacted in the bottom of a boro-
silicate flat bottom vial.

For the temperature-dependent experiments, the samples
were in contact with a heating stage (Linkam, THMS 600)
equipped with a boron disk (to obtain an improved tempera-
ture distribution). The nanoparticles were excited by the fiber-
coupled diode laser with the beam focused on the sample
using a 40x microscope objective (0.6 numerical aperture, spot
size of ~20 x 107°® m). The emission was collected using the
same objective and the optical spectrum analyzer, after elimi-
nating the scattered excitation radiation by using a 800 nm
shortpass dichroic filter (Edmund Optics).

Time-dependent photoluminescence experiments
implemented using a portable spectrometer (MAYA 2000Pro,
Ocean Optics). The spectrometer is controlled by a homebuilt
MatLab®© interface to record the real-time dependence of the
emission spectra and the 696 and 755 nm intensities, with a
time step of 0.250 s. The laser power is 1.0 W and the spot size
is 20 x 107® m, corresponding to a power density of 318 x 10°

W m™2

were

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed in a
JEOL JEM-1011 microscope placing a drop of the nano-
powders, previously mixed in ethanol (Merck, pro analysis 99.8%),
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on a copper grid covered by a holey carbon film (HD200
Copper Formvar/carbon).

Photothermal conversion efficiency

The photothermal conversion efficiency (1), e.g., the portion of
light absorbed by the nanoparticles that is transformed into
heat, has been determined by two different methods: (i) the
thermal relaxation method,* and (ii) the integrating sphere
method.” In the first method, 0.3 x 107 L of an aqueous sus-
pension of nanoparticles (1 g L") were introduced in a glass
cuvette (101-QS, Hellma Analytics). The suspension was irra-
diated with a Lumics fiber-coupled diode laser (LU080S M250)
emitting at 808 nm with an excitation power of 0.200 W. The
laser beam was focused on the cuvette with a collimating lens,
allowing a beam diameter of 5 x 10™> m on the sample (corres-
ponding to a power density of 10.2 x 10> W m™?). The tempera-
ture of the sample was recorded until the steady-state tempera-
ture was reached by means of a digital multimeter connected
to a small Pt-100 thermo-resistor located inside the cuvette.
When using the integrating method sphere, the cuvette con-
taining the same suspension of nanoparticles was placed
inside the integrating sphere, perpendicularly to the colli-
mated 808 nm laser beam (again with a laser power density of
10.2 x 10> W m™2). A baffle was introduced inside the integrat-
ing sphere, between the sample and the detector, to prevent
the direct reflections from the sample to the detector. The
power values were measured by using a stabilized thermal
power meter (S302C, Thorlabs).

Synthesis

KLu;_, yHo,Tmy(WO,), nanoparticles with molar concen-
trations x = 0.01, 0.03, 0.05 and y = 0.05, 0.10, 0.15 were syn-
thesized by the modified Pechini sol-gel method,>® following
the methodology previously reported to prepare KLu(WO,),:
Yb**,Ho*>" nanoparticles.”>” Briefly, Ho,O3 (99.9999%), Tm,05
(99.9%) and Lu,03 (99.9999%), used as starting reagents, were
dissolved in hot nitric acid in stoichiometric proportions to
form the nitrate precursors that were subsequently dissolved
in distilled water with citric acid (CA), as the chelating agent,
in a molar ratio [CA]/[metals] = 1. Ammonium tungstate
(NH4),WO,; (99.99%) and potassium carbonate K,COj;
(99.99%) were added to the aqueous solution that was heated
at 353 K under magnetic stirring during a day until the com-
plete dissolution of the reagents. Then, ethylene glycol (EG), as
the esterification agent, was added to the mixture in a molar
ratio [EG]/[CA] = 2. The solution was heated at 373 K to evapor-
ate water and generate the polymeric gel. The polymeric gel
was then calcined at 573 K for 3 h to obtain the precursor
powders that were again calcined at 1023 K for 2 h to eliminate
the organic compounds and crystallize the desired
nanoparticles.

Structural and morphological characterization

The crystalline structure of the nanoparticles was investigated
by powder X-ray diffraction (XRD) to confirm that the experi-
mental procedure results in the same phase already reported.’”
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Fig. 1 TEM micrographs of KLu;_,_,Ho,Tm,(WO,), nanoparticles with
different Ho and Tm concentrations. (a) x = 0.01 and y = 0.05, (b) x =
0.01andy = 0.15, and (c) x = 0.05 and y = 0.05.

