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ABSTRACT: Lanthanide-doped NaYF, nanoparticles are most frequently studied host ——
materials for numerous biomedical applications. Although efficient upconversion can be .
obtained in fluoride nanomaterials and good homogeneity of size and morphology is N
achieved, they are not very predestined for extensive material optimization toward enhanced 3
features and functions. Here, we study the impact of rare-earth metals RE =Y, Lu, La, and Gd
ions within Yb*/Er** codoped nanocrystalline REPO, orthophosphates. The enhanced
luminescent thermometry features were found to be in relation to the covalency of RE**— e
O’ bonds being modulated by these optically inactive rare-earth ion substitutes. Up to 30% [
relative sensitivity enhancement was found (from ca. 3.0 to ca. 3.8%/K at —150 °C) by
purposefully increasing the covalence of the RE**~0?~ bond. These studies form the basis J

for intentional optimization thermal couple-based luminescent thermometers such as Yb**- -

Er** upconverting ratiometric thermometer. temperature (°C) temperature (-C)
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B INTRODUCTION photon of higher energy. In this approach, autofluorescence-
free imaging becomes possible.

The upconversion process is exceptionally sensitive to both
the host material composition and the environmental
conditions. The former aspect imposes the necessity of the
intentional design of the stoichiometry of NPs and considering
the phonon energy (which affects the nonradiative depopu-
lation of the excited states), local ion symmetry and the
interionic distance (which affect the probability of interionic
energy transfer), as well as the type and concentration of

Decreasing the phosphor size to the nanoscale, aiming, for
example, to apply it in nano- to biotechnology, often requires
studying and understanding of its properties de novo, as many
new physical processes have been demonstrated to be different
in nanoparticles (NPs) as compared to their bulk counter-
parts." Luminescent NPs exploited for biological applications
must meet a number of additional stringent requirements, such

as biocompatibility (excluded cytotoxicity), high colloidal

stability in water, buffers and other physiological media, and dopants (which determine the features such as the spectral
chemical and physical resistance to biofluids,” as well as they range of optical response or brightness).'"'* Therefore, rare-
should exhibit good photoluminescence properties (i.e., lack of earth fluorides are most often used for upconversion because of
photobleaching or photoblinking eﬁects).3’4 Among many their low phonon energy. However, NPs with fluoride residues
different types of materials used for biorelated applications, the may not be neutral in terms of cytotoxicity; therefore, well-
inorganic NPs doped with optically active lanthanide ions seem developed surface biofunctionalization is crucial when it comes
to satisfy all of the abovementioned requirements. Therefore, to their in vivo applications in the biological system.'’ Unlike
they find numerous applications in targeted therapies, for fluoride NPs, phosphate-based NPs, microparticles,'* glasses,
example, in photodynamic therapy, in light-induced photo- and ceramic materials'>'® revealed high biocompatibility, and
thermal therapy, and in thermal sensjng (Iuminescent thus, they enable direct surface functionalization without
thermometry, LT).””” However, biomedical sensing and additional surface modification. In addition, orthophosphates
especially biomedical imaging are hampered by intense are highly resistant to different physical (pressure) and
autofluorescence and light scattering by tissues or biological chemical (pH) conditions, so their degradation time in tissues

media because the spatial resolution or observation depths are is sufficiently long to increase the probability of their removal

compromised. As demonstrated by del Rosal et al,'’ even

when the emission bands of near-infrared (NIR) spectral Received: October 22, 2020
range, that is, the optical transparency window, are considered, Revised:  January 11, 2021
it does not completely eliminate autofluorescence. The Published: January 21, 2021

solution for this issue, especially usable in the case of in
vitro applications, is the upconversion process, in which two or
more NIR photons are absorbed and efficiently produce a

© 2021 The Authors. Published b
American Chemical Societ; https://dx.doi.org/10.1021/acs.jpcc.0c09532
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from the organism before lanthanide heavy-metal ions are
released from the NPs and accumulated in living cells. Finally,
through composition modifications, the crystal field, local
symmetry, and the splitting of energy terms in lanthanides can
be intentionally modified, aiming at optimizing the spectro-
scopic properties such as brightness and luminescence lifetimes
and their application potential such as the thermometric figures
of merits."”

