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Expanding NIR-IIc nanothermometry: architectural
control of Tm3+-doped NaGdF4 core/shell
nanoparticles
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Near-infrared (NIR) nanothermometers are promising for biomedical applications due to reduced optical

scattering and absorption of NIR light that matches the biological transparency windows when compared

to UV or visible light. Yet, the exploration of nanothermometers that operate in the NIR-IIc

(1700–1880 nm) and NIR-III (2080–2340 nm) spectral regions remains scarce. To address this gap, we

propose a series of Tm3+-, Er3+-, and Yb3+ doped NaGdF4 core/shell/shell nanoparticles dispersed in

toluene for double-band ratiometric nanothermometry operating in the NIR-IIc region. The influence of

the doping concentration of activator and sensitizer ions Tm3+ and Yb3+ on the Er3+ and Tm3+ emissions

has been systematically investigated. The maximal Sr value based on the Tm3+ 3F4 → 3H6 (1850 nm) and

Er3+ 4I13/2 →
4I15/2 (1550 nm) radiative transitions reached values as high as 2.3% °C−1 at 50 °C. This is sig-

nificantly higher than previously reported Sr values, particularly for ratiometric NIR nanothermometers. To

further explore the even longer wavelengths, Tm3+ and Ho3+ co-doped NaGdF4 core/shell nanoparticles

were designed, exhibiting emissions at 1850 nm (Tm3+) and 2000 nm (Ho3+) reaching the NIR-III window

and a maximum Sr value of 0.58% °C−1 (T = 20 °C). These findings contribute to the establishment of

design principles and a library of sought-after novel NIR optical thermal nanosensors.

Introduction

In recent years, luminescent nanothermometry has attracted
growing interest for potential application in different fields,
including microfluidics, microelectronics, and biomedicine,1–4

due to its remote and minimally invasive thermal sensing
capabilities.5,6 Luminescent nanothermometry is a spectro-
scopic technique for temperature measurements based on the
temperature-associated changes in the optical properties of a
suitable probe.7,8 Among luminescent nanothermometers,
those that operate in the near-infrared (NIR) spectral region
have shown particular potential for biomedical applications.
In contrast to UV/visible light, NIR light exhibits lower photo-
toxicity and deeper penetration into biological tissue due to
reduced optical scattering and absorption.9 While there is no
clear consensus about the definition, the NIR spectral region
is commonly subdivided into several biological optical trans-
parency windows.10,11 Conventionally, the region from 700 to
950 nm was defined as NIR-I, that from 1000 to 1350 nm as

NIR-II, and the spectral region from 1550 to 1870 nm was
referred to as NIR-III. Much less explored is the 4th biological
window, NIR-IV, that covers the 2050–2400 nm spectral
region.12

Interestingly, recent work by Feng et al. proposes the redefi-
nition of the biological windows and optimal spectral regions
for optical bioimaging.13 Moderate light absorption by water
in the spectral region around 1450 nm was found to positively
contribute to intravital imaging. The collection of light within
this spectral region was identified as a recommendable
option, when using probes the emission of which is strong
enough to resist the partial absorption loss. Consequently, the
NIR windows were proposed as follows (a notation that will be
adopted throughout this work): NIR-I: 750–900 nm, NIR-II:
900–1880 nm, and NIR-III: 2080–2340 nm. Herein, the NIR-II
window was suggested to be subdivided into so-called NIR-IIx
(1400–1500 nm) and NIR-IIc (1700–1880 nm).13

To date, various types of materials have been reported for
the design of luminescent nanothermometers that operate in
the NIR spectral region, including organic compounds,
quantum dots, transition metal-doped oxides, and lanthanide
(Ln3+)-based nanoparticles (Ln-NPs).14,15 Among these, Ln-NPs
have been widely investigated due to their excellent photo-
stability, relatively low toxicity, and NIR emission under NIR
excitation that perfectly aligns with above-defined biological
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windows.12,16 As a result, over the past decade, significant
progress has been made in the development of a large
variety of potential nanothermometers for biomedical
applications.17–28 The working principle of most of these
nanothermometers is based on a ratiometric approach using
the luminescence intensity ratio (LIR) between spectrally
distant emission bands.29 Herein, advantage is taken of the
NIR emission of Ln3+ ions like Nd3+ (880 nm, 1060 nm,
1340 nm),21,24,25,27,28 Ho3+ (1180 nm),30 Pr3+ (1300 nm),31 Tm3+

(800 nm, 1470 nm, 1800 nm),19,26,32 and Er3+ (1550 nm).22,23,33

However, the exploration of optical probes that emit at wave-
lengths longer than 1600 nm and into the NIR-IIc and NIR-III
spectral regions remains scarce. This is surprising given the
increasing awareness of challenges related to the reliability of
ratiometric thermal sensing that relies on calibration
curves.34,35 These challenges include spectral distortion as a
function of the environment of the optical probes – an issue
that was reported to be less severe when shifting towards
longer wavelengths.36

One notable example is a study by Nexha et al. from 2020.37

Herein, the authors report a ratiometric thermometer based
on Tm3+ and Ho3+ co-doped KLu(WO4)2 crystalline powders
with an average particle size of approximately 150 nm. The
different temperature-dependence of the observed emission
intensities at 1800 nm (3F4 →

3H6 radiative transition of Tm3+)
and 1960 nm (5I7 →

5I8 radiative transition of Ho3+) resulted in
a thermometer with a maximum relative thermal sensitivity
(Sr) of 0.9% °C−1 at 20 °C. This constitutes the first proof-of-
concept for Ln-based nanothermometry in the NIR-IIc spectral
region. Though, biomedical applications often require disper-
sible nanomaterials of homogenous morphology and narrow
size distribution. Addressing this challenge, Li et al. reported a
NIR nanothermometer based on NaErF4/NaYF4:Tm

3+ core/
shell NPs dispersed in toluene, a first step towards appli-
cations that require solvent dispersibility.38 The authors
explored the temperature-dependent LIR between the NIR
emissions of Er3+ (1550 nm) and Tm3+ (1800 nm) corres-
ponding to their 4I13/2 → 4I15/2 and 3F4 → 3H6 transitions,
respectively, and reported a maximum Sr value of 0.61% °C−1

at 30 °C. In 2024, our group reported Pr3+/Ho3+-doped NaGdF4
core/shell/shell (CSS) NPs as nanothermometers operating in
the 1200–1300 nm spectral region.31 By comparing the thermo-
metric performances of various Pr3+/Ho3+-based NP architec-
tures, it was found that the separation of the Ln3+ emitters in
different layers was required for controlled energy transfer
between the Ln3+ ions, ultimately allowing for improved ther-
mometric performance. The promising nanothermometers
reported by Nexha et al.37 and Li et al.38 now motivate the
rational design of core/(multi-)shell Ln-NPs of compositions
optimized for the operation in the NIR-IIc and into the NIR-III
beyond 2000 nm spectral regions, whereas not only Sr, the
quantitative parameter used to assess and compare the
thermal sensing performance of different nanothermometers,
but also other key performance metrics, such as uncertainty
and repeatability, shall be assessed. Therefore, we here
propose a series of novel Ln-NPs with optimized temperature-

dependent photoluminescence for nanothermometry in the
NIR-IIc spectral region.

