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ABSTRACT: The development of optical nanothermometers
operating in the near-infrared (NIR) is of high relevance toward
temperature measurements in biological systems. We propose
herein the use of Nd3+-doped lanthanum oxychloride nanocrystals
as an efficient system with intense photoluminescence under NIR
irradiation in the first biological transparency window and emission
in the second biological window with excellent emission stability
over time under 808 nm excitation, regardless of Nd3+

concentration, which can be considered as a particular strength
of our system. Additionally, surface passivation through over-
growth of an inert LaOCl shell around optically active LaOCl/
Nd3+ cores was found to further enhance the photoluminescence
intensity and also the lifetime of the 1066 nm, 4F3/2 to 4I11/2
transition, without affecting its (ratiometric) sensitivity toward temperature changes. As required for biological applications, we show
that the obtained (initially hydrophobic) nanocrystals can be readily transferred into aqueous solvents with high, long-term stability,
through either ligand exchange or encapsulation with an amphiphilic polymer.

■ INTRODUCTION

Temperature is one of the fundamental physical parameters in
chemical, electronic, and biological processes, and therefore
accurate temperature determination is of prime importance in
various fields, such as electronics, physiology, cancer develop-
ment and treatment, and so forth. Decreasing the size of
thermometers down to the nanometer scale has been proposed
as a means to determine temperature with high spatial
resolution in small systems, which cannot be directly accessed
using conventional methods (contact methods). Among a wide
variety of temperature-sensitive nanoscale materials, rare earth-
doped nanoparticles (NPs) have gained increased attention
because their temperature-sensitive photoluminescence emis-
sion pattern renders them excellent systems of choice for the
design of nanothermometers.1−6 Attractive features include
relatively simple synthesis methods, potential for scale-up, fine
control over particle size and morphology, and tunability of
their optical properties through the choice of rare earth (RE)
ion(s) and their (relative) concentrations in the host lattice.7,8

Although a wide variety of rare earth-based nanothermom-
eters have been proposed and demonstrated, most of them
operate at visible wavelengths, thereby limiting their scope of
application, in particular in the biomedical field. We therefore

focused on Nd3+-doped nanoparticles, which feature electronic
transitions in the near-infrared (NIR) range, with several
emission bands centered at 920 nm (4F3/2 →

4I9/2), 1060 nm
(4F3/2 →

4I11/2) and 1380 nm (4F3/2 →
4I13/2), that is, within

the first and second biological transparency windows (I-BW
and II-BW), respectively.9 It has also been indicated that Nd3+-
based nanothermometers might be less affected by artifacts
than other RE-based nanothermometers.10 The use of Nd3+ as
the temperature reporter is based on the so-called ratiometric
temperature determination,2,3 which simplifies the calibration
process and the determination of a figure of merit for the
system (e.g., the relative sensitivity, Sr).

1,11 In the case of Nd3+-
based systems, such a ratiometric temperature determination
relies on the Boltzmann distribution function, since the
transitions between the different Stark levels of the 4F3/2
manifold are thermalized. This means that at room temper-
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ature (RT) the higher energy state population is non-zero
because the energy difference between states is close to kB·T,
which at RT (300 K) is 208 cm−1 (kB is the Boltzmann
constant, 0.695 cm−1/K). In this case, the population ratio
between Stark levels follows the expression shown in eq 1

N
N

ei

j

E k T/ B∝ −Δ

(1)

where Ni,j are the populations of the Stark levels we are
considering and ΔE is the energy difference between them.
We selected a rare-earth oxyhalide, in particular LaOCl, as

the host material due to its versatility toward hosting various
rare-earth ions (Eu3+, Er3+, or Nd3+).12−14 Additionally, high
quantum yield has been reported for Eu3+-doped LaOCl,13,14

thereby rendering this material of high interest toward
exploring its photoluminescence properties when doped with
other ions, such as Nd3+, since nanothermometry applications
require a high enough photoluminescence (PL) signal to be
reliably detected within complex environments. Another
important factor behind the choice of this particular host
lattice is the perceived simplicity of reported synthesis methods
at low temperature,15 which result in highly monodispersed,
about 10 nm, crystalline nanoparticles. Additionally, the
reported optical properties compare favorably with respect to
other systems like CaF2: Nd