Among upconverting optical nanothermometers, the tem-
perature probes based on Yb**-Er’* ion pairs are the most
extensively investigated. The principle behind its thermal
responsivity involves the emission intensity ratio of thermally
coupled *H,, ;, and *S; , multiplets of Er*" ions. Although Er**-
based luminescent thermometric properties have already been
reported for different host materials,"”'”'*™*" systematic
correlation between the structural properties of the host
material and the thermometric performance of the luminescent
temperature probe have, in general, been rarely studied, aiming
at intentionally adjusting the thermographic properties of LT.
Especially, the influence of the covalency of the metal-oxygen
(M—0, in our case, (RE-O)) bond and the crystal field
strength (CFS) on the thermometric properties of lanthanide-
based LT have never been reported nor discussed in detail.
The understanding of this correlation enables the intentional
design of new host materials to enhance the relative sensitivity
of luminescent thermometers in the desired temperature
range.”’ ™

Therefore, the influence of the host material composition of
the rare-earth orthophosphate family of compounds REPO,
(RE: Y, Ly, La, Gd) on the performance of the REPO,:Yb*",
Er’* nanocrystalline luminescent thermometer to noncontact
temperature readout has been investigated here. The idea of
the approach described in this study is schematically presented
in Figure 1. The relative sensitivity of the luminescent
thermometer based on the thermally coupled levels depends
on the energy separation between them. It is well known that
the enhancement of the covalency of the M-O distance affects
the energy of the f-state multiplets which, as a consequence,
leads to the change in the energy separation *H,/, and *S;,

states.”™> Hence, the relative sensitivity of the Er**-based
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Figure 1. Schematic illustration of the impact of the metal-oxygen
bond length on thermal response in luminescent thermometers based
on thermally coupled levels .
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luminescent thermometer can be altered by the host material
composition. The conducted research is focused on the
understanding how the local coordination and the interionic
distance between the rare-earth cations and the oxygen anions
affect the thermal response of particular emission band
intensities. The performed studies enable the simple and fast
selection of the host material based on its structural parameter
like the metal-oxygen distance.

B MATERIALS AND METHODS

Materials. The Yb*', Er’*-codoped REPO, NPs (RE: Y*,
Lu*, La’*, and Gd*") were synthesized via the precipitation
method. All chemicals: ytterbium(III) oxide, Yb,O; (99.99%,
Alfa Aesar), europium(IIl) oxide, Er,O5 (99.9%, Alfa Aesar),
yttrium(III) oxide Y,05 (99.99%, Alfa Aesar), lutetium(III)
oxide Lu,0; (99.99%, Alfa Aesar), lanthanum(III) oxide La,0O4
(99.99%, Alfa Aesar), gadolinium(III) oxide Gd,05 (99.99%,
Alfa Aesar), ammonium dihydrogen phosphate (NH,)H,PO,
(98.0%, Alfa Aesar), and polyethylene glycol (99.5%,
Chempur) were used without further purification.

Synthesis. A stoichiometric amount of oxides (Y,O;,
Lu,0;, La,05, Gd,05, Er,05, and Yb,05) was diluted using a
Teflon-lined autoclave in ultrapure nitric acid to produce
nitrates, followed by the evaporation of the excess solution and
drying over P,Os in a vacuum desiccator for 1 day. The
procedure of the synthesis of REPO,: Yb*", Er** (where RE:
Y**, Lu**, La*, and Gd*") NPs contains two steps. The first
step consisted of the precipitation of orthophosphates in
polyethylene glycol and water solution using (NH,)H,PO,
water solution (0.17 mol/L) at 50 °C. In the second step, the
slurry was centrifuged and washed three times in water and
ethanol. The obtained orthophosphates were aged at 80 °C for
12 h, and after that, they were annealed at 900 °C for 2 h.