First, a series of Tm3+-, Er3+-, and Yb3+-doped NaGdF4 core/
multi-shell NPs, dispersible in toluene, was synthesized by
microwave-assisted synthesis, and the nanoparticles’ NIR-II
luminescence under 980 nm excitation was systematically
investigated. Herein, the focus was set on the architectural
design, assessing the impact of the doping concentration of
activator and sensitizer ions Tm3+ and Yb3+ on the Er3+ and
Tm3+ emissions centered at 1550 and 1850 nm, respectively.
The LIR of the two emission bands was found to be highly
temperature-dependent, resulting in a maximum Sr value of
2.3% °C−1 at 50 °C, which is significantly larger than pre-
viously reported Sr values, particularly for ratiometric NIR
nanothermometers.38 To take advantage of even longer wave-
lengths, we further investigated the thermometric perform-
ance of Tm3+ and Ho3+ co-doped NaGdF4 core/shell NPs dis-
persed in toluene, exhibiting emission bands centered at 1850
and ca. 2000 nm. Herein, the use of Tm3+ is of particular inter-
est as allowing for excitation at 808 nm, reducing potential
excitation laser-induced heating effects that might be observed
upon 980 nm excitation. Though not being on par with the
performance of the Er3+- and Tm3+-based nanothermometer,
the maximum Sr of 0.58% °C−1 obtained at 20 °C identifies the
monodispersed Tm3+- and Ho3+-doped NPs as suitable candi-
dates that fully operate in the NIR-IIc spectral region. These
findings contribute to the establishment of a library of sought-
after novel NIR optical thermal sensors.

Results and discussion
NIR-IIc emitting Er3+, Tm3+, Yb3+ co-doped core/shell/shell
nanoparticles (Er/Tm- and Er/Yb,Tm-CSS NPs)

Synthesis and structural characterization. A series of oleate
(OA)-capped core/shell/shell (CSS) β-NaGdF4 NPs co-doped
with Yb3+, Er3+, and Tm3+ were synthesized using the micro-
wave-assisted approach previously established by our group
(see Experimental section and SI for details).39 For optimiz-
ation of the NIR luminescence and thermometric perform-
ance, a total of three different CSS architectures was designed.
One type of CSS-NPs consisted of a 2 mol% Er3+ and 20 mol%
Yb3+ co-doped core and an inner shell that was co-doped with
20 mol% Yb3+ and either 10 or 20 mol% of Tm3+. An outer
undoped NaGdF4 shell was added to protect the optically
active Ln3+ ions in the core and inner shell from surface
quenching. This resulted in NaGdF4:Er

3+(2 mol%),
Yb3+(20 mol%)/NaGdF4:Tm(x mol%),Yb3+(20 mol%)/NaGdF4
CSS-NPs with x = 10 and 20, respectively, hereafter referred to
as Er/Yb,Tm10%-CSS and Er/Yb,Tm20%-CSS NPs, respectively.
The rather high concentrations of Tm3+ ions were chosen
based on previously published reports showing intense NIR-IIc
emission at ca. 1800 nm.12,40 The variation between 10 and
20 mol%, allowed to investigate the effect of the Tm3+ dopant
concentration on (i) the NIR-IIc emission of the Tm3+ ion and
(ii) the performance of the CSS-NPs as thermal sensors. Co-
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doping of the inner shell with Yb3+ was expected to promote
Yb3+-enabled energy migration between the core and shell
region of the CSS-NPs, potentially influencing the thermo-
metric performance. To confirm this hypothesis, the third CSS
architecture consisted of the same core composition (i.e.,
NaGdF4 co-doped with 2 mol% of Er3+ and 20 mol% of Yb3+),
but the inner shell was singly doped with 20 mol% of Tm3+,
lacking the additional Yb3+ co-dopant. Again, an outer
undoped NaGdF4 shell was added to protect the optically
active Ln3+ ions in the core and inner shell from surface
quenching. The resultant NaGdF4:Er

3+(2 mol%),
Yb3+(20 mol%)/NaGdF4:Tm(20 mol%)/NaGdF4 CSS NPs are
hereafter labelled as Er/Tm20%-CSS NPs. An overview of all
Yb3+, Er3+, and Tm3+ co-doped CSS NPs, including their com-
position, size, and sample name is provided in Table S1.

X-ray diffraction (XRD) analysis confirmed that all CSS-NPs
crystallized in the hexagonal β-phase of NaGdF4 (space group:
P63/m) (Fig. S1). The morphology and size of the NPs was
examined using transmission electron microscopy (TEM). The
TEM images of the OA-capped Er/Tm- and Er/Yb,Tm-CSS NPs
and their respective size distributions are shown in Fig. 1 (see
Fig. S2 for additional TEM analysis of the respective core and
CS-NPs). All NPs were monodisperse with narrow size distri-
butions. The core NPs exhibited a spherical morphology with
an average size between 6.2 and 6.6 nm (Fig. S2A1, B1 and C1

as well as size distribution plots in Fig. 1). Growing a Yb3+ and
Tm3+ co-doped shell resulted in CS-NPs of ca. 12–14 nm (12.6
± 1.1 nm and 14.0 ± 1.5 nm), with comparable shell thick-
nesses of ca. 3–4 nm (Fig. S2A2, B2 and Fig. 1B, D). Further
growth of a ca. 3.5 nm undoped NaGdF4 shell led to overall
CSS-NP sizes of 19.3 ± 1.9 nm and 21.0 ± 1.9 nm for Er/Yb,
Tm10%-CSS and Er/Yb,Tm20%-CSS, respectively (Fig. 1A–D).
Upon growth, the NPs adopted a quasi-spherical morphology
starting to form hexagon-like structures, which is ascribed to
the intrinsic crystallographic properties of the hexagonal
phase of NaGdF4.

41 As shown in Fig. 1E, F and Fig. S2C,
samples with only Tm3+ in the inner shell, i.e., Er/Tm20%-CSS
NPs, were of comparable dimensions. The Tm3+ doped inner
shell was ca. 2.3 nm thick, whereas the outer shell had a thick-
ness of ca. 3.8 nm, overall resulting in a CSS-NP size of 18.4 ±
1.5 nm. Some decrease in inner shell thickness was noticeable
upon lack of Yb3+ doping in the inner shell (ca. 2.3 versus
3.4 nm). This observation is in line with previous studies
reporting effects of Ln3+ dopant choice and concentration on
particle growth.42 All CSS-NPs retained a quasi-spherical
shape.