3+, Y3+ or the β-phase of NaGdF4
doped with trivalent rare earth ions (RE3+).16 It should also be
noted that the lattice phonon energies of LaOCl (around 430
cm−1)17 are smaller than those for β-NaGdF4: RE

3+ (around
620 cm−1),18 resulting in an increase in the probability of
nonradiative multiphonon relaxation and a decrease in the PL
signal for the latter. Additionally, the crystal field splitting of
the thermalized 4I11/2 manifold occurring in the LaOCl system,
but not in other lattices, is helpful toward properly
implementing its use as a fluorescence ratiometric nano-
thermometer. Although Nd3+ ions have different emissions in
the NIR, we selected the 4F3/2 to

4I11/2 transition (around 1060
nm) for their use as a self-calibrated nanothermometer, mainly
due to a higher PL intensity, as compared to other previously
reported transitions for other systems.19

Therefore, LaOCl: Nd3+ is proposed as an interesting
material to be used as an optical temperature probe for
biological application. However, due to the hydrophobic
character of the oleylamine (OAm) coating derived from the
reported synthesis method, an additional surface modification
step is required for dispersion in aqueous media. We thus
explored two methods that can be used to render the prepared
nanocrystals water-soluble: (i) coating with an amphiphilic
polymer consisting of a polyisobutylene-alt-maleic anhydride
hydrophilic backbone modified with dodecylamine hydro-
phobic side chains (PMA),20 which can protect LaOCl:Nd3+

nanoparticles from surrounding water molecules and provide
hydrophilic functional groups, and (ii) a modified ligand
exchange strategy using amine-terminated polyethylene glycol
(PEG5k-NH2),

21 which is known to improve dispersibility in
aqueous media, including biological fluids.

■ EXPERIMENTAL SECTION
Chemicals. Lanthanum(III) chloride heptahydrate, 99.99%

(Alfa Aesar), neodymium(III) chloride, anhydrous, 99.9%
(Alfa Aesar), samarium(III) chloride hexahydrate 99.99%
(Sigma-Aldrich), and europium(III) chloride hexahydrate
(99.99%) (Sigma-Aldrich) were stored under protective Ar

atmosphere. Oleylamine (OAm, Sigma-Aldrich, 70%), oleic
acid (OA, Alfa Aesar, 90%), ethanol (absolute), toluene (extra
pure), and chloroform (Scharlau ACS basics, stabilized with
ethanol) were stored in air prior to use. HNO3 (≥69%) from
Sigma-Aldrich was used for digestion prior to ICP-MS analysis
(see below). The amphiphilic polymer docecylamine grafted
(75%) poly(isobutylene-alt-maleic anhydride) (PMA) was
synthesized as previously reported.20,22 O-(2-Aminoethyl)-
polyethylene glycol of Mw=5000 Da (PEG5k-NH2) and
methoxypolyethylene glycol acetic acid of Mw=5000 Da
(PEG5k-COOH) were purchased from Merck (refs 672130
and 70718, respectively). Indocyanine Green or Cardiogreen
(ICG), CAS: 3599-32-4 from Merck (ref I2633-25MG) was
used as NIR photoluminescence standard.

