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Abstract

Lanthanide activated nanoparticles are an important class of nanomaterials with
unique properties and useful functionalities for a wide range of applications in na-
nomedicine such as optical imaging, magnetic resonance imaging (MRI), nanother-
mometry and theranostics. In this thesis some new lanthanide activated, fluoride or
oxide nanoparticles for nanomedicine have been investigated. In particular, their
synthesis, chemico-physical characterization and spectroscopic properties have
been carried out. Two new nanothermometers have been developed through proper
lanthanide doping and core@shell architecture, exploiting the peculiar energy level
scheme of the lanthanide ions. The obtained nanomaterials show good thermal sen-
sitivity, using both excitation and emission radiation in the near infrared biological
windows, suggesting their possible use for in-vivo applications. One nanothermom-
eter is based on the upconversion emission of Eu®* ions sensitized by Yb®" and Tm3*
ions as dopants in SrF2 nanoparticles. The other investigated nanothermometer is
based on the excitation from thermally excited Stark levels of Nd** ions present as
dopants in KY3F1o nanoparticles.

Cr** and Yb®*" co-doped fluoride and oxide nanoparticles have been synthesized in
order to sensitize the Yb%* ions in a wide optical region, exploiting the Cr3* absorp-
tion and possible energy transfer to Yb** ions. Fluoride based NaSrAIFs:Cr3*, Yb**
nanoparticles have been obtained and upon a excitation in the red region (around
650 nm) they show a strong Cr* emission in the NIR range (around 800 nm) but
no Yb®* ions emission was observed. On the other hand, for the ZnWOQ4:Cr3*, Yb**
nanoparticles, that have been obtained and properly characterized, a strong Yb®*
emission around 980 nm is observed on exciting in the absorption range of Cr** (for
this host around 750 nm), due to efficient Cr3* = Yb®" energy transfer. The spec-
troscopic results show that the ZnWO4:Cr3*, Yb3* nanoparticles are good candidates

for upconversion emission with broad NIR excitation.
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Introduction

The current large range of applications and the even wider potentials fields of opti-
cal devices are the reason why luminescence-based techniques continue to attract
the interest of many researches all over the world. Nowadays many materials have
been developed, such as fluorescent proteins?, organic dyes?, metal complexes?,
semiconductors?, carbon dots®, metal nanoparticles® and lanthanide-doped inorga-

nic phosphorus’ for possible use in several applications.

Usual Stokes emission is shown in Scheme 1a, where the emitted photons (green
arrow), have lower energy with respect to that of the absorbed photons (blue arrow),
because part of their energy is lost in non-radiative processes (black dotted arrow).
Some materials have the proprieties to generate anti-Stokes luminescence, that is
the emission of photons at higher energy than those used for the excitation radiation.
Second-harmonic generation (SHG) and two-photons absorption (TPA) are two
kinds of anti-Stokes processes, but they require high peak power, pulsed lasers. On
the other hand, upconversion (UC) is an Anti-Stokes process that can be generated
with relatively low power continuous wave (CW) lasers or even focused incoherent
light,® for some particular systems as lanthanide activated materials. The general

principle of the UC luminescence can be described in Scheme 1b, in which the

a b

Scheme 1: Schematic principles of a) conventional Stokes emission and b) upconversion

luminescence processes.



- Introduction -

exciting radiation produce a population of excited levels due to absorption of sev-
eral photons. As an example, a luminescence center in the ground state can absorb
resonantly a photon up to a real level (red line) and subsequently a second photon
absorption (yellow line) can populate a higher energy level. Then a radiative tran-
sition (black line) from this exited level to the ground state or some other lower
energy state allows the emission of photons at higher energy with respect to the
excitation radiation. The UC emission is favored if the intermediate excited level
has relatively long lifetime. In fact, the lifetime must be long enough to have a
sufficient population in the intermediated excited state to allow the transition to the
final excited state taking place. To date, two main processes have been found capa-
ble of UC luminescence: the so-called triplet-triplet annihilation,® that take ad-
vantages of the long lifetime of triplet state typical of phosphorescence, and the UC

emission due to lanthanide ions.

Since the pioneering work of Auzel and co. on the Er** UC luminescence by pump-
ing Yb®" in a glass matrix in the 1960s, many UC materials have been reported.*®
Most of them are based on the incorporation of lanthanide ions as sensitizers and
emitters because of the 4f-electron configurations of these ions have several energy
levels with long lifetimes (in the order of microseconds or even milliseconds). Lan-
thanide-doped materials have interesting luminescence properties including large
Stokes or Anti-Stokes shifts (even of several hundred meV), high photostability,
sharp emission lines and long lifetimes. These materials were studied in bulk inor-
ganic hosts and found applications in laser technology, anticounterfeiting and opti-

cal devices.10-12

In the last 20 years, the focus of many researches has been on the development of
lanthanide based UC materials at the nanoscale.*® Many results have been achieved
on the control of size, structure, morphology, surface ligands as well as on the lu-
minescence properties of upconverting nanomaterials. The possibility of synthe-
sized such nanostructures pave the way to many fields of applications such as opti-
cal bioimaging of living cells'* and small animals,*® biosensors,'® chemosenosors?’

and other optical fields.8
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In this thesis, some potential applications of lanthanide doped nanoparticles are
shown, in particular in Nanomedicine. In 2011 our group presented a one-pot hy-
drothermal synthesis of citrate-capped, water dispersible upconverting CaF, nano-
particles, doped with Yb** and Tm** ions, suggesting that these materials could be
used for biomedical applications.!® This methodology of the synthesis can be used
to prepared similar hosts as SrF or ternary fluorides, as NaYF4 or KY3F1o. These
materials can be easily doped with trivalent lanthanide ions, because the similarity
of the ionic radius between Sr?* and Y3* and the doping lanthanide ions, as Yb®,

Er¥*, Tm®* or Ho®*.