Methods. Powder diffraction studies were carried out using
a PANalytical X’Pert Pro diffractometer equipped with an
Anton Paar TCU 1000 N temperature control unit using Ni-
filtered Cu Ka radiation (V = 40 kV, I = 30 mA). Transmission
electron microscopy (TEM) images were obtained using a FEI
Tecnai G2 20 X-TWIN microscope equipped with a CCD FEI
Eagle 2K camera with a high-angle annular dark field
(HAADF) detector and an electron gun with a LaBg cathode.
The FTIR spectra were measured using a Bruker 66/s FTIR
spectrometer. Raman spectra were measured via a confocal
microscope from Renishaw equipped with a Si CCD camera
for detection and 830 nm excitation line. The spectra were
taken in the range of 100—3200 cm™' at room temperature
under a 100X objective. The spatial resolution was lower than
1 pym.

The temperature-dependent emission spectra were meas-
ured using 977 nm excitation lines using a OPOLLETE 355
LD OPO and NIRQuest-Ocean-Optics spectrometer. The
temperature of the sample was changed using a THMS 600
heating stage from Linkam (0.1 °C temperature stability and
0.1 °C set point resolution). The photoluminescence decay
times and excitation spectra were obtained using a FLS980
fluorescence spectrometer (Edinburgh Instruments) (1800
lines/mm grating blazed at 500 nm).

Results and Discussion. Rare-earth orthophosphates
crystallize in several crystallographic structures such as
monoclinic, tetragonal, and hexagonal. The hexagonal
polymorphic phase is considered to be not the best candidate
host for efficient luminescence, owing to the fact it is usually
stabilized by the water molecules®®™® inside in the crystal

https://dx.doi.org/10.1021/acs.jpcc.0c09532
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structure, which are known to quench luminescence. There-
fore, the majority of the studies published so far is focused on
the tetragonal (high temperature phase) and monoclinic (low
temperature phase) orthophosphate polymorphs. For example,
YPO, and LuPO, crystalize in the tetragonal xenotime-type
structure (I4,/amd) where the rare-earth cations create the
REO; polyhedrons (Figure 2a). For larger rare-earth ionic
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Figure 2. Structure and morphology of REPO,:Yb*", Er** (RE; Y, Lu,
La, and Gd) materials. The visualization of the unit cells of the YPO,
and LaPO, structures (a); XRD patterns of REPO,:Yb*, Er** (RE; Y,
Luy, La, and Gd) nanocrystals (b); Raman spectra of REPO,:Yb**, Er**
(RE; Y, Ly, La, and Gd) (c); representative TEM image of the LuPO,
(d) and YPO, (e) nanocrystals.

radius, the monazite-type phase is typically obtained. In
monazite (P2,/n), the planes are interlinked along the [010]
direction which, in consequence, allows the rare-earth atom
bind to an additional O2’ atom and complete the REO,
polyhedron (Figure 2b). The observed differences in the
coordination and the ionic radii of the rare-earth ions
significantly affect the metal-oxygen distance, which is expected
to be longer for the monoclinic structure (Table 1). This may
strongly modify the optical properties of Ln*'-doped
orthophosphates because of the coexistence of two effects:
change in the RE—O bond covalency and CFS, whose
magnitudes are affected by the RE**~0*~ (RE—O) distance
according to the following order: GdPO, > LaPO, > LuPO, >
YPO,. The volume of the unit cell decreases analogously. The
comparison of the experimental X-ray diffraction (XRD)
patterns with the reference patters confirms the phase purity of
the obtained nanocrystals (Figure 2b), and the analysis of the
TEM images of those nanocrystals reveals that independently
of the host material stoichiometry, the spherical nanocrystals of

relatively narrow grain size distribution of the average grain
size around 50—60 nm were obtained (Figure 2d,e, Figure S1;
the histograms of the particle size distributions are presented in
Figure S2). Multiphonon nonradiative transitions are consid-
ered as one of the most efficient luminescence quenching
processes in Ln*" ions. Therefore, phonon energy of the host
matrix should be analyzed in order to understand the
luminescent properties of the nanocrystals under investigation.
The structural differences of the orthophosphates (e.g, by
substituting the cation ions, as proposed here) shall therefore
translate to variations in characteristic host material vibrations.
Furthermore, high symmetry-selective Raman spectra were
measured (Figure 2c), and the maximum phonon energy
varied between 1056 and 1155 for YPO, and LaPO,,
respectively (the maximum phonon energy is listed in Table
1.). The FTIR spectra measured for the REPO,:Yb*"Er’*
nanocrystals are presented in Figure S3. The absorption bands
with the maxima ~3345 and ~ 1630 cm™ have been observed
and assigned to the stretching and bending vibrations for the
O—H group. The two bands located at ~624 and ~ 534 cm™
are observed in the v, region of the bending vibrations of the
PO,*group. The band at ~1041 cm™" can be attributed to the
v5 anti-symmetric stretching vibration of the PO,* group. The
peak which occurs at ~530 cm™' corresponds to an internal
PO, bending mode, while those at lower wavenumbers can be
attributed to the lattice vibrations.