Synthesis of LaOCl: RE3+. Lanthanide oxychloride nano-
particles doped with RE3+ were synthesized following the
synthetic route developed by Gouget et al.13 Briefly, hydrated
rare-earth chlorides dissolved in oleylamine under inert Ar
atmosphere were degassed and temperature was quickly raised
up to 220 °C, leading to the formation of sub-10 nm RE-doped
LaOCl nanocrystals. In our case, 0.5 mmol of LaCl3 and NdCl3
were mixed in different proportions (0 mol %, 1 mol %, 2 mol
%, 5 mol %, and 10 mol % of Nd3+) and dissolved in 5 mL of
methanol. Subsequently, the solution was added to 20 mL of
OAm at room temperature under vigorous stirring in a 2-neck
rounded bottom flask. The resulting milky yellow solution was
then heated up to 80 °C under vacuum, to evaporate
methanol. Once methanol was completely evaporated, the
mixture was heated again up to 120 °C and kept at this
temperature for 1 h, to induce degasification and water
evaporation (from the precursor salts). As soon as the solution
became clearer (almost transparent), temperature was quickly
raised again (within less than 15 min) up to 220 °C under Ar
atmosphere, and this temperature was maintained for 1 h.
Successful formation of sub-10 nm nanoparticles was indicated
by the solution becoming completely transparent with a
yellowish tone. After 1 h, about 2.5 mL of OA was added, the
solution became turbid, and the temperature dropped down to
200−210 °C. The solution was then removed from the heater
and allowed to cool down to RT while blowing air into the
flask. Subsequently, 5 mL of toluene was added to the solution
and then it was transferred to 10 mL centrifuge tubes. The
obtained nanocrystals were purified by centrifugation at 9000
rpm (12 000×g) for 45 min. A white pellet was formed on the
bottom of the vial and redispersed in 5 mL of toluene. Further
purification was carried out by addition of 1−2 mL of ethanol
until turbidity was observed again, indicating flocculation of
the nanoparticles. The solution was then centrifuged at
12 000×g for 10 min at least twice. It should be noted that
additional centrifugation rounds may lead to loss of nano-
particle stability and irreversible aggregation, even though it
may not be readily observed by electron microscopy.

Synthesis of core/shell LaOCl: RE3+/LaOCl. Growth of
an inert shell of (undoped) LaOCl on preformed Nd-doped
LaOCl nanoparticles was carried out following a procedure
described elsewhere23 with modifications. Briefly, once the
doped nanocrystal cores have been purified and redispersed in
chloroform, the dispersion was poured into a two-neck round-
bottom flask containing 20 mL of OAm, and then 0.21 mmol
of LaCl3 dissolved in 5 mL of methanol was added on top.
Chloroform was completely evaporated at 80 °C under
vacuum, and then the mixture was heated up to 120 °C for
1 h. The temperature was again quickly raised up to 220 °C
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under Ar atmosphere, and the synthesis was allowed to
proceed for 1 h. After the addition of 3 mL of OA and a
temperature decrease to 200 °C, the solution was cooled down
by blowing air to the flask. Purification was carried out in the
same way as described for core nanocrystals. After synthesis,
the nanoparticles were stored in chloroform dispersion, where
colloidal stability was maintained for at least 6 months. To
avoid evaporation of the solvent, all samples were stored in a
refrigerator at 4 °C. The material can also be preserved in
powder form and redispersed in CHCl3 at the time of further
use.
PMA Coating. With the aim of rendering LaOCl

nanoparticles water-soluble, coating with an amphiphilic
polymer (PMA) was carried out after purification and

redispersion of OAm-capped nanoparticles in chloroform,
according to a previously reported procedure.20,22,24 Briefly,
the selected number of nanoparticles was mixed with a
sufficient amount of PMA (0.05 M) to have at least 25
molecules of PMA per nm2 of nanoparticle surface. After
mixing, the solvent was extracted using a rotary evaporator.
Then, 1 mL of chloroform was added to redisperse the
nanoparticles and the solvent was again evaporated to
complete dryness, resulting in the formation of a thin layer
of white powder on the bottom of the flask. Subsequently,
about 3 mL of phosphate buffer (pH = 9) was added to the
flask to induce redispersion of the nanoparticles in an aqueous
solvent. Detachment of the powder was assisted by immersion
in an ultrasound bath and rotation or shaking until turbidity