The firsts two chapters of this thesis will focus on the development of lanthanide
doped nanothermometers. Optical nanothermometry is a field that is rapidly grow-
ing and that could have important scientific, diagnostic and therapeutic applica-
tions.?’ On the scientific side, the measure of the temperature in vitro and in vivo of
biological systems with high spatial and thermal resolution is of great interest: even
slightly elevated temperatures can shift the balance between proper assembly and
disassembly of cell structures, leading to alterations in cell morphology and func-
tioning.?! The measure of temperature can be important also as a diagnostic tool.
As an example, has been proved that the thermal relaxation of a tissue after subject-
ing it to a slightly heating or cooling could give important information about the
physiological state of the tissue. Recently it has been demonstrated in mice that is
possible to have an early detection and diagnosis of tumors thanks to nanothermom-

etry.??

Finally, on the therapeutic side, nanothermometers can be used as tools for cancer
therapies. In particular, some NIR absorbing nanoparticles such gold nanoparticles
or Nd** doped nanoparticles, have shown interesting abilities to perform thermal
treatment of tumors, when they are illuminated with strong NIR light.?® During a
thermal treatment the local temperature can easily exceed the safety threshold for
the therapy, since the temperature level must be high enough to kill cancer cells
without harming the healthy cells. Nanothermometers could be a useful tool to in-

stantaneously monitor the local temperature, avoiding overheating.?*

11
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From a general point of view to perform a thermometric measurement, we need a
measurable quantity that changes when the temperature changes, e.g. in the old
mercury thermometers the level of mercury used to change with temperature, or in

modern electronic thermometers a change in the conductivity is measured, etc.

In the case of optical nanothermometers, one of the most useful parameters that can
be measured are variations in the nanoparticles emission intensity when tempera-
ture changes.?> Many strategies have been developed to achieve a high thermomet-
ric performance with nanoparticles, some of them rely on single nanoparticles,
while others use more complicated hybrid structures, combining lanthanide doped
nanoparticles with quantum dots, or functionalizing the nanoparticles with fluores-

cent molecules.?%%

In the first chapter of this thesis, we develop a new kind of nanothermometers
thanks to the engineering of nanoparticles with three different lanthanide ions
(Yb*, Tm** and Eu®*"). The nanothermometers produce in this way have shown
good sensibility and is unaffected by the excitation power, being a good candidate

for an actual application.

In the second chapter, we develop a double nanothermometer that works simulta-
neously both in ordinary Stokes and UC emission. This nanothermometer is based
on a recent proposed mechanism of absorption from thermally excited level of the
ground state.?® We exploit the thermometric properties of Nd** doped nanoparticles

of KY3F1 excited from the ground level and from an excited Stark level.

In the last chapter we explore the possibility to enhance the UC emission through
the sensitization of lanthanide ions with transition metal ones, in particular with
Cr¥* ions, which have much higher and broader absorption cross section. The pre-
liminary results show that it is possible to synthesize nanocrystalline structures co-
doped with Cr** ions and Yb®*, but that the sensitization of the last one is strongly
dependent on the crystal field and the phonon distribution of the host material.

12
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Chapter 1

Engineering efficient upconverting

nanothermometers using Eu3* ions

1. Introduction

The development of all-optical nanoparticle-based thermometers allows for
the measurement of localized temperature with high spatial resolution in sub-
millimeter areas, which serves as a tool for the characterization of microflu-
idic channels or electronic microcircuit surfaces .1-3 Particularly interesting
are the optical luminescent nanothermometers, that, once excited in their ab-
sorption region, exhibit a temperature-dependent emission, usually in the ul-
traviolet (UV) visible or near infrared (NIR) region . Several magnitudes re-
lated to the emission properties can serve as thermal probes, such as intensity,
intensity ratios, bandwidth, luminescence lifetimes or band shifts.4% How-
ever, not all of them are equally advantageous when it comes to real applica-
tions. For instance, using the intensity of a single emission band can be mis-
leading if the concentration of nanoparticles in the area under investigation is
not well controlled, since it can create intensity fluctuations not related to
temperature but to a different number of emitters. For this reason, it is a good
option to analyze parameters that are independent on the concentration of the
nanoparticles, as it is the case of luminescence lifetimes, bandwidths, band
intensity ratios or peak shifts.®> However, from the implementation point of
view, the measurement of light intensity presents the advantage of less com-
plex optical setups than for lifetimes measurements, and often have higher
sensitivities than bandwidth or peak shifts measurements. In the present in-
vestigation, a ratiometric technique was proposed to evaluate the tempera-
ture®, where the intensity of an emission band is used as reference for a dif-
ferent, separate band, to avoid the mentioned concentration-triggered uncer-
tainty. This luminescence intensity ratio (LIR), offers a further point of reli-

ability also by removing any inaccuracy caused by uncontrolled fluctuations
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of the excitation light. LIRs are often exploited for lanthanide (Ln") based
nanothermometers, where several thermally-coupled pairs of states have been
already investigated and reported in the literature.” The emission bands of
Ln®* ions are typically narrow and well defined and this feature permits to
restrict the range in which the emission spectra need to be measured to esti-
mate temperature values. Besides, narrow emission bands facilitate the option

of multiplexing, if more than one probe has to be used.

The upconversion (UC) properties shown by several Ln3* jons, i.e. to generate
photons at higher energies with respect to the excitation radiation, are due to
the unique ladder-like arrangement of their 4f energy level states, coupled
with the relatively long lifetimes of these levels, typically in the microseconds
or even milliseconds timescale®®. UC has interesting advantages with respect
to the usual Stokes emission in the visible range. In fact, the excitation radi-
ation can be chosen in the NIR range, where common solvents, such as water,
are poorly absorbing and heat transfer to the sample from the excitation radi-
ation is minimized. Second, UC processes are multiphoton in nature and
therefore they permit a higher spatial resolution due to the non-linear depend-
ence of the emission on the power density of the exciting radiation. Third,
since the excitation and emission radiation are well separated in energy, the
emitted radiation can be easily isolated from the exciting radiation. This
avoids any interference into the detection system, and therefore provides ex-
cellent signal to noise ratio, which is further supported by the lack of auto-
fluorescence from additional molecules that might be present in the environ-