The upconversion (UC) process in the Yb**-Er** ion pairs is
well known and widely described in the literature.*”~*
Therefore, only a brief description of the UC mechanism
will be provided here (Figure 3a). Upon the excitation of the
sensitizing Yb>* ions by 980 nm radiation, the *F,,, *S;,, and
*Fy), states become populated. Their radiative depopulation
leads to the occurrence of the two emission bands at 550 nm
(*S3/, = *i55) and 650 nm (*Fg), — *I;5,). Because the
*Hyy;, and *S;, states are thermally coupled, at higher
temperatures, an additional upconverting emission band
appears at 520 nm (%S, — *I;5/,). The *I;;/, state may also
be nonradiatively depopulated, which leads to the population
of the I3, state. Therefore, an intense emission band at 1550
nm associated with the *I;;,, = *I;5/, electronic transition is
expected in the NIR range of spectra (Figure 3b). The
excitation spectra (monitored at Ao, = 1550 nm) consist of
narrow absorption bands associated with the electronic
transition between the energy states of Er** and the broadband
around 950 nm which can be attributed to the ’F,,, — *F;),
electronic transition of the Yb** ions (Figure 3c). The presence
of this absorption band in the excitation spectra of the Er’"
ions and its high intensity with respect to the Er’* bands
confirm efficient Yb** — Er’* energy transfer. It was found
that, on average, at room temperature, luminescence decay
times measured for A.,, = 550 nm (*S;/, = *I;5),), dem = 670
nm (4F9/2 - 4115/2); and A, = 1550 nm (4113/2 - 4115/2)

Table 1. .Comparison of the Structural Properties of REPO,:Yb*, Er** Nanocrystals Based on ICSD 6113 for YPO,, ICSD
79767 for LuPO,, ICSD 79747 for LaPO,, and ICSD 79753 for GdPO,

matrix  structure type space group cell volume (A) ionic radius of RE [coordination number] (A) RE“—0" distance (A) max phonon energy (cm™)

YPO, tetragonal I4,/amd 296.01
LuPO, tetragonal I4,/amd 278.18
LaPO, monoclinic P2,/n 337.20
GdPO, monoclinic P2,/n 289.17

“RE: Y, Lu, La, Gd. ?O: the average value of O1 and O2.

0.977

1.107

1.019 [8] 224 1056
(8] 226 1064
1.216 [9] 2.36 1155
[9] 247 1151
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Figure 3. Comparison of the luminescent properties of REPO,:Yb*, Er’** (RE; Y, Lu, La, and Gd) NPs. Schematic energy level diagram and energy
transitions in the Yb** and Er** ions (a). Emission (b) and excitation (c) spectra as well as luminescence decay profiles monitored at 550 nm (*S;),
= i5,5) (d), 670 nm (*Fy), > *I155) (), and 1550 nm (*I;3,, — *I;5/,) (f). Respective average luminescence decay times are presented in the

insets.

increase linearly with the elongation of the RE-O distance
(from 54.2 ps, 50 ps, and S ms for LuPO, to 67.5 us, 56 us, 8.9
ms for GAPO, for *S;,, *Fy),, and I3/, states, respectively)
(Figure 3d-f). This effect is clearly associated with the
probability of multiphonon nonradiative transition and will
be discussed in detail later in the manuscript.