Figure 1. (A−C) Representative TEM images of pure LaOCl (A), LaOCl: 2% Nd3+ (nominal concentration) (B), and core/shell LaOCl: 2%
Nd3+/LaOCl (C). (D) Boxplot of the size distribution of the different nanoparticles as a function of [Nd3+]; the red dotted line corresponds to 10
nm diameter. (E,F) HAADF-STEM images illustrating the single crystal structure of LaOCl: 2% Nd3+ (E) and core/shell nanoparticles (F). (G)
Crystal structure of LaOCl: Nd3+, that is, tetragonal P4/nmm. (H,I) FFT patterns from HAADF-STEM images with indexation of the diffraction
spots from the images in panels E (H) and F (I), as indicated by white rectangles.
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disappeared. Purification was finally carried out by ultra-
centrifugation at 196000×g for 90 min and redispersion in
water. The solution pH should be kept around 9 during the
process.22,25

PEG5k-NH2 Ligand Exchange. A modified ligand
exchange strategy21 was also followed to transfer LaOCl
nanoparticles into water. Typically, 1 mL of as-synthesized
NPs (about 11 mM) was mixed with 17 μL of PEG5k-NH2 at
0.01 M stock concentration in chloroform (50 molecules/
nm2). The mixture was then stirred for 2 h, and the organic
solvent evaporated. Afterward, the sample was redispersed in 1
mL of Milli-Q water.
Transmission Electron Microscopy (TEM) and Dy-

namic Light Scattering (DLS). As-synthesized colloidal
dispersions were diluted in a 1:50 ratio and 3 drops (7 μL
each) were casted onto a carbon-coated copper TEM grid.
Morphological characterization was performed using a JEOL
JEM-1400 PLUS TEM, operating at 120 kV. For HAADF-
STEM imaging and EDX measurements, an aberration-
corrected “cubed” Thermo Fisher Scientific Themis Z 60-
300 electron microscope operated at 300 kV was used. For
EDX measurements, a Super-X detector was employed, and
the maps were acquired for 15 min at a current of 50 pA since
higher current (150 pA) induced sample degradation. For
nanoparticle size analysis, an AI-based segmentation software
from Fiji (WeKa) was used on at least 1000 NPs. The DLS
system used for particle sizing in dispersion was a Zetasizer
Nano ZS from Malvern Panalytical, and the samples were
dispersed in chloroform and measured in quartz QS cuvettes.
ICP-MS and NMR. Inductively coupled plasma with mass

spectrometry detection (ICP-MS) was used for elemental
analysis. One hundred microliters of as-synthesized nanocryst-
als was dried and redispersed in at least 500 μL of HNO3
(>69%). Sonication was often used for complete redispersion
of the nanoparticles in the acidic solution. Closed glass vials
were then placed in an oven and kept at 60 °C overnight. The
final solution was diluted with water before loading into an
ICP-MS−Thermo iCAP-Q (Thermo Fisher Scientific GmbH,
Bremen, Germany). For the ligand-exchange samples, 1H
NMR spectra were measured of the purified samples using a
Bruker 500 MHz spectrometer with typically 5 h of acquisition
time.
Photoluminescence and Time-Resolved Measure-

ments. NIR photoluminescence measurements were per-
formed using a homemade system. A diode fiber-coupled 808
nm laser (Lumics, LU808T040) was used to excite the
colloidal dispersion through a collimated lens with a spot size
of 3 mm. The excitation power was around 600 mW. We did
not observe any heating of the sample during measurements.
The photoluminescence of the sample was collected through a
fiber coupled with a collimator lens and dispersed into an

InGaAs spectrometer detector (Sol 1.7, B&WTek). For
thermal calibration, the sample was kept in a temperature
control holder connected to a water bath. After setting the
temperature, a stabilization time of at least 5 min was
considered prior to each measurement. An Edinburgh
FLSP920 fluorometer, equipped with a microsecond 60 W
Xe lamp and a HAMAMATSU NIR photomultiplier, was used
for lifetime measurements. All PL measurements were carried
out at room temperature unless otherwise indicated.