ment.1°

One of the most studied upconverting Ln3" based system for LIR nanother-
mometry involves Er3* ions co-doped with Yb®* ones, to enhance the harvest-
ing of the excitation light in the NIR region (around 980 nm).*"* However,
previous studies with different materials have demonstrated that alternative
Ln%* ions, such as Dy®* ions*?4 Eu®* ions'>*® or Pr3* ions'”!8 can show
better thermal sensitivities, although they are less efficiently excited through
upconversion processes.'® Among these ions, Eu* is a particularly interesting

luminescent probe in fields such a biomedicine?®, luminescent inks for anti-
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counterfeiting?! as well as thermometry?2. However, the Eu®* energy level
structure does not permit UC emission by directly exciting with NIR radiation
in the biological windows (700-1200 nm), due to lack of resonant energy lev-
els. Nonetheless, with a proper codoping with Yb®* ions, that are sensitizers
of NIR excitation radiation at 980 nm, the Eu®* ions can show UC in the red
region in the visible?3. A population of the excited states of the Eu** ions can
be obtained through a simultaneous energy transfer from two different Yb3*
ions to an Eu®* ion, a cooperative process that has relatively low probabil-
ity.242> On the other hand, other Ln3" ions, for instance Tm3*, with energy
levels resonant with those of Eu®*, could help in populating Eu®" levels
through energy transfer processes and therefore dramatically improve UC
emission.?®?” Following these considerations, with the target of exploiting
Eu®* ions UC for nanothermometry while allowing for NIR excitation, we
chose a triple doping strategy (Yb3*, Tm**, Eu®*), implemented in water dis-
persible SrF> nanoparticles in colloidal form, which have been shown to be
excellent hosts for UC luminescence, easily prepared in particle sizes as small

as 15 nm.%®

17
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2. Experimental

2.1 Nanoparticles Preparation

Tm®*, Yb®* and Eu®* tridoped SrF. upconverting nanoparticles (UCNPS) were
synthesized following a hydrothermal method.?® Briefly, SrCl.-6H20,
YbCl3-6H20, TmCl3-6H20 and EuClz-6H20 (Aldrich, 99.9%) were used as
metal precursors (with Sr*:Yb3*:Eu®*:Tm*" = 0.745:0.220:0.030:0.005 nom-
inal molar ratios). As a reference sample, Yb®* and Eu®* codoped SrF2 nano-
particles (with Sr2*:Yb**:Eu3*=0.750:0.220:0.030 nominal molar ratios) were
synthesized following the same procedure and are denoted as SrF2:Yb,Eu na-
noparticles. Stoichiometric amounts of the metal chlorides (3.5 mmol of total
metal ions) were dissolved in 7 mL of deionized water. This solution was then
added to 25 mL of a 0.8 M sodium citrate dihydrate solution (Fluka, > 99%)
and 3.0 mL of a 3.5 M NH4F solution (Aldrich, 99.9%). The obtained solution
was heat treated at 190 °C for 6 hours in a stainless-steel Teflon lined diges-
tion pressure vessel (DAB-2, Berghof). Subsequently, the UCNPs were pre-
cipitated with acetone and directly dispersed in deionized water. The colloidal

dispersion is stable for at least one month.
2.2 Experimental setup
2.2.1 Structural and morphological investigation

X-ray power diffraction (XRPD) measurements were carried out with a
Thermo ARL X’TRA powder diffractometer equipped with a Cu-anode X-
ray source with a Peltier Si(Li) cooled solid state detector. Before the meas-
urements, the samples were homogenized in a mortar with few drops of eth-
anol. After evaporation of the ethanol, the sample was deposited on a low

background sample stage.

TEM (HRTEM) images were measured using a JEOL 3010 high resolution
electron microscope (0.17 nm point-to-point resolution at Scherzer defocus),
operating at 300 kV, equipped with a Gatan slow-scan CCD camera (model
794) and an Oxford Instrument EDS microanalysis detector (Model 6636).

18
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The powders were dispersed in water in order to be deposited on Holey-Car-
bon Copper grids.

2.2.2 Spectroscopy measurements

Emission spectra (spectral resolution of 5 cm™) were measured using a 980
nm laser diode (MDLII1980, CNI) as the excitation source, a half meter mon-
ochromator (Sr-500i, ANDOR) equipped with a CCD camera (DU420A-
BVF, ANDOR) as the recording setup. Emission spectra at different temper-
atures were recorded by heating the solution with a thermal bath and measur-

ing the temperature with a K-type thermocouple (0.2° C sensitivity).
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3. Results and discussion
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Figure 1. (a) Representative TEM image for the SrF,:Yb**, Tm*", Eu** UCNPs. Inset:
HRTEM image, showing the (111) lattice planes. (b) XRPD pattern of SrF,:Yb*", Tm*",
Eu®* UCNPs (black squares). Rietveld refinement, using MAUD software (red line) (lat-
tice parameter: 5.734 + 0.002). (c) EDX spectra for the SrF,:Yb®* Tm** Eu** UCNPs. (d)
Particle size distribution calculated using Pebbles software and Log-normal fit (average

particle size: 16 + 4 nm).

The X-ray diffraction pattern (shown in Figure 1b) show that the prepared
UCNPs have a cubic fluorite phase, as reported for similar nanoparticles?.
EDX measurements clearly indicate the presence of Yb®" and Eu®*, while
Tm3" ions are present in concentration below the limit of detection of the
EDX setup (Figure 1c). Nonetheless, the presence of Tm*" ions is clearly
demonstrated by the strong UC emission, see below. A representative TEM
micrograph of the UCNPs is shown in Figure 1a, presenting a nice dispersion
and average particle size of 16 nm (see Figure 1d).