The XRD patterns of the KLu;_,,Ho,Tm,(WO,), nano-
particles, x = 0.01, 0.03, 0.05 and y = 0.05, 0.10, 0.15, reveal
that the nanoparticles crystallize in the monoclinic system
with the C2/c spatial group (Fig. S1 in the ESIT). The Scherrer
equation was used to calculate the crystallite size. In all cases a
mean size of 155 + 10 nm was obtained indicating that, within
the error of the technique, different dopant concentrations
produce non-measurable changes on the crystallite size. The
concentration of dopants in the nanoparticles was measured
by ICP-OES (Table S1 in the ESIf). As the nominal concen-
tration of Ho®>" and Tm®" in the precursor powders increased,
the concentration in the synthesized nanoparticles increased.
Keeping the Tm>" concentration constant (y = 0.05), the emis-
sion intensity is maximized for an optimal Ho>* content of x =
0.03.

TEM micrographs (Fig. 1) show KLu;_,_,Ho,Tm,(WO,),
nanoparticles with irregular shapes, typical of nanoparticles
prepared using the Pechini sol-gel method,* with sizes
around 100-150 nm, that tend to appear aggregated in small
clusters. Discrete smaller particles, with sizes below 50 nm can
also be seen in the images, but in a small number. No depen-
dence of the shape or size of the nanoparticles has been
observed with the concentration of doping ions used.

Results and discussion
Upconversion thermometry

The upconversion emission spectra of the
KLu,_,_,Ho, Tm,(WO,), (x = 0.01, 0.03, 0.05 and y = 0.05, 0.10,
0.15) nanoparticles are shown in Fig. 2a and b.

The spectra consist of three separated bands located in the
blue ('G, — *Hg, Tm?"), green (°S,, °F, — °Ig, Ho®"), and red
(°Fs — °Iz and °S,, °F, — °I;, Ho™, and °F,; — *Hs, Tm’")
spectral regions. The Ho®>* bands may be generated by Tm>'-
to-Ho>* energy transfer processes, as previously reported.>®
Fig. 2c displays a simplified energy level diagram of the Ho>"
and Tm?*' ions where the represented absorption, emission
and energy transfer processes are discussed in detail in the
ESL} When the molar concentration of Ho** was kept constant
at x = 0.01, the intensity of all bands decreased as the concen-
tration of Tm*" increased, Fig. 2a. On the other hand, as the
concentration of Ho*" increased (and keeping the Tm>* con-

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Emission spectra of KLu;_,_,Ho,Tm,(WQ,), for (a) different Tm®*
concentrations (keeping the Ho®>* concentration) and (b) different Ho®*
concentrations (keeping the Tm®* concentration). (c) Simplified energy
level diagram depicting the upconversion mechanisms for the gene-
ration of the emission spectra shown in (a). Absorption (upward arrows),
radiative emission (downward arrows), non-radiative deactivations (wavy
downward arrows) and energy transfer (curved arrows) processes are
illustrated.

centration constant at y = 0.05), the intensity of all bands
increases until x = 0.03 (Fig. 2b).

Regarding the thermometric performance of the nano-
particles, it is clear from the temperature dependent emission
spectra depicted in Fig. 3a-d that the emission intensity
changes significantly in the 300-330 K range and thus it can
be used to measure the temperature in the I-BW. The intensity
ratio (A) between the Tm’" line centered at 696 nm (I4o6,
*F,; — °He) and that of Ho®" centered at 755 nm (55, °S,,
°F, — °I,) was calculated in the physiological range of tempera-
tures for all the samples (Fig. 3e). For calculation simplicity we
used the intensities at 696 and 755 nm (the calculus of the
integrated area of the transitions gives the same result). In the
absence of a complete physical model based on the rate
equations of the populations of the levels involved in the
energy transfer processes depicted in Fig. 2c, the experimental
points were fitted to an empirical exponential growing
equation:'*°*

A=Ay + Bexp(aT) (1)

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Emission spectra of KLu;_,_,Ho,Tm,(WOQ,), for (a) x = 0.01 and
y=0.05, (b) x=0.01land y = 0.15, (c) x = 0.03 and y = 0.05, and (d) x =
0.05 and y = 0.05. (e) Intensity ratio of the emission bands located at
696 and 755 nm in the physiological range of temperatures computed
from the emission spectra presented in panels a—d.