Optical properties of Er/Tm- and Er/Yb,Tm-CSS NPs. The
downshifting photoluminescence properties of the obtained
Er/Tm- and Er/Yb,Tm-CSS NPs, dispersed in toluene, were
investigated under 980 nm excitation. As shown in Fig. 2A, at

Fig. 1 (A, C and E) TEM images of the Er/Yb,Tm- and Er/Tm-CSS NPs. All of these CSS NPs consisted of a core doped with 2 mol% Er3+ and
20 mol% Yb3+. The inner shell was doped with (A) 10 mol% Tm3+ and 20 mol% Yb3+ (Er/Yb,Tm10%), (C) 20 mol% Tm3+ and 20% Yb3+ (Er/Yb,Tm20%),
and (E) 20 mol% Tm3+ (Er/Tm20%), respectively. An undoped outer shell was added to all compositions to form the CSS-NPs. The 50 nm scale bar
applies to all TEM images. (B, D and F) The corresponding size distributions of the Er/Yb,Tm- and Er/Tm-CSS NPs and their respective core as well as
CS-NPs. The numbers in (B, D and F) are the average particle size ± standard deviation.
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room temperature, all samples exhibited the expected photo-
luminescence in the NIR spectral region. The well-studied
emission of Er3+, centred at 1550 nm (NIR-II, formerly categor-
ized as NIR-III), corresponds to the ion’s 4I13/2 → 4I15/2 radia-
tive f–f transition.22 In addition, the emission peak at 1850 nm
is ascribed to the Tm3+ 3F4 →

3H6 radiative f–f transition, over-
lapping with the NIR-IIc spectral region.13,37

Among the three samples, Er/Tm20%-CSS NPs (colour code:
green) exhibited the most intense Er3+ NIR emission.
Moreover, their Er3+ emission intensity was significantly stron-
ger than that of their Tm3+ emission. This resulted in a Tm3+-
to-Er3+ intensity ratio (ITm/IEr), based on the integrated areas of
the respective emission bands, of only 0.23. This can be attrib-
uted to the resonance of the energy levels of the Yb3+ sensitizer
(2F5/2) and the Er3+ (4I11/2) activator ion, both doped into the
core, leading to efficient energy transfer from Yb3+ to Er3+

upon 980 nm excitation. Consequently, the population of the
emitting Er3+ level (4I13/2) and the subsequent emission are
favoured (Fig. 2B). Conversely, energy transfer from the Yb3+

sensitizer to the Tm3+ activator is less efficient due to the ener-
getic mismatch between the Yb3+ 2F5/2 and Tm3+ 3H5 levels.
The Yb3+ → Tm3+ energy transfer is further hampered (though
not suppressed) as Tm3+ and Yb3+ ions were doped into
different regions of the CSS architecture (core versus inner
shell).

Remarkably, the Er/Yb,Tm10%-CSS sample (sample code:
orange) showed the strongest Tm3+ NIR emission among all
the samples (Fig. 2A). This is the result of the more efficient
Yb3+-activated excitation of the Tm3+ ion. More precisely, the
population of the Tm3+ ions’ 3H5 level is fostered by the closer
distance between the Yb3+ and Tm3+ ions, both co-doped into
the inner shell. Following non-radiative decay to the 3F4 level,
radiative decay to the 3H4 ground level takes place (Fig. 2C). In
parallel, the presence of Yb3+ in the core and the inner shell in
this architecture can foster Yb3+ mediated energy migration

from the core to the inner shell. This can depopulate the Yb3+

excited states in the core, thus, hampering efficient Er3+ exci-
tation. Consequently, the Er3+ NIR emission is lower for Er/Yb,
Tm10%-CSS NPs in comparison to that of Er/Tm20%-CSS NPs.
Overall, this comes along with a relatively large Tm3+-to-Er3+

intensity ratio (ITm/IEr) of 1.80.
Upon increase of the Tm3+ dopant concentration from 10 to

20 mol% (Er/Yb,Tm20%-CSS, sample code: purple), the Tm3+

emission decreased. Tm3+ is prone for cross-relaxation and
self-quenching processes, which is fostered by the high con-
centration of Tm3+, ultimately leading to the loss of emission
intensity.43 In addition, the emission intensity of the Er3+ NIR
band decreased upon increase of the Tm3+ concentration in
the inner shell. This might be explained by a more pro-
nounced energy transfer from the excited level of the Yb3+ (and
Er3+) ions in the core towards Tm3+ ions in the inner shell as
the number of neighbouring Tm3+ ions increased. This
depopulation of the Yb3+ sensitizer ion’s and the Er3+ activator
ion’s excited states via energy transfer to the 3H5 Tm3+ level
can then result in the reduced Er3+ NIR emission intensity. On
the other hand, this energy migration may be expected to
result in a relative emission enhancement of the Tm3+ NIR
emission (3F4 → 3H6) for Er/Yb,Tm20%-CSS NPs (purple
sample) compared to Er/Yb,Tm10%-CSS NPs (orange sample).
However, for Er/Yb,Tm20%-CSS NPs, the ITm/IEr ratio was 1.06
opposed to 1.80 for Er/Yb,Tm10%-CSS NPS, indicating that
Tm3+ cross-relaxation and self-quenching processes were domi-
nant, ultimately hampering more efficient Tm3+ NIR emission.

The assessment of the upconversion (UC) spectra can
provide additional insight into the excitation and emission
pathways of the Er/Yb,Tm- and Er/Tm-CSS NPs (Fig. S3). Under
excitation with 980 nm light, Er/Tm20%-CSS NPs (green
sample) exhibited significantly brighter upconverted Er3+ emis-
sion than the Er/Yb,Tm-CSS NPs (orange and purple sample)
(Fig. S3). As discussed above, the lack of Yb3+ as co-dopant in

Fig. 2 (A) Room temperature NIR emission spectra of Er/Yb,Tm- (orange and purple sample) and Er/Tm-CSS (green sample) NPs as a function of
their architecture. Excitation wavelength: 980 nm; laser power density: 6.7 W cm−2; CSS-NP concentration: 10 mg mL−1 in toluene. Energy transfer
diagram for CSS-NPs with (B) 20 mol% of Tm3+ as single dopant as well as (C) 10 or 20 mol% of Tm3+ co-doped with Yb3+ in the inner shell (shell 1),
highlighting the Er3+ and Tm3+ ions’ NIR emission. The outer shell (shell 2) was undoped. Solid straight arrows indicate excitation and emission,
wavey arrows indicate non-radiative decay, and dashed arrows indicate energy (ET) as well as back energy (BET) transfer. See Fig. S3B–D for energy
level diagrams including upconversion.
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the inner shell reduces depopulation of the excited 4I11/2 level
of the Er3+ ion as hampering energy migration from the core
to the inner shell. Consequently, more efficient UC to the
green (2H11/2,

4S3/2) and red (4F9/2) emitting Er3+ levels can take
place.