Upon laser excitation at 980 nm, a large number of emission bands in the near
ultraviolet, blue and red optical regions are observed for the
SrF2:Yb3 Tm3* Eud* UCNPs?839-32 a5 shown in Figure 2. After 980 nm laser

20
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Figure 2. (a) Upconversion emission of a water colloidal dispersion of the SrF»:Yb*",
Tm’", Ew’* UCNPs (1 wt %, dopant percentage: Yb** 22%, Tm’" 0.5%, Euw’* 3%) after
laser excitation at 980 nm (power density of 450 mW/mm?). (b) same as (a) in the 500-
650 nm range (dark red frame). Blue: Tm’" ions transitions. Orange: Ew’" ions transi-
tions from the °Dy level. Green: Eu’" ions transitions from the °D; level. Red: Ew’" ions
transition from the °D; level. (c) Picture of D20 colloidal dispersions of the SrF>:Yb*",
Tm*", Eu’* UCNPs (concentration of 1 wt %) after laser excitation at 980 nm (power
density of 450 mW/mm?).

excitation, several Tm3* excited states can be populated following energy

transfer processes from Yb*" to Tm*" ions, as described by the grey dashed

arrows in Figure 3a. Several emission bands are thus related to transitions

from different Tm3* excited states either to the ground state (*Hs) or to lower

lying excited states (see blue labels in Figure 2).

In addition, a group of less intense bands in the 400-440 nm and 500-630 nm
regions are nicely observed, as shown in Figure 2b, typical of emission of
Eu®* ions, which constitutes clear evidence of population of excited energy
levels of Eu®" ions through upconversion processes. The transition assign-
ments for the observed bands have been carried out considering the spectro-
scopic investigation of Jouart et al. 2 and Cortelletti et al. 3° for Eu®* centres

in SrF> using site-selective excitation techniques.

In principle, an Yb®*—Eu®* cooperative upconversion process could be pre-
sent?334-36 Nonetheless, the SrF2:Yb,Eu NPs, prepared as a reference, with-
out Tm*" ions, do not show any Eu®* upconversion emission upon 980 nm
laser excitation in the same experimental conditions. Therefore, the Eu®* up-

conversion emission found for the tridoped SrF.:Yb®*, Tm3*,Eu®* NPs clearly
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Figure 3. (a) Energy level scheme for Yb*", Tm’" and Ev’" ions, Yb’* excitation (red
arrow) and energy transfer processes (grey dashed arrows). (b) power study for sev-
eral Ev’* upconversion bands of the SrF>:Yb*", Tm**, Euw’* UCNPs upon 980 nm laser

excitation at 25 °C.
indicates that a Tm®*—Eu®* energy transfer is involved and it is active once

the excited levels of Tm®* ions have been populated by the Yb3**—Tm?3" up-
conversion. The population of the Eu®* energy levels by means of excited
Tm?* ions is already reported in the literature®”*8. From an inspection of the
energy levels of the Tm3* ions, energy transfer processes responsible of the
Eu®* energy levels population are sketched in Figure 3. It is interesting to note
that the Eu®* emission bands shown in the upconversion spectra (see Figure
2b) have very different relative intensities than those observed in Stokes Eu®*
emission spectra for SrF2:Eu®" nanoparticles upon direct excitation of the
Eu®* excited energy levels, as reported by Cortelletti et al. *°. This different
behavior can be explained considering the different pathways populating the
Eu®* excited levels, that in the present case are feed through Tm3* > Eu®*
energy transfer processes. A similar Tm** to Eu®* energy transfer process has
been also observed for tridoped Eu,Tm,Yb lithium lanthanide phosphate na-
noparticles, after excitation at 975 nm with a diode laser.?’

Some weak emission bands observed in the blue region around 415 and
430 nm, correspond to emissions from the °Ds level of the Eu®" ions, indicat-

ing that an energy transfer process from the D level of Tm3* to the Dy, °G;
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or °L; levels of Eu®* is present. A contribution to the population of the Eu3*
excited levels could be in principle also due to an energy transfer process
from the ls level of Tm3*, as emission from this level is observed in the UC
spectrum (see Figure 2). Nonetheless, it is reasonable to consider this contri-
bution as much less relevant with respect to those due to energy transfer start-
ing from the lower lying D, and 1G4 excited energy levels of Tm3* ions. This
behavior is due to the much lower population of the ls level with respect to
the other two levels, evidenced by the very low relative intensity of the
116—3F4 band (see Figure 2a). Moreover, the energy of the 1G4 level of Tm3*
ions is slightly higher than the °Di level of Eu®" ions, thus a
Tm3* (1Gs)—>Eu®*(°D1) energy transfer process is reasonably present, with
possible phonon emission. A Tm**(*G4) —Eu®*(°D.) energy transfer process
can be also possible considering that the Tm3*(*G4) and Eu®*(°D>) levels are

almost resonant, with small phonon absorption assistance.

The upconversion mechanisms described in Figure 3a therefore play a funda-
mental role to populate the Eu®* energy levels. In order to investigate the
power dependence of the Eu®* upconverted luminescence, UC spectra were
measured as a function of the 980 nm laser power density (between 20 and
500 mW/mm?) and they are shown in Figure3b. The peak intensities for the
different transitions follow a log-log behavior for laser powers up to ~190
mW/mm?, and then a saturation behavior is reached. The slopes, denoted as
m, associated to each transition were evaluated in the linear regime, as they
are related to the number of photons involved in the upconversion process.
The m values are much higher than 2, indicating that a three-photon process
is present, and therefore suggesting that the population of the Eu®* energy
levels mainly derive from energy transfer from the G level of Tm3* ion. We
point out that the Eu®* upconversion is observable with our experimental
setup for laser powers (at 980 nm) as low as 20 mW/mm? (2 W/cm?), value
that is comparable with those employed to generate upconversion for similar
water dispersed nanoparticles®. It is important to note that as transitions start-
ing from °D,, °D1 and °Do energy levels of Eu®" show the same power de-

pendency, any intensity ratio between emissions originating from these levels
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Figure 4 (a) Emission spectra of the SrF>:Yb**, Tm®*, Eu’" UCNPs at three different
temperatures (intensity normalized to the 585 nm band) upon 980 nm excitation.
(b) Luminescence intensity ratio, LIR = A°Dy — "F1)/A(’D; — "F3) vs T. (c) LIR vs

laser excitation power.