■ RESULTS AND DISCUSSION

Gouget et al.13 introduced a simple method for low-
temperature synthesis of rare-earth oxychlorides which yields
small (about 8 nm) and highly monodisperse nanocrystals
doped with Eu3+ ions. This method offers significant
advantages in comparison with other synthesis routes which
require higher temperatures and longer preparation times. We
introduced some modifications to the reported synthetic route,
which is based on mixing lanthanide chlorides in adequate
proportions with OAm, degassing, and quickly heating up to a
moderate temperature, around 220 °C, ultimately resulting in
the formation of LaOCl nanocrystals doped with the selected
trivalent RE ions, Nd3+ in our case. As shown in Figure 1 (see
also Figure S1 in the Supporting Information), we obtained
seemingly polyhedral nanocrystals with an average diameter
around 10 nm, regardless of Nd3+ content (Figure 1A−D).
Although the crystalline structure and morphology of this

kind of oxychlorides usually show a strong dependence on the
nature of the rare-earth ions used for the synthesis,15 we
observed that the obtained polyhedral morphology was
maintained in all synthesis products (from pure LaOCl to
highly doped, 10 mol % Nd3+, nanocrystals). It is also worth
mentioning that agglomeration was often observed in TEM
images (Figure 1E,F), which most likely occurs during the
drying process involved in TEM grid preparation, as confirmed
by dynamic light scattering (DLS) measurements (Figure S2).
Nevertheless, the nanocrystals provide sufficient contrast to
make a reliable estimation of the average particle size, which
we summarized in Figure 1D (additional images and
histograms are provided in Figure S3). Analysis of Fourier
transformations (FT) (Figure 1H,I) of high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) images (Figure 1E,F) revealed a crystalline
structure in the tetragonal P4/nmm space group15 with the
expected unit cell parameters a = b = 4.1209 Å, c = 6.8840 Å
(JCPDS No. 34-1494). According to the HAADF-STEM
images in Figure 1E,F, the nanocrystals are composed by a
single crystalline domain. Energy dispersive X-ray spectroscopy
(EDX) analysis confirmed that Nd3+ ions are uniformly
distributed within the nanocrystals (Figure S4).

Table 1. Expected and ICP Values of [Nd3+] and the Values of the Fittings of the Temperature Characterization of the
Nanothermometersa

nanomaterial nominal (mol %) ICP-MS (mol %) ln(B) ΔE (cm−1) Sr (% K−1) at 300 K

LaOCl: x% Nd3+ 1 0.84 0.31 159 0.25
2 1.36 0.38 167 0.27
5 3.32 0.35 156 0.25
10 6.93 0.45 162 0.26

core/shell 1.41 0.83 0.39 149 0.24
*CaF2: Y3+, Nd3+ 1%, 10% −0.57 98 0.16

aThe * values are taken from ref 16.
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Elemental analysis by ICP-MS indicated that the incorpo-
ration of Nd3+ ions into the host lattice was incomplete, that is,
with lower amounts of Nd3+ (% mol) than expected (see Table
1). When Eu3+ or Sm3+ ions were used (Figure S5)
incorporation was found to be closer to the nominal value.
We hypothesize that the ionic radius of Nd3+ with 9-fold
coordination is slightly larger than those for Eu3+ and Sm3+

(1.163, 1.12, and 1.132 Å, respectively), making it harder for
Nd3+ to be incorporated into the host lattice. The La3+ ionic
radius is in this case about 1.216 Å.26

Since we aim at the development of a nanothermometer for
biological applications, we are interested in wavelengths that
allow temperature measurements without interferences from
biological systems, that is, those within the biological

Figure 2. NIR photoluminescence of Nd3+ in the LaOCl host lattice under 808 nm excitation. The inset shows the corresponding Dieke’s diagram
for assignment of the main peaks.27

Figure 3. (A) Normalized NIR photoluminescence spectra for Nd3+-doped LaOCl nanoparticles with different Nd3+ content (mol %) under 808
nm excitation at RT. (B) Measured lifetime values for the 4F3/2 to