As expected, given the high Tm3+ dopant concentration of
10 and 20 mol%, respectively, the UC spectra of all CSS NPs
lack the characteristic blue emission of Tm3+ ions (Fig. S3A).
Only negligible UC intensity was detected at ca. 700 nm for
Er/Tm20%-CSS NPs (green sample, Fig. S3A and B). Though,
interestingly, relatively strong UC emission at ca. 800 nm,
ascribed to the 3H4 → 3H6 Tm3+ transition, was observed for
Er/Yb,Tm10%-CSS NPs (Fig. S3A and C, orange sample). Er/
Yb,Tm20%-CSS NPs (purple sample) exhibited the second
strongest Tm3+ UC emission at ca. 800 nm, likely weakened
due to concentration-induced quenching process (Fig. S3A
and D). The lack of Yb3+ in the inner shell (Er/Tm-CSS NPs,
green sample) resulted in an inefficient UC process leading
to low intensities for this 3H4 → 3H6 Tm3+ transition
(Fig. S3A and B).

To further corroborate the proposed energy transfer mecha-
nisms leading to the observed trends in NIR emission, photo-
luminescence decay curves and the corresponding lifetimes of
the Er3+, Tm3+, and Yb3+ NIR emissions for the Er/Tm- and Er/
Yb,Tm-CSS NPs were determined. Data and a brief discussion
are provided in the Fig. S4.

Double-band ratiometric thermometric performance of the Er/
Tm-and Er/Yb,Tm-CSS NPs

Encouraged by the Er3+ and Tm3+ emissions within the NIR-II
spectral region, including the NIR-IIc window, the thermal
sensing capability of the Er/Tm- and Er/Yb,Tm-CSS NPs was
assessed, seeking the potential for nanothermometry in the
underexplored spectral region beyond 1500 nm. The thermo-
metric performance of the samples was evaluated by tempera-
ture-dependent photoluminescence spectroscopy on their dis-
persions in toluene (NP concentration: 10 mg mL−1). Prior to
assessing their thermometric performance, potential laser-
induced heating effects had to be ruled out. Therefore, power-
dependent irradiation of the pure solvent, i.e., toluene, with
the 980 nm laser diode was conducted. Only a small tempera-
ture increase of 0.3 °C, 0.5 °C, and 0.7 °C was observed at
power densities of 3.0 W cm−2, 5.3 W cm−2, and 6.7 W cm−2,
respectively, after 5 min of laser irradiation (Fig. S5).
Subsequently, photoluminescence spectra of the Er/Yb,Tm20%-
CSS NPs (the weakest emitter, Fig. 2A) were recorded at
different power densities in order to determine the lowest exci-
tation power density possible still allowing for sufficient emis-
sion intensity, while minimizing heating effects. Based on the
spectra shown in (Fig. S6), a laser power density of 6.7 W cm−2

was chosen for all subsequent temperature-dependent photo-
luminescence measurements.

As shown in Fig. 3A–C, irrespective of the CSS architecture,
elevating the temperature from 20 to 50 °C resulted in a
decrease in the intensity of the Er3+ emission at 1550 nm.
Such thermally induced quenching effect was also observed in

other Er3+-based materials and has been ascribed to the
increased dissipation of excitation energy at elevated tempera-
tures, which may result from the prevalence of non-radiative
relaxations (e.g., multiphonon relaxation) and the depopula-
tion of the 4I13/2 excited state of the Er3+ ion.23,44 Conversely,
the intensity of the Tm3+ emission at 1850 nm increased with
rising temperature, likely due to the increased probability of
phonon-assisted energy transfer from Yb3+ (2F5) to Tm3+

(3H5).
45

Comparing the various CSS architectures, the temperature-
induced increase of the Tm3+ emission was more pronounced
upon co-doping of the inner shell with Yb3+, i.e., for Er/Yb,
Tm10%-CSS and Er/Yb,Tm20%-CSS NPs (Fig. 3A and B, orange
and purple sample) than for Er/Tm20%-CSS NPs (Fig. 3C, green
sample). Hence, co-doping of the inner shell with Yb3+ ions
does not only enhance the Tm3+ emission due to closer vicinity
of the sensitizing Yb3+ ions to the activating Tm3+ ions. It also
renders the Tm3+ emission more sensitive to temperature
changes given that the Yb3+ → Tm3+ energy transfer is
phonon-assisted.

Most interestingly, the different intensity changes for the
Er3+ and Tm3+ emission bands as a function of temperature
allowed for an all-optical temperature readout via a double-
band ratiometric approach. Therefore, the thermometric para-
meter, i.e., the luminescence intensity ratio (LIR = ITm/IEr) was
calculated between two integration regions, ITm
(1700–2000 nm) and IEr (1400–1700 nm) (see SI for details and
equations used to calculate the thermometric parameters).46

Fig. 3D summarizes the LIR values obtained for all Er/Tm- and
Er/Yb,Tm-CSS samples, following an exponential temperature
dependence in the temperature range from 20 to 50 °C. The
thermometric performance of the CSS NPs was assessed by
comparing their relative thermal sensitivity, Sr, which corre-
lates the change of the LIR with the temperature variation.
Among the three explored CSS architectures, Er/Yb,Tm10%-CSS
NPs exhibited the highest maximum Sr value of 2.32 ±
0.13% °C−1 at 50 °C (Fig. 3E). Maximum Sr values for the other
CSS NPs were 1.58 ± 0.21% °C−1 at 50 °C for Er/Yb,Tm20%-CSS
NPs as well as 1.56 ± 0.21% °C−1 at 20 °C for Er/Tm20%-CSS
NPs. Over the assessed temperature range, all of the deter-
mined Sr values were above the 1% °C−1 threshold (Sr values
for NIR nanothermometers are typically smaller than
1% °C−1), deeming them good performers for double-band
ratiometric thermal sensing.34,47 Noteworthy, all maximum Sr
values obtained were significantly higher than the previously
reported value for NaErF4/NaYF4:Tm