is independent of the excitation power, a paramount property for a reliable
luminescence thermometric system. The non-radiative relaxation probability
of the °D; (J=0, 1, 2) levels is in principle different, due to the different energy
gaps between each level and the next lying one,?24° and therefore the relative
intensities of the emission bands could vary on changing the temperature. In
addition, the energy transfer mechanisms from G4 (Tm®*) to the °D; (Eu®*)
is non-resonant (see Figure 3) and thus, dependent on the phonon density of
states. The UC spectra for the SrF2:Yb®*, Tm®* ,Eu®* UCNPs were measured
as a function of the temperature in the 20-60 °C range. Representative exam-
ples are shown in Figure 4a, from which it can be noted that the Eu®* emission
bands in the 580-600 nm range show a notable relative variation on changing
the temperature. We define the LIR as:

_A( *Do— "Fy)

LR = o7ry D

where A denotes an integrated emission of the corresponding transition, as
evidenced by shaded areas in Figure 4a. As shown in Figure 4b, the LIR
shows a monotonic increasing behavior on increasing the temperature in the
investigated range (20-60 °C). In order to evaluate possible variations of the
LIR with the laser excitation power, we have measured a series of upconver-
sion spectra at increasing power densities, and the results are shown in Figure

4c. Very importantly, from these results we demonstrate that the LIR value is
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independent on the laser excitation power in the range 200-600 mW/mm? (see
Figure 4c). From the Eu®* upconversion bands (shown in Figure 2), it can be
deduced that the °D; and °Do states are separated by an energy gap around
1800 cm, a value consistent with that found for SrF2:Eu®* based samples on
site-selective spectroscopy.®¥4! The fact that the LIR shows a growing trend
on increasing the temperature and not a decreasing one indicates that the °D;
and °Dy states are not thermally linked, but their population depends by the
Tm3 —Eu®" energy transfer process, shown in Figure 3a, and subsequent
non-radiative processes. The relative sensitivity, Sy, of a thermometer, a com-
monly accepted parameter to compare the performances of different ther-

mometers?, is defined as:

1 OLIR
Sy = m(—ar )<2>

The Sy values as a function of the temperature are shown in Figure 5 and are
determined to be between 0.8 and 1.1 %K™ in the 20-60 °C temperature
range, with a percentage error of 5%. These values are among the highest
reported in the literature for upconverting nanothermometers, as reported in

Table 1.” The performance of a thermometer is also characterized by another
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Figure 5 Relative sensitivity of water colloidal dispersions of the SrF,:Yb®*, Tm**, Eu®*

UCNPs (1 wt %) as a function of temperature.
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important parameter, that is the minimum temperature uncertainty, ATmin,
which determines the accuracy of the temperature measurement that can be

achieved under the working conditions of the thermometers 4, defined as:

ALIR

AT min = LIRS,

©3)

where ALIR represent the experimental uncertainty of the LIR. The average
value of ATmin iIs evaluated to be 1.9+0.2 °C. It is important to mention that
the uncertainty parameter ALIR depends on the instrumental setup of the ex-
periments through the signal to noise ratio, and thus it can be improved with

longer integration time, higher laser excitation or better detection equipment.

This value is consistent with those found for similar upconverting thermom-
eters®®. In order to better understand the physical mechanism governing the
behavior of the upconversion emission as a function of the temperature, the
SrF2:Yb*", Tm3* Eu®" UCNPs were dispersed in D20 as the solvent, at a con-
centration of 1 wt%, similar to the one used for experiments with H2O as the

solvent. These dispersions turned out to be colloidally stable for some weeks.

Average Excitation Emission | Sr @ 25
Host Dopants particle | wavelength range °C Ref
size (nm) (nm) (nm) (% K1)
ZnO Er®* 80 978 535-555 0.5 42
NaYF; Er¥, Yb% 6000 980 530-555 1.2 43
NaY(WOQy), | Er®, Yb®* 3000 980 530-550 1.0 4“4
LiNbO3 Erd*, Yb3* 100 980 525-550 0.7 4
CaF, Erd*, Yb3* 11 920 522-538 1.9 46
GdVO, Erd*, Yb3* 3.9 980 525-555 1.1 4t
) Eut, Tmd*,
LiLaP4O1 40 975 450-700 0.34 21
Yh3*
EU3+, Tm3+, This
SrF; 17 980 585-590 1.1
Yh3* work

Table 1 Relative sensitivity values for upconversion nanothermometers, based on the

luminescence intensity ratiometric (LIR) technique.
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It is worth mentioning that the vibrational energy cutoff for DO molecule is
2500 cm?, value than is much less than for the H2O molecule (highest vibra-

tional energy around 3600 cm™?) 48

For this reason, multiphonon relaxation processes for lanthanide ions are
much more probable if they are close to H2O molecules than for DO ones,
as the higher the vibrational energy is, the larger is the multiphonon relaxation
probability of the Ln®" excited level. We show in Figure 6a the comparison
between upconversion spectra for the SrF2:Yb*, Tm3 Eu®*" UCNPs using
H->0 and D20 as dispersing solvents, while using identical experimental con-
ditions, as the geometrical setup and in particular the same power density of
the laser excitation radiation. From Figure 6a, it can be noted that in the case
of D0 dispersions, the Eu®" upconversion bands corresponding to transitions
starting from the °D; level are more intense than for those starting from the
Do one. The upconversion spectra for D,O dispersions as a function of the
temperature (20-60 °C) do not change notably on increasing the temperature
(see Figure 6b), suggesting that the populations of the °Do and °D; levels of
the Eu®" ions do not change significantly with the temperature, at least in the
investigated range. The LIR for the D>O dispersed UCNPs shows an almost
constant value (around 1.0), within the experimental uncertainties, on in-
creasing the temperature (Figure 6b). Such behavior indicates that the relax-

ation channel for the °D; level is much more effective in H2O dispersions than
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Figure 6 (a) Eu’" upconversion for SrF»:Yb*",Tm*",Eu’" UCNPs dispersed in H,O
(black line) and in D:0O (red line). (b) LIR for H>O (black squares) and DO (red solid
circles) dispersed UCNPs.
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in D2O ones. This behavior is a clear evidence that a significant amount of
Ln®* ions lies on the nanoparticle surface, close to the solvent molecules, as
their emission properties are much influenced by the solvent vibrational en-
ergies, inducing non-radiative multiphonon relaxation channels. The depop-
ulation of the °D; energy level of Eu** is much more influenced by multipho-
non relaxations than the °Do one, due to much lower energy gap with the
lower lying energy level (°D1 - °Do, energy gap around 1800 cm™, °Dg - “Fe,
energy gap around 12000 cm?). Therefore, the multiphonon relaxation prob-
ability for the °D; level is almost constant in the relatively small investigated
temperature range for D20 dispersions, while it results to increase for H2O
dispersions, due to much higher vibrational energy of H.O with respect to
D-0.