where Ay, B, and « are constants. We stress that the commonly
equilibrium
between two emitting states is not applicable to this intensity
ratio, as it is implausible that °F, ; (Tm®") and °S,,F, (Ho*")
emitting states are in thermal equilibrium. The calibration

used Boltzmann equation for the thermal

curves are presented as lines in Fig. 3e and the corresponding
fitting parameters are listed in Table S2 in the ESI.{ The rela-

tive thermal sensitivity:*°

__ Baexp(aT) @)
" Ay + Bexp(aT)
has been commonly used since the initial purpose by Brites

et al'® in 2012 as a figure of merit to compare different
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Fig. 4 (a) Relative thermal sensitivity (S,) and (c) temperature uncer-
tainty in the 300-330 K range of KLu;_,_,Ho,Tm,(WO,), nanoparticles.

thermometers, independently of their nature (Fig. 4). Table 1
compares the highest relative thermal sensitivity value (Sy,) of
KLug 4HO0g.01TMg.15(WO4), and  KLug 04HOg 01 TMg 05(WO4),
with those of other Ln**-doped nanoparticles with emissions
in the I-BW. We selected these two samples because while the
first presents the highest S,, value, the second displays an
almost constant relative thermal sensitivity in all the tempera-
ture ranges studied.

Comparing with examples of Tm>", Yb*" co-doped nano-
particles,*>** the S, value calculated here is of the same order
of magnitude. Relatively to the downshifting Nd**-doped
nanoparticles,'>?94>467% however, this work presents a sensi-
tivity value that is generally one order of magnitude larger. Not
using exclusively Ln** ions, the high Sy, value of the LiLaP,0;,
nanocrystal co-doped with Cr** and Nd**, 4.89% K™, is men-
tioned.”> Besides S, the temperature uncertainty &7 is the
other parameter used to characterize the nanothermometer’s
performance,”® being estimated as:

10A oA
T=——=——— (3)
S; A Bexp(aT)
where 54/A = 0.5% is the relative error in the determination of the
thermometric parameter, a typical value of the acquisition setup
used. The temperature uncertainty of the KLu,;_, yHo,Tmy(WO,),
nanoparticles is shown in Fig. 4b yielding a minimum temp-
erature uncertainty value (§Tpi,) of 0.2 K, at 303 K. Table 1 com-
pares the 6T, values of KLuggsHOg 0 Tmg 15(WO,), and
KLug 04HOg 01 TMy o5(WO,), with those of other Ln**-doped nano-
particles with emissions in the I-BW pointing out that our values

are among the best ones reported so far.

Photothermal heating efficiency

Fig. 5 displays the temperature profile of an aqueous dis-
persion of KLug g4HOg 01 Tmg 15(WO,), (the sample with higher
Sm value) recorded under illumination at 808 nm. In the
steady-state regime (¢ > 600 s), we observe a maximum temp-
erature increase (measured with the Pt-100 thermo-resistor
immersed in the suspension) (T, — T,) = 8.60 + 0.05 K (T}, and
T, are the maximum achieved temperature and the ambient
temperature, respectively). As a control, the same experiment

6606 | Nanoscale, 2018, 10, 6602-6610
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Fig. 5 Time-dependent temperature profiles of the aqueous dispersion
of KLug.g4H0g 01TMg 15(WO4), nanoparticles (squares) and of pure water
(circles). The line is the fit to the experimental data using eqn (6) (> >
0.994). The fit residuals are presented in the bottom graph.

was repeated for pure water, reaching a smaller maximum
temperature increment (about 1.0 K, Fig. 5). This validates that
the temperature increment observed in the nanoparticle’s
aqueous suspension is majorly due to the heat dissipation by
the nanoparticles themselves (and not by the water).

The nanoparticles’ photothermal conversion efficiency
using the thermal relaxation method is evaluated by:>*

C(Tm —Ta) 0
= m x 100% (4)
where C = Zmjcp; is the thermal capacitance of the system
(m; and cp; are, respectively, the mass and the specific heat
capacity of all the i components of the system), 7 is the
system’s thermal time constant, Q is the heat dissipated from
the light absorbed by the glass cuvette and solvent, I = 0.200 W
is the laser incident power, and A, is the absorbance of the
material at 1 = 808 nm. Using C=2.936 J K™, Q =0.08 W, 4, =
0.959 and 7 = 166.3 + 0.7 s (from the fit shown in Fig. 5) a
photothermal conversion efficiency n = 41 + 3% is obtained
(details in the ESIf).