In order to fully understand the role of the host material
stoichiometry on its thermometric performance, the narrow
range (ie., limited to the *I;5, — *H;;, and *I;5,, — S5,
electronic transitions of the Er’" ions), low temperature (at 10
K) excitation spectra of the Er** ions were measured (Figure
4b). As it can be clearly seen, the modification of the host
material induces changes in the excitation spectra. First, the
splitting between the lowest and the highest Stark components
of both multiplets increases sublinearly with the increasing
RE**—0?%" distance, and it increases from 228 and 159 cm™!
for LuPO, to 370 and 272 cm™" for LaPO, for the *Hj,, and
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Figure 4. Narrow-range excitation spectra measured at 10 K for
REPO,: Yb* Er** (A, = 1550 nm) (a); the influence of the RE**
substitute ion radius on the splitting of the respective *H,;, (b,
circles) and *S;, (c, rectangles) multiplets of the Er’* ions; the
impact of the RE**—0>" bond length on the barycenters of *H,,,
(circles) and *S,/, (rectangles) multiplets (d); and the energy
difference between these bands barycenters, AE (e) for the REPO,:
Yb**,Er** nanocrystals.
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*S,,, states, respectively (Figure 4b,c). Naturally, the number
of Stark components is dependent on the local ion symmetry
which changes from dodecahedral for tetragonal host materials
(YPO,, LuPO,) to capped trigonal prismatic for monoclinic
(LaPO, and GdPO,). This is clearly manifested as a higher
number of Stark components is observed for the LaPO,:Yb*',
Er’* and GdPO,:Yb*, Er** nanocrystals. However, enhanced
splitting, in response to the elongation of the RE**—Q?*"
distance, may be observed even for the host material of the
same point symmetry of the RE®' ions. Nevertheless, the
magnitude of splitting increases proportionally to the CES (i.e.,
proportionally to the ionic radius of substituting ions),
independently from the point symmetry of the host material.
As the size of all the synthesized NPs is similar, the CFS is
responsible for the observed effects.

Additionally, it was found that the mean energies (bary-
center) of the *H,,/, and *S;), states blue-shift proportionally
to the elongation of the RE**—0O*~ distance (Figure 4d), which
shall be attributed to the reduction of the corresponding
covalency of this chemical bond. The magnitude of the shift
was higher for *S;,, (by 120 cm™") with respect to the *H;;
one (by 70 cm™"). The difference in the rate of the change of
the position of the bands barycenters as a function of the
RE*—0*" distance leads to the lowering of the AE energy gap
between these two states (Figure 4e). These results clearly
indicate that AE can be easily and intentionally modulated by
the coexisting influence of the covalency of the RE—O bond
and the CFS.

Most of the Er’’-based luminescent thermometers take
advantage of the luminescence intensity ratio (LIR) of two
thermally coupled levels, that is, H; , and *S ,, which, in the
first approximation, can be described by the Boltzmann
distribution:

fI (3/254 - 15/214) g2 kT (1)

where 4, g, and kp describe the pre-exponential parameter, the
degeneracy of the given (i-th) energy state, and the Boltzmann
constant, respectively. Therefore, as it can be clearly seen in
Figure Sa, the increase in temperature induces the enhance-

LIR,

https://dx.doi.org/10.1021/acs.jpcc.0c09532
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Figure S. Representative thermal evolution of the upconverted
emission spectra of the YPO,:Yb**,Er** nanocrystals at 4, = 976 nm
excitation (a); thermal dependence of LIR (b) and relative sensitivity
(c) for different REPO,: Yb*"Er** nanocrystals; the RE**—0*"
distance (host variable)-dependent Sy at —150 °C (d), 300 °C (e),
and 500 °C (f). Color coding of the samples is unified for the (b-f)
graphs.