The obtained thermometric values for the SrF.:Yb® Tm®* Eu®* UCNPs
demonstrate that the strategy applied to excite the Eu®* ions offers good op-
portunities for thermometry in three aspects. First, a careful selection of Ln*
dopants allows to engineer a mechanism that exploits upconversion to excite
Eu®* ions. Second, the different upconversion paths used to excite several
Eu3* states allow the definition of a luminescence intensity ratio that remains
unaffected during measurements, also for variations of the laser excitation
power. Finally, the thermal sensitivity of such intensity ratio is on par with

the best upconversion nanothermometers reported to date.
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4. Conclusions

In the present chapter, we investigated colloidal upconversion nanothermom-
eters based on Yb®*, Tm®* and Eu®' ions that exploits the matching of the
Tm3* ions energy levels with the ones of Eu®* ions. This property permits to
transfer the absorbed energy by the antenna Yb3* ions to the final probe, Eu®*
ions. The developed nanothermometer shows a very good relative sensitivity,
around 1 %K in the 20-60 °C range, among the highest values shown by the
most popular lanthanide-based nanothermometers. Moreover, the relative
sensitivity is independent on intensity fluctuations of the excitation radiation
owing to the characteristics of the designed upconversion process. Very im-
portantly, this excitation strategy constitutes a new way of engineering up-
conversion-based nanothermometers that exploit new ions and that are able

to operate at different wavelengths.
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Chapter 2

Nd*" activated KY3F1o nanoparticles
as nanothermometers based on thermal populated

excited state stimulation
1. Introduction

Temperature is a fundamental physical quantity, the measure of which is of great
interest in many scientific and technological fields. Most of the sensors used now-
adays need direct contact to properly measure the temperature, therefore they are
ineffective for sub-micrometric measurements needed in fields of nanomedicine or
in the semiconductor industry. Otherwise measurement of temperature distribution
is currently performed by narrow-band semiconductor or microbolometric cam-
eras.! Such cameras work in the NIR infrared range (wavelength of 3-14 um) and
quantify the temperature by the measure of the black body emission. These cameras
have the disadvantages of relatively high cost due to the detector and the optical
components and to be not suitable for high spatial resolution or for microscope or
fiber based biomedical imaging. In order to solve these problems great effort have
been spent to develop temperature dependent photoluminescent materials, such as
polymers, proteins, quantum dots, complexes, phosphors, whose emission proper-
ties (e.g. luminescence intensity or lifetime) are related with local temperature.?3
Luminescent nanoparticles are promising candidates because of their typical pho-
tostability, narrow band emission and absorption, and possible surface functionali-
zation.* Great efforts have been spent in the recent years to develop nanoparticles
with efficient luminescence in the NIR biological windows, suitable for thermom-
etry in nanomedicine.® Unfortunately, the luminescence of nanoparticles is usually
relatively low and the temperature readout is technically complicated: the tempera-
ture dependent parameter is usually connected with small difference in band shape
or the spectral band are overlapping and for that the measurement requires high-
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resolution monochromators and high brightness of the emission in order to trust-
worthy convert the temperature dependent parameter in a proper temperature units.

Recently, a new type of optical ratiometric thermometer have been proposed, based
on absorption from thermally excited levels. Two different systems have been stud-
ied so far: the first was proposed by Souza et al., it is based on Eu®* doped material
and the ratiometric thermal parameter is defined as the ratio between the emission
intensities of the °Do—F4 transition, when the °Do emitting level is populated from
the "Fo ground state and when is excited from the 'F1 or ’F2 thermally excited levels.
The second one, proposed by Bednarkiewicz et al.”®, is based on Cr®* doped mate-
rials with emission around 700 nm. This latter case is focused on a single emission
band that varies its emission intensity under two excitation radiations at different
energies, in resonant and non-resonant conditions. These systems are based on the
different population between two energy levels. According to Boltzmann distribu-
tion, the ratio of the relative populations of the excited level (n1) and the ground

state (no), is:®

Where AE is the energy difference between the two levels, ky is the Boltzmann con-

stant and T is the absolute temperature.

These innovative optical thermometers have several advantages compared to the
others proposed in the literature. Since they work with two well separated excitation
radiations monitoring a single emission, it is not necessary a high-resolution mon-
ochromator to measure the temperature, but even filters with relatively large optical
bandwidths can be successfully used, even for the excitation radiation, not neces-
sarily to be a laser. Moreover, the simple model behind the thermal excited level
population allows an accurate prediction of the properties of the thermometer, fol-

lowing the Boltzmann distribution.

In this work we study the possibility of use the Stark levels of lanthanide doped

nanoparticles as thermally excited levels for this kind of thermometer. Specifically,
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we exploit the thermometric property of Nd** doped nanoparticles of KY3Fio ex-
cited from the ground level and from an excited Stark level. This system has the
interesting characteristic that both excitations and emission radiations can be cho-
sen to be in the biological window.? Indeed, the two excitation radiations have been
chosen as follows: the first in resonance with the *lg/2(Z1)— *Fs/ transition, and the
second at lower energy, in resonance with a *lo;2(Zexc)—*Fs/2 transition (where Z;
and Zex denote the lower Stark level and an excited energy level of the ground
state), monitoring the emission at 875 nm. Moreover, we were interested in the
study of the upconversion emission of at 450 nm due to the 'D,->3F,4 transition of
the Tm** ions in order to check the thermal performance due to a multistep absorp-
tion typical of upconversion process. KY3F1o has been chosen as host because of its
high luminescence efficiency for Tm3* upconversion emission sensitized by Nd**
and Yb** ions'! and for the well-known energy level Stark structure!?. In order to
improve the upconversion efficiency, a core@shell@shell structure (c@s@s) has
been adopted,*® with a core doped with 3% of Nd** ions and 10% of Yb%* ions and
a shell doped with 0.5% of Tm?3* ions and 20% of Yb** ions (KYF@KYF@KYF).
This core@shell structure permits to spatially separate Tm** ions from Nd3* ones
and partially avoid the backtransfer from Tm3* ions to Nd** ions. A third undoped
shell has been added to shield the lanthanide ions from the solvent molecules and
minimize non-radiative deexcitation of their excited energy levels and therefore in-

creasing the emission efficiency*.