4I11/2 transition as a function of Nd3+ concentration under 815 nm excitation.
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transparency windows (BW), in the NIR. The NIR PL of Nd3+

when excited at 808 nm originates from transitions from the
4F3/2 excited state to 4Ij (j = 9/2, 11/2, 13/2) states, which lie
in the BW-I and BW-II. Figure 2 shows the NIR photo-
luminescence emission spectrum of LaOCl−Nd3+ nanocrystals
when excited directly into the Nd3+ 4f levels by irradiation at
808 nm. Under these illumination conditions, the nanocrystals
are excited to the 4F5/2,

2H9/2 states, which decay non-
radiatively to 4F3/2, from which PL originates. Three well-
separated groups of peaks at 920, 1060, and 1380 nm can be
clearly observed in the spectrum, which were assigned to
emission from the 4F3/2 excited state to the 4I9/2,

4I11/2 lower
energy states and to the ground state 4I13/2, respectively.
We additionally studied potential changes in the emission

transitions with the content of Nd3+ ions in the host lattice,
which are shown in Table 1. We thus performed measurements
at the same NP concentration in colloidal dispersion for the
various samples (Figure 3A). Remarkably, no differences were
observed in the emission spectra, with essentially identical peak
position, width, and relative intensities for all samples. The
average lifetime for this transition was also measured, finding
shorter lifetimes for higher Nd3+ concentrations (Figure 3B),
thereby enhancing cross-relaxation processes and activating
nonradiative channels for deexcitation, since such mechanisms
depend inversely on the distance between ions, which is
shorter when Nd3+ concentration is increased. In particular, the
cross-relaxation processes in Nd3+-doped LaOCl occur
between the 4F3/2 and the 4I15/2 excited states with an energy
difference approximately equal to that from the ground state
4I9/2 to the excited 4I15/2 state. The absence of broadening in
the PL spectra when increasing Nd3+ ion concentration,
together with the EDX analysis in Figure S4, further confirm
that Nd3+ distribution within the nanoparticles was homoge-

neous. For this reason, the selection of the best candidate to be
used as a nanothermometer does not depend on Nd3+

concentration.
For most biological applications, the use of nanothermom-

eters requires a strong PL signal, that is, high quantum yield, as
well as colloidal stability in aqueous media such as buffers and
biofluids.2 Even though our nanocrystals are hydrophobic and
display moderate PL intensity after synthesis, some strategies
can be used to fulfill these requirements. A usual method
toward enhancing the emission of nanoparticles dispersed in
water28 involves the growth of a capping layer (made of the
same or a different material) around the photoluminescent
core. This procedure prevents PL quenching due to surface
effects, such as energy transfer to solvent molecules and surface
defects. This approach can be readily applied to RE-doped
LaOCl, by growing an external inert layer of LaOCl (see
Experimental Section), that is, with the same composition as
the host matrix of the photoluminescent nanoparticles but
without RE doping, thereby perfectly matching the crystalline
lattice of the single crystalline core. Successful implementation
of this process was demonstrated by electron microscopy,
which clearly showed a homogeneous increase in particle size,
with no variation of the morphology and maintaining a single
crystalline structure (see Figure 1 above). Additionally, the
NIR PL spectra in Figure 4 clearly demonstrate an enhance-
ment in the PL intensity when measured at the same NP
concentration as well as an increase in the lifetime measure-
ment for the core/shell NPs, as compared to core NPs with the
same [Nd3+] core concentration (Figure 4 inset) as previously
reported.28 It should be noted that no changes or wavelength
shifts were registered in the emission spectrum of the core/
shell system with respect to the core only. Another important
parameter for a nanothermometer is brightness. We thus

Figure 4. NIR photoluminescence spectra of LaOCl: Nd3+ and LaOCl: Nd3/LaOCl nanocrystals dispersed in chloroform at room temperature and
with the same concentration of NPs. Lifetime values for core and core/shell systems are plotted as a bar diagram in the inset.
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compared the brightness of our system (core and core/shell)
with ICG, a NIR dye often used as a standard for NIR
microscopy imaging. We measured the PL of the dye at a
concentration of 0.4 μM and compared it with the PL of Nd3+-
based NPs, in both the core and core/shell configurations, at a
concentration of 23.5 mM. The PL intensity at the most
intense peak at 1077 nm (4F3/2 to