For comparison purposes, we also determine 7 of the same
nanoparticles as a function of the excitation power density
using the integrating sphere method, a methodology described
in detail elsewhere.” In this method 7 is calculated using:

Py, — P,
n:b—Pleoo% (5)

e S

This journal is © The Royal Society of Chemistry 2018
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where Py, P; and P. are the power values measured for the
solvent (water), sample and empty sample holder, respectively.
The resulting photothermal conversion efficiency is # = 34 +
2% (mean = std). We notice that n shows negligible depen-
dence on the pumping power, within the range studied
(Fig. S2 in the ESIY). Despite the fact that the 5 values obtained
by the two methods are similar, that obtained with the
thermal constant method is slightly higher. This is because in
this method the scattered and reflected light from the sample
and the walls of the cuvette in which the sample is contained
is neglected, providing an overestimation of 7, as pointed out
before by some of us for the examples of graphene and gra-
phene oxide flakes.®® Although smaller than the two other
values reported for Ln’"-based examples, 72.1% in NdVO,
NPs’* and 72.7% in NaNdF,@NaYF,@1%Nd>*":NaYF, multi-
shell nanostructures,’® the photothermal heating efficiency of
our nanoparticles is higher than the values reported for metal-
lic, Fe-based and semiconductor nanoparticles (Table 2 of ref.
34 and Table S3 in the ESIY}).

Thermal resistance of the nanoparticles through upconversion
thermometry

Generally, the thermal resistance of a given material (defined
as the ratio between the temperature increase and the heat
flowing through it) has been measured by electric means, such
as the thermal bridge and thermocouples (for instance in gra-
phene layers®® or carbon nanotubes-Cu composites,* respect-
ively) or by null-point scanning thermal microscopy (for
instance in graphene disks®*). These methods, however, over-
estimate the thermal resistance, since they cannot decouple
the thermal resistance from the parasitic contact resistance
between the nanostructures and the heat source/sink, which
can typically account for 50% of the measured thermal resis-
tance.®®> Moreover, the methods are complex, expensive and
with significant limitations to be extended to other nano-
materials. Here we demonstrate that the upconversion of
heater-thermometer nanoparticles can be used as a tool for
the unveiling of the thermal properties of the particles them-
selves, in this case to determine the thermal resistance R. As
an illustrative example, we use KLug94HOg 01 TMg 05(WO,),
powder nanoparticles in contact with air. We selected this
sample because their S, and 67 values are almost constant in
the tested temperature interval, contrary to those of the other
examples in which larger variations are observed (Fig. 4).

In a typical experiment, a laser beam is focused on the
sample’s surface inducing, simultaneously, upconversion
emission and a temperature increment, A7(t), due to non-
radiative deactivations. Then, the emission spectra are
recorded with respect to the elapsed time being converted into
temperature using eqn (1) (Fig. 6a). Fig. 6b presents the temp-
erature increase of KLu;_, ,Ho,Tmy(WOy,), (x = 0.01, y = 0.05
and x = 0.01, y = 0.15) induced by the irradiation with the
808 nm laser with power density values up to 400 x 10° W m 2.
For the same laser power density, the temperature increment
is smaller for the sample with a lower Tm®" concentration,
suggesting a positive correlation between the heat generated

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) Scheme of the experimental setup used to measure the real-
time evolution of the emission spectra upon 808 nm excitation. The
laser simultaneously heats and excites the sample providing the temp-
erature dependent upconversion emission. A beam splitter was used to
redirect a part of the emitted signal to the portable spectrometer that
simultaneously records the emission spectra. (b) Temperature increase
induced by distinct excitation power density (Pp) for
KLug 94HOg 01TMg 05(WQ4)» (black squares) and
KLug g4H00.01TMo 15(WOQO4), (green circles) powder nanoparticles in
contact with air. (c) Heating curve of KLug.94H00.01TMo 05(WO4), (Pp =
318 x 10° W m~2). The solid line corresponds to the best fit to experi-
mental data using eqn (6) (? = 0.997).

due to non-radiative Tm**-to-Ho>" energy transfer and Ho’*-to-
Tm®" back transfer and the Tm®" content. Moreover, the
plateau discerned for high power densities (>300 x 10°
W m™?), and not observed in the Pp range studied for the
sample with a higher Tm’" concentration, is related to a
saturation effect on the Tm*" absorption at 808 nm.