2. Experimental

2.1 Nanoparticles Preparation

KY3F10 nanoparticle were synthesized by a hydrothermal reaction method.’® In a
50 mL Teflon vessel Stochiometric quantity of YCls-3H20 and NdClz-3H20 and
YbClz-3H20 (Aldrich 99.99%) (total metal amount of 3.5*10° mole, nominal mo-
lar metal ratios Y:Yb:Nd = 87:10:3) were dissolved in 25 mL of water. Then 0.02
moles of potassium citrate (Fluka > 99%) were added and stirred until a homoge-
neous solution was obtained. 2.5 mL of a solution 3.5 M of NH4F (Aldrich, 99.9%)
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was added drop by drop and the resultant clear solution was heated at 190° under
autogenous pressure for 3 hours. After washing with acetone, the nanoparticles
were dispersed in deionized water. In order to synthesize the core@shell structure,
the same procedure was followed adding 400 mg of the previous prepared core na-
noparticles in the starting solution containing the metal precursors. The nominal
molar metal ratios of the first shell is Y:Yb:Tm = 89.5:10:0.5 while the last shell is
not doped (Y 100%)

2.2 Experimental setup
2.2.1 Structural and morphological investigation

X-ray power diffraction (XRPD) measurements were carried out with a Thermo
ARL X’TRA powder diffractometer equipped with a Cu-anode X-ray source with
a Peltier Si(Li) cooled solid state detector. Before the measurements, the samples
were homogenized in a mortar with few drops of ethanol. After evaporation of the
ethanol, the sample was deposited on a low background sample stage.

The transition electron microscope (TEM) images were recorded with a Philips
Morgagni TEM, operating at 80kV of voltage. The powders were dispersed in water

in order to be deposited on Holey-Carbon Copper grids.

2.2.2 Spectroscopy measurements

Emission spectra were measured using a Al,O3:Ti*" laser pumped by the Second
Harmonic (532 nm) of a Pulsed Nd:YAG laser System LS-2137 / 2M as exciting
source and a Jobin-Yvon THR1000 monochromator with Hamamatsu photomulti-
pliers (R928, R406). The temperature of the sample was controlled using a
THMS600 heating stage from Linkam (0.1 °C temperature stability and 0.1 °C set

point resolution).
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3. Results and discussion
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Figure 1 Representative TEM image of (a) core (b) core@shell and (c) c@s@s
KY3F10 nanoparticles. (d) XRPD patterns of KYzF1o nanoparticles. (e) Particle size
distribution of calculated using Pebbles software and Log-normal fit (average core
size: 8 = 1 nm, core@shell: 14 = 2 nm, core@shell@shell: 16 + 2 nm).

XRD measurements in figure 1d show that the all the core and core@shell struc-
tures have the same expected cubic structure. Representative TEM images shown
in figure 1a, 1b and 1c that the increase in size of the nanoparticle from the core to
the core@shell and c@s@s structures (figure 1e).

3.1 Stokes emission

Figure 2a shows the Stokes emission when Nd** ions are excited at 802 nm
(*lor2—*Fs2 transition). The luminescence spectra exhibit three features, around 875
nm and 1060 nm, due to Nd** ions (*Fs2 — *lo2 and *Fszz — *l11s2 transitions) and

around 1000 nm, due to the Yb®* ions (?Fs;2 — 2F2 transition).

39



- Chapter 2 -

a b
2 )
5 E
2 e
< <
h S—
= 2
] ®
s c
£ 2
£ c
L e e L BN S p a
850 900 950 1000 1050 1100 11000 11200 11400 11600
Wavelength (nm) Energy (cm™)
C 120 d 7 Huva
~— 11.8 i F
< . 4 < L
g 11.6 Farz Ry = 11594 £ b *
X 114 R, = 11505 :: 12 [ ) ¥ y
S 112 S o =
.."; 1.0 S 10== % 1i§ 15;6'
& os ks N E s
£ 06 912 Zs =470 E i
0.4 Z4 =270 w 0.4 -
0.2 zt -5 J
Ly =45
0.0 2,2] =0 0.0 — - |

w2z

Figure 2 (a) NIR emission spectra of c@s@s nanoparticles with laser excitation at
802 nm at 210 K. (b) Fit of the emission due to the *Fz2 — *lg2 transition with
gaussian profiles. The emission transitions have been labeled according to (c) the
energy level diagram. (d) Energy level scheme with proposed transitions involved

in the thermometry.

From a fit procedure of the shape of the Nd** emission profile at 875 nm (due to
*Far2 — *loi2 transitions) it is possible to identify the Stark levels of both *Fs, and
*19/2 manifolds?®. To this aim, we deconvolved this spectrum into 10 gaussian com-
ponents (figure 2b), according to the number of transitions expected to occur con-
sidering the two Stark levels of the emitting “Fs2 multiplet and the five components
of the *lo/2 ground state. From the fit, an energy level scheme for the doped KY3F1o
nanoparticle has been obtained (Figure 2c), compatible to those reported for differ-
ent Nd®* sites in slightly doped (0.1 mol%) KY3F1o nanoparticles'?. In this investi-
gation reported in the literature, the excitation spectrum for the *lo;2 — *Fs/ transi-
tion show a broad band in the 770-820 nm range, although a strong narrow band is

clearly visible at 802 nm. This band, occurring around the middle of the excitation
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Figure 3 NIR emission spectra of c@s@s nanoparticles as a function of temper-
ature with (a) 802 nm laser excitation and (b) 817 nm laser excitation. (c) Nor-
malized integration of the emission pick around 875 nm as a function of temper-
ature with 802 nm excitation (black dots) and 817 nm excitation (red dots) and
normalized thermometric parameter (blue dots). (d) Relative sensitivity of
c@s@s NIR emission.