3+ NPs (0.61% °C−1 at
30 °C).38 While the authors also designed a core/shell architec-
ture to separate Er3+ and Tm3+ ions, key differences between
the previously published and the here presented Ln-NPs are
the dopant concentration, the lack of Yb3+, and the direct exci-
tation of Tm3+ using 800 nm light. This resulted in the
enhancement of the Er3+ emission and weakening of the Tm3+

emission at increasing temperature – a trend opposite to that
observed in our CSS NPs. This demonstrates how the careful
design of the NP architecture contributes to the optimization
of the thermometric behaviour.
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By comparing the Sr value in light of the three different CSS
architectures, the following key aspects could be identified for
the establishment of design principles. First, the addition of
Yb3+ as co-dopant was advantageous with respect to higher Sr
values, especially within the physiologically relevant tempera-
ture range. Revisiting the NIR photoluminescence spectra
(Fig. 2A), for the best performing CSS architecture, i.e., Er/Yb,
Tm10%-CSS NPs, the presence of Yb3+ led to an increase in the
intensity of the Tm3+ emission and a decrease of the Er3+ emis-
sion, bringing both emission bands on par. In addition, the
Tm3+ band exhibited a stronger temperature-dependence due
to facilitated phonon-assisted Yb3+ → Tm3+ energy transfer

processes (Fig. 3A, B versus Fig. 3C). Conversely, lower Sr values
were obtained for the CSS architecture that showed signifi-
cantly lower intensity as well as temperature dependence of
the Tm3+ band. Second, for Er/Yb,Tm-CSS NPs, the Tm3+

dopant concentration effected the thermometric performance,
with 20 mol% of Tm3+ leading to worse performance than
10 mol% of Tm3+. This correlated with the weaker Tm3+ emis-
sion (in absolute terms and relative to the Er3+ emission).
Lastly, Er/Tm20%-CSS NPs represented a distinct case for which
Sr was found to be the least affected by temperature, showing a
rather constant value of ca. 1.5% °C−1 over the investigated
temperature range. A slightly thicker outer shell (ca. 3.8 nm)

Fig. 3 Double-band ratiometric nanothermometry with OA-capped Er/Tm- and Er/Yb,Tm-CSS NPs dispersed in toluene (10 mg mL−1).
Temperature-dependent NIR emission spectra recorded on (A) Er/Yb,Tm10%-CSS, (B) Er/Yb,Tm20%-CSS, and (C) Er/Tm20%-CSS NPs. Excitation wave-
length: 980 nm; laser power density: 6.7 W cm−2. (D) Temperature dependence of the LIR (ITm/IEr) defined for the Tm3+ 3F4 → 3H6 and Er3+ 4I13/2 →
4I15/2 radiative transitions. The dashed lines are exponential fits. (E) Relative thermal sensitivities (Sr) as a function of temperature. Data points in (D)
and (E) are average values based on independent measurements performed on three aliquots taken from the same stock dispersion. Error bars are
the associated standard deviation.
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might contribute to this behaviour, as previously observed for
Pr3+- and Ho3+-based CS NPs.47

Besides Sr, two additional key performance metrics, i.e.,
temperature uncertainty (δT ) and reproducibility of the
measurement (R), were assessed. The δT is the smallest temp-
erature change that can be detected in a given measurement
and is mainly determined by the signal-to-noise ratio during
the spectral acquisition.46 The δT values were in the range of
0.33 to 0.45, 0.45 to 0.76, and 0.33 to 0.49 °C for Er/Yb,Tm10%-
CSS, Er/Yb,Tm20%-CSS, and Er/Tm20%-CSS NPs, respectively
(Fig. S7). All of these values are below 1 °C under the given
measurement conditions, indicating a good temperature
resolution of the Er/Tm- and Er/Yb,Tm-CSS NPs, whereas Er/
Yb,Tm10%-CSS NPs exhibited the lowest average value and
smallest associated standard deviation. To assess the reprodu-
cibility of the thermometric behaviour, three independent
measurements were performed on three aliquots taken from
the same stock dispersion, and values of ca. 95% were found
for all samples (Fig. S8).

Considering all three thermometric parameters, i.e., Sr, δT,
and R, Er/Yb,Tm10%-CSS NPs exhibited the best thermal per-
formance among the studied CSS architectures. Optimization
of the CSS architecture allowed to finetune the NPs’ structure–
property relationships, leading to significant higher Sr values
than previously reported for Er/Tm based nanothermometers
that operate in the spectral region beyond 1500 nm, while
retaining good uncertainty and reproducibility, indicating its
potential as NIR-IIc nanothermometer.

Ho3+ and Tm3+ co-doped nanoparticles (Ho,Tm-CS NPs): lever-
aging emissions at the 2000 nm spectral region

Synthesis and structural characterization. In order to explore
NIR-nanothermometers operating in an even longer NIR wave-
length region (NIR-III) and under 808 nm excitation, Ho,Tm-
based NPs were designed. With the Tm3+ emission centred at
ca. 1850 nm and the Ho3+ emission centred at ca. 2000 nm, an
optical probe was obtained that operates in the NIR-IIc
(1700–1880 nm) and reaches into the NIR-III (2050–2400 nm)
windows. Inspired by the reported study of Tm3+ and Ho3+ co-
doped KLu(WO4)2,

37 we synthesized two types of Tm3+- and
Ho3+-containing core/shell NPs (hereafter Ho,Tm-CS NPs),
aiming to obtain homogenous NPs with a narrow size distri-
bution for the evaluation of their thermometric performance
in dispersion. Both CS samples constituted of a NaGdF4 core
doped with 1 mol% Ho3+ and different concentrations of
Tm3+, i.e., 10 or 15 mol%. An undoped NaGdF4 shell was
added to enhance emission, resulting in NaGdF4:Ho(1%),Tm(x
%)/NaGdF4 CS NPs (x = 10 or 15), hereafter labelled as Ho,
Tm10%-CS and Ho,Tm15%-CS, respectively. XRD analysis con-
firmed that the NPs crystallized in the hexagonal β-phase of
NaGdF4 (Fig. S9). Based on TEM analysis, the NPs were mono-
disperse with a narrow size distribution and of comparable
dimensions (Fig. S10 and Table S1). The core sizes of the Ho,
Tm10%-CS and Ho,Tm15%-CS NPs were 5.0 ± 0.2 nm and 6.1 ±
0.3 nm, respectively. Growing an undoped NaGdF4 shell

resulted in CS-NPs of 11.9 ± 0.9 nm and 11.6 ± 0.8 nm with
shell thicknesses of 3.5 nm and 2.8 nm, respectively.