4I11/2 band) under the same
experimental conditions was found to be 3 and 7 times larger
than that of ICG, respectively (Figure S6).
The other condition to be solved is the preparation of stable

aqueous NP dispersions. Since the synthesis conditions of
LaOCl NPs lead to the adsorption of hydrophobic molecules
such as OAm, further treatment and surface modification are
needed for aqueous dispersibility. Two different strategies were
implemented to overcome this issue, based on either directly
coating the hydrophobic nanoparticles with an amphiphilic
polymer (PMA), or ligand exchange of OAm molecules with a
hydrophilic ligand, in this case polyethylene glycol (PEG) with
either −COOH or −NH2 terminations. As shown in Figure S7,
TEM images after both surface modification treatments (see
Experimental Section for details) confirmed the presence of
NPs without noticeable aggregation and with no significant
variation in either particle size or morphology after coating and
ligand exchange processes. The NIR PL emission spectra for
the hydrophilic NP systems (Figure S7C) revealed no changes,
as compared to the nanoparticles coated with OAm. As shown
in Figure S7C, the band corresponding to the 4F3/2 to 4I11/2
transition shows some broadening toward higher wavelengths
(1180 nm) which is attributed to the convolution of the
Raman signal from water (represented in dark blue on the
plot) and emission from the 4F3/2 level. Such a broadening
should be taken into account and subtracted during
subsequent fluorescence integration ratio (FIR) for temper-
ature determination measurements in aqueous media. NMR
spectroscopy was also performed on the purified nanoparticles
after ligand exchange, as an additional proof of the presence of
PEG5k on the NPs surface (Figure S8). Monitoring of the NIR
emission from aqueous nanoparticles over time was addition-
ally carried out to test their long-term stability. An example is
shown in Figure S9, where it can be observed that the NIR
emission spectral features of nanoparticles modified with both

PMA and PEG5k-NH2 remained unchanged for at least 6
months.
We finally analyzed the potential use of both core and core/

shell nanoparticles as nanothermometers, including additional
characterization and determination of a calibration curve. One
of the main parameters to be obtained is the relative change in
a measured magnitude (fluorescence integrated ratio, in our
case), correlated with temperature variations. This relative
change can be used to determine a parameter called relative
sensitivity, Sr, which is considered the most appropriate figure-
of-merit to evaluate the performance of the nanothermom-
eter1,2,11

S
T

1
FIR

FIR
r = ∂

∂ (2)

When using Nd3+ as a photoluminescent rare earth ion, the
intensity ratio between two thermalized energy levels follows a
Boltzmann distribution. Therefore, from eq 1 the dependence
of FIR with temperature can be modeled as

B eFIR E k T( / )B= · −Δ · (3)

where B is a constant determined from each fit, ΔE is the
energy difference between the two selected thermalized levels,
and kB is the Boltzmann constant. By applying eq 2 to eq 3, we
obtain the following expression

S
E

k Tr
B

2= Δ
· (4)

The RT value of Sr is usually employed to compare the relative
sensitivity between different systems. The greater this value is,
the more sensitive the system would be. According to eq 4, the
relative sensitivity is proportional to the energy difference
between levels, as observed in Table 1. This explains the lower
values obtained for NIR PL-based nanothermometers, as
compared to those based on PL in the visible, for example,
when using Er3+ as the thermometric probe.
Nd3+-doped systems can thus be used as a self-regulated

temperature sensor16,29,30 due to their thermalized 4F3/2 state,
which splits due to the crystal field effect into two Stark levels,
R1 and R2. The population ratio between such Stark levels