ment of the *H;;,, — *I;5,, emission intensity with respect to
the *S;, — *I;5,, one. Although Yb-Er upconverting
thermometers are most frequently studied and most well
known, the influence of the covalency of the RE**—0*~ bond
and CFS on the thermometric performance of Er’*-based
nanothermometers was not studied in detail up to date. As it
has already been reported, the relative sensitivity of this type of
luminescent thermometers may be affected by the size of the
nanocrystals and excitation density.u’43 Therefore, in order to
eliminate these experimental factors and keep the performed
analysis reliable, the luminescent properties of NPs of very
similar morphologies and sizes were analyzed at low excitation
densities (<1.5 W/cm?). As shown in Figure Sb, the increase in
temperature leads to a gradual increase in the *Hy;,, — I;),
emission band intensity with respect to the *S;,, = *I;;/, one,
causing a gradual enhancement of the LIR at elevated
temperatures (Figure Sb). However, the rate of thermally
enhanced LIR values is strongly dependent on the host
material stoichiometry. As was found by many researchers and
discussed recently by Suta et al,** the relative emission
intensities of the 520 and 550 nm emission bands are governed
by the Boltzmann distribution only in a limited temperature
range. In order to determine the usable temperature range
where the Boltzmann process describe the observed properties
well, the In(LIR) has been plotted against 1/T (Figure S3). As
expected, above 1/T = 0.004 (T = 250 K), there is a significant
deviation from the linear trend that suggests that the
Boltzmann distribution analysis remains reliable only at
temperatures above 250 K. Additionally, based on the
Boltzmann fittings, the experimental AE was found for all
the selected hosts. These values correlated well with the ones
obtained from the energy splitting between bands barycenters
at low temperatures. The latter is slightly lower than the former
because at increased temperatures, higher Stark components of
the *H,, , and *S;, multiplets become activated. Nevertheless,
the evident decrease of AE with the elongation of the RE-O
distance can be found in this case. The observed thermally
induced changes of LIR are reflected in the relative sensitivity
of the luminescent thermometer calculated as follows:

_ 1 ALR
" LIR AT

X X 100%

@)
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where ALIR corresponds to the change of LIR at AT change
of temperature. As shown in Figure Sc, Sy has a very similar
shape for all the host materials under investigation. It can be
clearly seen that independently from the host material
stoichiometry, the highest values of Sy are reached at the
lowest temperature and gradually decrease at elevated
temperatures. It can be also found that RE**—O>" strongly
determines the highest value of Sg, as expected (Figure Se).
Therefore, the highest value of S; decreases from 3.65%/°C for
YPO, to 3.1%/°C for GdPO, nanocrystals at 150 K, while at
300 K, these values decrease from 0.95%/°C for YPO, to
0.82%/°C for GdPO,.

The obtained results clearly indicate that the host material
composition strongly affects the thermometric performance of
the Ln**-based luminescent thermometers. The coexistence of
two effects, namely, the CFS and the covalency of the RE—O
bond determines the energy separation and hence the relative
sensitivity of the luminescent thermometer based on the
emission intensity ratio of two thermally coupled levels. In the
considered case, covalence plays the dominant role in
modulating energy splitting AE as compared to the CFS
effect. Therefore, in light of the presented studies, AE between
two thermally coupled levels and hence the thermometric
performance (i.e., sensitivity and brightness) of such a
luminescent temperature sensor may be improved by an
intentionally increased covalency of the M—O bond.

B CONCLUSIONS

The upconverting REPO,:Er’*, Yb*" nanocrystals were
synthesized using the precipitation method. The systematic
investigation of their luminescent properties in a function of
temperature indicates the significant role of the host material
composition of the thermometric properties of the ratiometric
luminescent thermometers based on the intensity ratio of 520
nm (*Hy;;, = i) to S50 nm (*S;, — *I;5,,) emission
bands. It was found that the position of the barycenters of
these two bands measured at 10 K depends on the RE-O
distance. Upon the elongation of this RE-O distance and the
resulting decreased covalency, the energy of the *S;,, multiplet
increases faster with respect to ZHH/Z, and the energy
difference AE between them decreases linearly. Additionally,
the increase in the RE-O distance was found to be an
additional factor responsible for the enlargement of the *Hj; ),
and *S;,, Stark component splitting. As a consequence, the
relative sensitivity of the ratiometric luminescent thermometer
based on the emission intensity of the two thermally coupled
levels decreases monotonically with the elongation of the RE-
O distance. Overall, the obtained results suggest that the low
covalency of the RE-O bond and the respective host matrices
should be sought, studied, and used to intentionally enhance
Sg and to improve the thermometric properties of this type of
luminescent thermometers.
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