Optical properties of Ho,Tm-CS NPs. In the proposed Ho,
Tm-CS NP architectures, the Tm3+ ions were used not only as
emitters but also as sensitizers, absorbing the excitation
energy from the 808 nm light source. As shown in Fig. 4A,
under 808 nm excitation, both Ho,Tm-CS NPs exhibited down-
shifting luminescence with emission maxima at 1850 nm
(Tm3+) and 1980 nm (Ho3+). The partial energy level diagrams
of Tm3+ and Ho3+ are depicted in Fig. 4B. Accordingly, upon
absorption of a photon at 808 nm, Tm3+ is promoted from its
3H6 ground state to the 3H4 excited state, followed by non-
radiative decay down to the 3F4 state. From the 3F4 state, the
emission of 1850 nm is generated by radiative decay to the
ground state. In the presence of Ho3+ ions, an energy transfer
(ET) process can take place from the 3F4 level of Tm

3+ to the 5I7
level of Ho3+, due to the energy resonance of these two
states.48 Following the population of the excited Ho3+ level,
radiative decay to the ground state leads to the characteristic
Ho3+ emission at 1980 nm. Alternatively, the emitting Ho3+

level can be populated by ET from the 3H4 Tm
3+ to the 5I5 Ho3+

level, followed by non-radiative decay to 5I7.
49 Upon increase of

the Tm3+ concentration from 10 mol% to 15 mol%, the emis-
sion intensity of Tm3+ increased (Fig. 4A), which can be
ascribed to enhanced cross-relaxation (CR) processes, such as
(3H6,

3H4) ↔ (3F4,
3F4), at higher Tm3+ dopant concentrations

(Fig. 4B).48,50 This is in line with the shorter lifetime of the
Tm3+ 3F4 excited state for Ho,Tm15%-CS NPs (ca. 332 μs) com-
pared to that of Ho,Tm10%-CS NPs (ca. 581 μs) (Fig. S11A).51

The intensity of the Ho3+ emission band decreased upon
increase of the Tm3+ dopant concentration (Fig. 4A). This
might be explained by favoured back-energy transfer (BET) pro-
cesses from Ho3+ to Tm3+ ions, thus, further contributing to
the enhancement of the Tm3+ emission at 1850 nm, while
leading to the reduced Ho3+ emission at ca. 2000 nm. This is
supported by the observed shortening of the lifetime of the
Ho3+ 5I7 excited state upon increase of the Tm3+ dopant con-
centration from ca. 656 μs for Ho,Tm10%-CS to ca. 377 μs for
Ho,Tm15%-CS NPs (Fig. S11B).

Double-band ratiometric thermometric performance of Ho,
Tm-CS NPs

The thermometric performance of the Ho,Tm-CS NPs was eval-
uated by temperature-dependent photoluminescence spec-
troscopy on their dispersions in toluene (10 mg mL−1). As
shown in Fig. 4C and D, the emission intensities of Tm3+ and
Ho3+ both increased with elevating temperature from 20 to
50 °C. Such thermally induced increase is related to the
increased probability of phonon-assisted, non-radiative pro-
cesses leading to the quenching of the excited Tm3+ state (3H4,
3H5) down to the emitting Tm3+ state (3F4).

51 This increases
the population of the Tm3+ emitting level as well as the res-
onant Ho3+ level (5I7), hence, leading to an overall increase in
luminescence intensity. To assess the thermometric perform-
ance, the values for the LIR between the Tm3+ (ITm:
1700–1900 nm) and the Ho3+ (IHo: 1900–2200 nm) emission
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(LIR = ITm/IHo,) were determined as a function of the disper-
sions’ temperature. For both samples, the LIR values increased
linearly with temperature (Fig. 4E), being indicative for a more
pronounced enhancement of the Tm3+ emission than the Ho3+

emission. This phenomenon suggests that increasing tempera-
ture favours BET processes from Ho3+ to Tm3+ ions and/or
cross-relaxation processes fostering the population of the emit-
ting 3F4 level of Tm3+. Maximum Sr values for Ho,Tm10%-CS
and Ho,Tm15%-CS samples were 0.42 ± 0.06% °C−1 and 0.58 ±
0.02% °C−1 at 20 °C, respectively. In line with the above identi-
fied design principles, the sample for which the emission
bands used for the ratiometric approach were of more compar-
able intensities, i.e., Ho,Tm15%-CS NPs, showed a better ther-
mometric performance. In addition, the slightly thinner outer
shell is likely to contribute to the higher Sr value. These Sr
values are slightly lower than the value reported for Ho,Tm-
doped KLu(WO4)2 powders (ca. 0.9% C−1 at 20 °C).37 However,
to the best of our knowledge, this is the first Ho,Tm-based
example for nanothermometry at this spectral region operating
in dispersion.

The nanothermometers exhibited δT values that ranged
from 0.9 to 1.2 °C for Ho,Tm10%-CS NPs and from 0.6 to 0.8 °C

for Ho,Tm15%-CS NPs (Fig. S12). In line with the higher Sr
value, this points towards a slightly better performance in case
of Ho,Tm15%-CS NPs. Conducting heating–cooling cycles, the
repeatability of the nanothermometers was assessed. The R
values of both Ho,Tm-CS NPs were determined to be higher
than 97% (Fig. S13), demonstrating good repeatability of the
thermometric sensing capability. Consequently, though the
Ho,Tm-CS NPs exhibited overall lower Sr values than the Er/
Tm- and Er/Yb,Tm-CSS NPs, the designed Ho,Tm-CS
nanothermometers provide a stepping stone for further
exploration of solvent dispersible nanothermometers operat-
ing in the NIR-IIc and NIR-III range.

Conclusions

In conclusion, core/(multi-)shell Tm3+-doped NaGdF4 NPs co-
doped with either Er3+ and Yb3+ or Ho3+ were successfully
designed for ratiometric optical thermal sensing in the NIR-II
(including NIR-IIc) and NIR-III spectral region in the 20–50 °C
temperature range. Importantly, the wet-chemical approach for
the synthesis of the nanothermometers using a microwave-

Fig. 4 (A) Room temperature NIR emission spectra of OA-capped Ho,Tm10%-CS (cyan) and Ho,Tm15%-CS (pink) NPs. (B) Partial energy diagram of
Tm3+ and Ho3+, including excitation, energy transfer (ET), back energy transfer (BET), cross relaxation (CR), and emission pathways in Ho,Tm-CS NPs.
Temperature-dependent NIR emission spectra recorded on (C) Ho,Tm10%-CS and (D) Ho,Tm15%-CS NPs. Excitation wavelength: 808 nm; laser power
density: 13.3 W cm−2; NP concentration: 10 mg mL−1 in toluene. (E) Temperature dependence of the LIR (ITm/IHo) defined for the Tm3+ 3F4 → 3H6

and Ho3+ 5I7 →
5I8 radiative transitions. The dashed lines are linear fits. (F) Relative thermal sensitivities (Sr) as a function of temperature. Data points