The thermal gradients within the nanoparticles are negli-
gible when compared with the temperature change in their
neighborhood (Biot number lower than 0.01, details in the
ESI}). Thus, the heat dissipation follows the classical Fourier
law, resulting in a temperature increase given by:**°’

AT(t) = ATy {1 — exp<f%t>}

a1 e~ 2)] =t ()

where AT, is the temperature increase in the steady-state
regime (e.g., in the limit ¢ — o) (Fig. 6¢), & is the convective
heat transfer coefficient, 4 is the thermal contact area, R = 1/hA
is the convective thermal resistance and z = RC. Upconversion
thermometry is used to measure AT(¢) and ATy, and the equi-
valent heating circuit is depicted in Fig. S3.}

(6)
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Fitting eqn (6) to the heating curve of
KLug.04HOg 01Ty 05(WO,), powder nanoparticles in contact
with air, we obtain ATy, = 18.3 + 0.2 K and 7 = 0.223 + 0.004 s
(** > 0.997), that corresponds to R = (9.50 + 0.17) x 10" K W,
considering ¢ = 324 J kg™! K™! and m estimated by multiplying
the area of the excitation beam, = x 107'° m?, by the pene-
tration length, 3 x 107® m, and the density p = 7686 kg m™>
(the ¢ and p values are from the KLu(WO,), bulk crystal,*®*°
Table S4, ESIT).

To the best of our knowledge, this is the first report of
thermal resistance values for oxide nanoparticles. Nevertheless,
the calculated value is of the same order of magnitude of the
measured interfacial thermal resistance across the Si/NiSi,
interface in Si,,Ge, 3/NiSiy,Ge, ; heterostructured nanowires,
6-12 x 10° K W™',7° and of the estimated value for interfacial
thermal resistance of a 1 um Si nanowire on an Si substrate,
0.1-10 x 10" K W' Interestingly, it is well known that in all
applications where nanoparticles are in physical contact with a
substrate, the thermal transport in these systems is expected to
be dominated by the thermal resistance at the interface formed
between the nanostructure and the substrate.>

The calculus of the 7 value allows the determination of the
temporal resolution of the KLug.94HOg 01Ty o5(WO,), thermo-
meter (5¢t) which can be calculated by:*°

oT oT
O =TT~ BT @
..

where the details of the calculus of the maximum temporal
change of the temperature are shown in the ESLt{ The
minimum temporal resolution, &ty,i, = 0.0033 + 0.0007 s,
corresponds to the minimum temperature uncertainty (0.3 K
at 300 K) and is 2-4 orders of magnitude better than those of
the thermometers based on scanning thermal microscopy (0.1
s, Saidi et al.,”* and 1.5 s, Tetienne et al.””> and Sedmak et al.”®)
and Raman spectroscopy®” (90 s, Deshpande et al’*), being
comparable to that of Eu’’/Tb®* luminescent molecular
thermometers reported by some of us as ~0.001 s.”>7°

Conclusions

We demonstrated that KLu;_,_,H0,Tmy(WO,), (x = 0.01-0.05
and y = 0.05-0.15) nanoparticles are tunable multifunctional
heater-thermometer nanoplatforms under 808 nm excitation.
Additionally, the upconversion emission lines at 696 and
755 nm (in the I-BW) can be used for luminescence thermome-
try, with a relative maximum thermal sensitivity of 2.8% K
and a minimum temperature uncertainty of 0.2 K at 300 K.
The photothermal conversion efficiency was determined by
both the thermal relaxation and the integrating sphere
methods. The values obtained, 41 + 3% and 34 + 2%, respect-
ively, although smaller than the values already reported for
downshifting multishell Nd**-based nanostructures are higher
than those of semiconductor and metallic nanoparticles. The
value recorded by the thermal relaxation method is slightly
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higher because the method neglects the light reflection and
scattering from the sample and the cuvette in which the
sample is contained. The thermal resistance of powder
KLug 04HOg 01 Tmy 05(WO,), nanoparticles in contact with air,
(9.50 + 0.17) x 10" K W, is of the same order of magnitude of
that expected for interfacial thermal resistance Si nanorods
and Si-based heterostructured nanowires. As the nanoparticles
are in contact with each other, we can anticipate that the
thermal resistance is dominated by the contact resistance at
the interface between them. To study this effect, future work
will be focused on the measurement of the dependence on the
external pressure of the thermal resistance. Moreover, the role
played by the medium in the thermal resistance can also be
addressed by performing similar measurements in colloidal
suspensions of the nanoparticles. In summary, all these new
tools enlarge the application of luminescence thermometry
paving the road to exploit the heat transfer processes occurring
at the micro and nanoscale.
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