Figure 5. (A) Integration regions I1 and I2 in the peaks of the 4F3/2 to
4I11/2 transition which are applied for calibration measurements at different

temperatures ranging from 278 to 333 K. (B) Dieke’s diagram27 showing the assignment of the transitions taken into account for thermometry
measurements.
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depends on temperature, so we can use their corresponding
integrated intensity as a means to estimate the local
temperature by means of eq 3. The energy diagram shown
in Figure 5B describes the splitting of these levels, as well as
the assignment made and the selection of regions to be
integrated for extracting the corresponding FIR value.
According to Figure 5A, after normalizing the spectra to the
peak intensity I1, a change with temperature in the peak termed
I2 can be observed.
The data from Figure 6 can be fitted using eq 5, which arises

from linearization of eq 2

B
E

k T
ln(FIR) ln( )

1

B
= − Δ ·

(5)

From this analysis we found that, regardless of the
concentration of the fluorescent ions, there is almost no

change in the value of the slope ( E
kB

Δ ) obtained through the fit,

since it is related to the value of the energy difference between
Stark levels (R1 and R2), ΔE, characteristic for the crystalline
lattice of each host material. These values are displayed in
Table 1, where only a small variation of around 1% is observed.
This variation in Sr can be mainly ascribed to either small
defects in the crystalline lattice or to the presence of Nd3+ ions
close to the NPs surface with a different crystal field, due to a
slight axial distortion in turn inducing slight variations in the
splitting of these levels. The distortion is reduced in the core/
shell system, in which Nd3+ions are mainly located at the core/
shell interface, and therefore a smaller crystal field splitting is
expected for this sample. This is one of the strengths of the
proposed nanothermometer, featuring characteristic values that
are independent of [Nd3+] and highly reproducible among
different batches. The independent parameter (ln(B) in eq 5 or
B in the non-linearized eq 2) is related to experimental
parameters, such as the solvent in which the particles are
dispersed, the optical setup, etc.16,31

It is worth mentioning that the value of the Sr (for 2%Nd
3+ is

0.26%K−1) is at least twice the value of other NIR
nanothermometers such as CaF2: 10% Y3+, 1% Nd3+ (around
0.16% K−1) that use the same method for temperature
calibration, relying on the ratio between thermalized states.32

■ CONCLUSIONS

We have demonstrated the preparation of highly monodisperse
LaOCl: Nd3+/LaOCl core/shell nanocrystals. This system has
been proposed as a nanothermometer for biological
applications, since excitation and emission wavelengths at
808 and 1060 nm, respectively, are located within the first and
second biological transparency windows. We observed that
incorporation of Nd3+ in different concentrations does not
affect the resulting optical properties of the nanocrystals, so
that band positions and peak width are maintained, but the
lifetimes of the studied 4F3/2 to

4I11/2 transition do decrease as
Nd3+ concentration increases. Passivation of the emissive core
with an inert LaOCl shell resulted as a suitable strategy to
enhance the PL of the system by blocking nonradiative decay
channels such as energy transfer to solvent molecules or
luminescence quenching through surface defects, which
translated into longer lifetimes and higher PL intensities.
The relative sensitivity remained independent of Nd3+

concentration in the nanoparticles (even for highly doped 10
mol % Nd3+) and of the presence of the inert LaOCl shell, also
making our system highly reproducible, an important requisite
for nanothermometers. This relative sensitivity (0.26% K−1)
was found to be at least twice those reported for other Nd3+-
based systems, which use the thermalization of the 4F3/2
manifold, like CaF2, YAG, LaF3, NaYF4 (SR around 0.15%
K−1). The nanothermometers were successfully transferred
into water, for which we could employ either coating with an
amphiphilic polymer (PMA), or ligand exchange with PEG5k-
NH2. Since phase transfer did not affect the photo-
luminescence properties and the nanocrystals could be stored
in water for several months, further application in biological
systems can be implemented.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05828.

Additional experimental data, including TEM, HAADF,
and elemental mapping images, and procedure explan-
ations (PDF)

Figure 6. Thermal characterization of LaOCl: Nd3+ NPs parameter as a function of Nd3+ ion content are represented. (A) Variation of the log-
normal FIR as a function of 1/T. (B) Variation of S with temperature.
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