in (E) and (F) are average values based on triplicates, and error bars are the associated standard deviation.
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assisted strategy allowed for the dispersibility of the NPs in sol-
vents, i.e., toluene, a prerequisite for many potential appli-
cations. Under 980 nm excitation of the Er/Tm- and Er/Yb,Tm-
CSS NPs, emissions of Tm3+ (1850 nm) and Er3+ (1550 nm)
corresponding to their 3F4 → 3H6 and 4I13/2 → 4I15/2 radiative
transitions were found to strongly depend on temperature.
Herein, the influence of the Tm3+ dopant concentrations and
co-doping with Yb3+ were assessed. As a result, following a
double-band ratiometric approach based on the integrated
Tm3+ and Er3+ emission bands, Er/Yb,Tm10%-CSS NPs exhibi-
ted Sr values from 1.57 to 2.32% °C−1 in the investigated temp-
erature range. This constitutes a significant improvement of
the thermal sensing capability when compared to previously
reported Er/Tm-based nanothermometers operating in this
spectral region, while retaining good uncertainty and reprodu-
cibility. In addition, the thermometric performance of Ho,Tm-
based NPs in toluene was investigated to explore their poten-
tial at even longer wavelengths. Tm3+ allowed for excitation
with 808 nm, and the maximum Sr value was determined as
0.58% °C−1 at 20 °C. Herein, the use Ho3+ is of particular inter-
est as its emission due to the 5I7 → 5I8 f–f transition reaches
beyond 2000 nm, opening the NIR-III biological window.
While it remains difficult to obtain the NIR-IIc and NIR-III
emission in water, this demonstration of NIR-IIc/NIR-III
nanothermometry with small NPs of homogeneous mor-
phology and controlled core/shell architecture in dispersion
paves the way for future investigations – for instance, seeking
different surface modification to retain these emissions in
aqueous environments, leading to novel NIR nanotherm-
ometers for biomedical (and beyond) applications.

Experimental
Chemicals

Gadolinium oxide (Gd2O3, 99.999%), ytterbium oxide (Yb2O3,
99.998%), erbium oxide (Er2O3, 99.99%), thulium oxide
(Tm2O3, 99.997%), and holmium oxide (Ho2O3, 99.995%) were
purchased from Alfa Aesar. Trifluoroacetic acid (CF3COOH,
H-TFA, 98%), sodium trifluoroacetate (CF3COONa, Na-TFA,
98%), oleic acid (CH3(CH2)7CH = CH(CH2)7COOH, 90%), oley-
lamine (CH3(CH2)7CH = CH(CH2)7CH2NH2, 70%), and 1-octa-
decene (CH3(CH2)15CH = CH2, 90%) were purchased from
Sigma Aldrich. Ethanol (99%) was purchased from
Commercial Alcohols. Acetone and hexane (analytical grade)
were purchased from Fischer Chemicals. Toluene (99.8%) was
purchased from Fisher Scientific. All chemicals were used as
received.

Microwave-assisted synthesis of β-NaGdF4:Yb3+,Er3+ and
β-NaGdF4:Ho3+,Tm3+ core NPs

The synthesis of β-NaGdF4 NPs co-doped with 20 mol% of Yb3+

and 2 mol% of Er3+, serving as cores in the final Er/Tm- and
Er/Yb,Tm-CSS NP architectures, were obtained using the
microwave-assisted thermal decomposition of lanthanide tri-
fluoroacetate ([Ln(TFA)3], Ln = Gd3+, Yb3+, Er3+) and sodium

trifluoroacetate (Na-TFA) precursors, following a procedure
previously established by our group.39 Briefly, for the synthesis
of β-NaGdF4 core NPs doped with 2 mol% of Er3+ and
20 mol% of Yb3+, 0.625 mmol of [Ln(TFA)3] were prepared
mixing Gd2O3, Er2O3, and Yb2O3 in a 50 mL three-necked
round-bottom flask, using the required mmol amounts out-
lined in Table S2. A 10 mL amount of a 1 : 1 TFA-to-H2O
mixture was added, and the slurry was refluxed at 95 °C until it
became clear and dried at 60 °C overnight. Subsequently,
1.875 mmol of Na-TFA (3 : 1 Na+-to-Ln3+ ion ratio) was added
to the synthesized [Ln(TFA)3] along with 2.5 mL of oleic acid,
2.5 mL of oleylamine, and 5 mL of 1-octadecene. This mixture
was degassed at 120 °C under vacuum for 30 min.
Subsequently, the degassed precursor solution was transferred
to a 35 mL microwave vessel, purged with N2 and tightly
sealed. The vessel was inserted into a CEM Discovery SP micro-
wave reactor. The precursor solution was heated to 280 °C for
1 s, followed by rapid cooling to 250 °C, the temperature at
which the reaction mixture was held for 10 min, and sub-
sequent cooling to 50 °C. Following the synthesis, the reaction
mixture was washed with a 1 : 3 hexane-to-ethanol mixture and
centrifuged at RCF = 6595g for 20 min. The product was then
washed with a 1 : 3 toluene-to-acetone mixture and centrifuged
using the same conditions. After purification, the NPs were
dispersed and stored in 5 mL of toluene for further use. NaF
as a potential by-product was removed by redispersing the NPs
in 5 mL of ethanol prior to the addition of 5 mL of water, fol-
lowed by precipitation via centrifugation. The obtained NPs
were washed one more time with 10 mL of ethanol before
being stored in 5 mL of toluene for further characterization.
β-NaGdF4 NPs doped with 1 mol% of Ho3+ and 10 or 15 mol%
of Tm3+, serving as cores in the Ho,Tm-CS NPs, were obtained
following the same procedure, except that Gd2O3, Tm2O3, and
Ho2O3 were used for the synthesis of the [Ln(TFA)3] precursor.
The required mmol amounts are outlined in Table S2.

Microwave-assisted growth of a shell (Er/Tm-, Er/Yb,Tm, and
Ho,Tm-CS NPs)

For the growth of either an undoped β-NaGdF4 shell (resulting
in Ho,Tm-CS NPs), a Tm3+-doped β-NaGdF4 shell (resulting in
Er/Tm-CS NPs) or an Yb3+, Tm3+ co-doped β-NaGdF4 shell
(resulting in Er/Yb,Tm-CS NPs), the shell precursor ([Ln
(TFA)3], Ln = Gd3+, Yb3+, Tm3+) was prepared as described
above. Dopant concentrations and mmol amounts are pro-
vided in Table S2. 1.875 mmol of Na-TFA (3 : 1 Na+-to-Ln3+

ratio), 4 mL of 1-octadecene and 5 mL of oleic acid were added
to the shell precursor. The reaction mixture was degassed
under vacuum at 120 °C for 30 min. The shell thickness was
controlled by adjusting the ratio between the core NPs acting
as seeds for shell growth and the shell precursor. More specifi-
cally, ca. 100 mg of the core NPs, prepared in the previous
step, were used as seeds to grow the shell. The respective
amount of core NPs was dispersed in 1 mL of octadecene
(note: in contrast to the core synthesis, no oleylamine was
used to grow the shell). Subsequently, this 1 mL of octadecene
containing the core NPs and the 9 mL of the degassed shell
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precursor solution were transferred to a 35 mL microwave
vessel, purged with N2, and tightly sealed. The vessel was
inserted into a CEM Discover SP microwave reactor, and the
mixture was heated to 250 °C and held for 10 min under stir-
ring. The cooling and washing procedure as well as storage of
the obtained core/shell NPs were as described above for the
core NPs.

Microwave-assisted growth of a second shell (Er/Tm- and Er/
Yb,Tm-CSS NPs)

The procedure to grow a second, outer shell of undoped
NaGdF4 was similar to that used for the synthesis of the
CS-NPs described above, except that [Gd(TFA)3] was used as
precursor. The shell precursor, 0.625 mmol of [Gd(TFA)3], was
prepared as described above, using Gd3+ as sole lanthanide.
1.25 mmol of Na-TFA (2 : 1 Na+-to-Gd3+ ratio), 4 mL of 1-octade-
cene and 5 mL of oleic acid were added to the precursor. The
reaction mixture was degassed under vacuum at 120 °C for
30 min. The shell thickness was controlled by adjusting the
ratio between the CS-NPs acting as seeds for shell growth and
the shell precursor. More specifically, ca. 120 mg of the CS-NPs
prepared in the previous step were used as seeds to grow the
second shell. Subsequently, the 1 mL of octadecene containing
the CS-NPs and the 9 mL of the degassed shell precursor solu-
tion were transferred to a 35 mL microwave vessel, purged with
N2, and tightly sealed. The vessel was inserted into a CEM
Discover SP microwave reactor, and the mixture was heated to
250 °C and held for 10 min under stirring. The cooling and
washing procedure as well as storage of the obtained CSS-NPs
were as described above for the core NPs. Inductively coupled
plasma mass spectrometry (ICP-MS) was performed to assess
the actual versus nominal Ln3+ content in the resulting
CSS-NPs. Results and a brief discussion are provided in the
Table S3.

Characterization techniques

To determine the crystalline phase of the NPs, powder X-ray
diffraction (XRD) analysis was performed using a Rigaku
Ultima IV Diffractometer or a Bruker D8 Endeavor (Cu Kα, λ =
1.5401 Å), operating at 44 kV and 40 mA (step size: 0.02°, scan
speed: 1° min−1). Therefore, the NPs were deposited on a glass
slide from their suspension. The morphology and size distri-
bution of the obtained NPs were investigated by transmission
electron microscopy (TEM, FEI Tecnai Spirit). The samples
were dispersed on a Formvar/carbon film supported on a
300-mesh copper TEM grid. Size distributions (mean size ±
standard deviation (SD)) of the samples were derived from
TEM images using the software ImageJ and OriginPro. The
respective size distributions were obtained analysing 200 par-
ticles per sample. Shell thickness was estimated based on the
obtained diameters of core, core/shell, and core/shell/shell
NPs.

The Ln3+ ion concentration in the samples was determined
with an inductively coupled plasma mass spectrometer
(ICP-MS, triple quadrupole 8800, Agilent). For sample prepa-
ration, 0.1 mL of the nanoparticle suspension was transferred

to a digestion vessel and dried. Subsequently, 0.5 mL of con-
centrated HNO3 was added, and the mixture was heated at
100 °C overnight to ensure complete digestion. After cooling,
the digested sample was diluted to a final volume of 10 mL
with ultrapure water prior to analysis. The ICP-MS was oper-
ated under the following conditions: RF Power at 1550 W, RF
Matching at 1.80 V, sample depth at 10.0 mm, nebulizer gas
flow at 1.01 L min−1, no option gas, nebulizer pump speed at
0.10 rps, S/C temperature at 2 °C, dilution gas mode, and a
makeup gas flow of 0.00 L min−1. The ion optics parameters
were set as follows: extract 1 at −16.8 V, extract 2 at −215.0 V,
omega bias at −140 V, and omega lens at 10.0 V. These para-
meters ensured optimal sensitivity and reproducibility for
lanthanide quantitation under MS/MS mode.

Investigation of the steady-state photoluminescence pro-
perties of the NPs in suspension (10 mg mL−1 in toluene) was
carried out in a quartz cuvette (suitable spectral range from
200 to 2500 nm, 1 cm optical path) inserted into the Peltier
temperature sample holder of a QuantaMaster 8075-21 spectro-
fluorometer from HORIBA. The spectrofluorometer was
equipped with single grating emission monochromators, a
red-extended photomultiplier detector R13456 PMT (185 to
980 nm), and a liquid nitrogen cooled InAs detector (1000 to
3450 nm). The NIR continuous excitation was performed using
a 980 nm or 808 nm continuous-wave laser diode with a
maximum power of 2 W. The power densities used to trigger
NIR emission in toluene were 6.7 and 13.3 W cm−2 for 980 nm
and 808 nm lasers, respectively, unless stated otherwise. The
power density used to trigger the UC emission was 3.15 W
cm−2 using the 980 nm laser diode. Laser-induced heating in
toluene was determined using the 980 nm continuous-wave
laser diode with laser power densities of 3.0, 5.3, and 6.7 W
cm−2. A type K thermocouple (stainless steel probe; Gain
Express) connected to a type K handheld thermometer of
0.1 °C (Gain Express) was used for a contact measurement of
the temperature inside of the cuvette. Power-dependent photo-
luminescence studies were performed using the same setup
described above with different 980 nm laser power densities,
i.e., 3.0, 5.3, and 6.7 W cm−2. For temperature-dependent
photoluminescence measurements, the temperature was
changed stepwise from 20 °C to 50 °C (following a heating
regiment of 20, 30, 35, 40, 45, 50 °C), using the temperature-
controlled Peltier sample holder with a liquid cooling system.
At each step, the temperature was allowed to stabilize for
10 min prior to the measurement. Details about the analysis of
the thermometric performance of the NPs are provided in the
SI. For all the steady-state photoluminescence measurements,
filters were placed in front of detectors. A long-pass 1025 nm
filter was used for Er- and Tm-based samples, while a long-
pass 1650 nm filter was used for Ho- and Tm-based samples to
block the shorter Yb3+ emission at ca. 1030 nm, which might
generate an artefact signal at 2060 nm. Integration time was
set to 0.5 s, and the excitation and emission slit size was set to
30 nm for all measurements. Photoluminescence lifetimes
were obtained by time-resolved spectroscopy, using the laser
diodes in pulsed mode (laser power: 2 W). When monitoring
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the Er3+, Tm3+, and Ho3+ NIR emission, the same filters as
described for steady-state measurements were used. No filters
were used when recording the decay profile of the Yb3+ emis-
sion at 940 nm. Lifetime values were obtained from (multi)
exponential fits of the experimental data. Therefore, the
average lifetime was calculated by eqn (1) using fitting para-
meters t and A (Fig. S4 and S11).

τaverage ¼
P ðAi � tiÞP ðAiÞ ð1Þ
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