band, could be assigned to a transition starting from the *lg/2(Z1) ground state. Tran-
sition at lower energies can be considered to start from an excited level of the Stark
multiplet of the *lo/> ground state. Therefore, we focused on the band at lower en-
ergy around 817 nm, that we speculate originating from the *lg/2(Z3) level, at an
energy 225 cm higher with respect to the *lo2(Z1) ground state, close enough to
have a significant population with respect to the ground state at room temperature.
This in our case should be confirmed by further measurements of the excitation
spectrum as a function of the temperature. In any case, in order to investigate this
aspect, we measured the Stokes emissions by exciting the sample at 802 nm and

817 nm, respectively, as a function the temperature (from -60° to 60°) and they are
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shown in Figure 3a and 3b. For excitation at 802 nm, the total emission of the *Fa
— 4oy, transition (around 875 nm) shows a reduction of approximately 53% on
varying the temperature. On the other hand, for excitation at 817 nm the total emis-
sion of the *Fa;z — *lgs2 transition shows an increment around 18% (Figure 3c) in
the same temperature range, compatible with an increasing population of an excited
Stark level of the “lg/» ground state.

While the increment or decrement of a single transition in a complex matrix as in a
biological tissue can be caused by several changes in the experimental conditions,
as concentration changes of the emitting particles, the ratiometric technique ( ex-
ploiting the ratio between two bands in different optical ranges) normalize the cal-
ibration curve with respect to several possible interferences.!” The thermometric
parameter in this case can be defined as the ratio between the integrated emission
of the *Fs;2—*lg12 transition when the “Fs, level is excited through the excited Stark
level of the “lo;2 ground state (lrexe=s17) and the integrated emission of the same tran-
sition when the *Fs/ level is excited from the lower Stark level of the ground state
(Irexe=s02) (figure 3c):
R, = I}‘exc_=817
Aexc=802

In order to compare performance of different thermometers a parameter used in

literature is the relative sensitivity Sy:?
s = 1|d_R
" RIldT
The S; for the Stokes emission in the core@shell@shell structure is shows in the
figure 3d. The maximum relative sensitivity is found at the lowest temperature (-

60 °C), of 1.0% K1, while at physiological temperatures (35 - 40 °C) it results to
be 0.5% K1,
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3.2 Upconversion
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Figure 4 (a) Upconversion blue emission of c@s@s nanoparticles with laser exci-
tation at 802 nm. (b)Energy level scheme and proposed mechanism of upconver-
sion.

Figure 4a shows the upconversion emission of Tm** around 475 nm (!Gs — 3Hs
transition) exciting at 802 nm at room temperature. Figure 4b shows the proposed
mechanism of upconversion emission.*® The absorption of at least three photons are
involved in the upconversion emission from G, level. Because of that if the upcon-
version emission is excited from a thermally populated Stark level, a higher change
in the intensity with temperature is expected, and therefore a higher thermal sensi-
tivity.

To explore this point, we studied the temperature influence on the upconversion
emission exciting at 802 nm and 817 nm (figure 5a and figure 5b, respectively). For
excitation at 802 nm, the 'G4 — 3Hs emission band around 475 nm of the Tm*®" ions
reduces approximately 6% in the investigated temperature range, while for excita-
tion at 817 nm the same upconversion band shows a very large increment of more
than 370% (figure 5¢).

The S, of the thermometer based on the upconversion emission is, as expected, im-
proved compared with the one based on the Stokes emission (figure 5d). The max-
imum S; is found to be 2.4% per Kelvin at the lowest temperature studied, while it

is 0.7% per Kelvin in the physiological range.
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Figure 5 Upconversion emission spectra of c@s@s nanoparticles as a function of
temperature with (a) 802 nm laser excitation and (b) 817 nm laser excitation. (c)
Normalized integration of the blue upconversion at 480 nm as a function of tem-
perature with 802 nm excitation (black squares) and 817 nm excitation (red
squares). (d) Comparison between the relative sensitivity of c@s@s of blue up-

conversion (blue triangles) and NIR emission (red triangles).
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4. Conclusion and perspective

In this chapter, we investigated the optical thermometric property of lanthanide
doped nanoparticles exploiting an excitation strategy based on different Stark en-
ergy levels of the ground state of the Nd** ions in the KY3Fio host. The peculiar
emissions of Nd* ions allow the development of a nanothermometer with both ex-
citation and emission located in the NIR biological window with a sensitivity of
0.5 % Cin the physiological range. This methodology allows to measure the tem-
perature using a cheap, filter-based system for collecting the signal. Moreover, a
core@shell@shell nanoparticle structure has been successful synthesized to inves-
tigate the thermometric properties based on the upconversion of Tm®" ions sensi-
tized by Nd®* or Yb®" ions. This is the first upconversion nanothermometer based
on non-resonant excitation and pave the way on the development of similar system

with higher sensitivity.
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Chapter 3

Broadband Cr3* sensitization for Yb®* emission

1. Introduction

Lanthanide doped UC systems are able to emit ultraviolet (UV), visible or near
infrared (NIR) luminescence when excited in the NIR range, through multiple ab-
sorption of photons with lower energy.* The possibility of this multiple absorption,
as mentioned above, is due to the long lifetimes of the electronic excited levels and
the ladder-like energy level scheme of the lanthanide ions. UCNPs have many ad-
vantages over other luminescent particles, such as organic dyes, fluorescent protein
and guantum dots, such as a narrow and non-blinking emission, and high photosta-
bility and large anti-Stokes shifts. These properties make them promising for many
applications both in biological areas (nanothermometry, bio-sensing, drug delivery,
photodynamic therapy or theranostic) and in the technological one (solar cells and

displays).

One of the limits that still restricts the practical application of UC nanoparticles is
their relatively low brightness, that is intrinsically connected with the low absorp-
tion cross section of lanthanide ions. In order to improve the emission efficiency,
different strategies have been adopted, such as considering a core/shell architecture
of the nanoparticles (active core and inert shell or active core and active shell with
optimized lanthanide concentrations)?, tailoring the best crystal structure of the
host>* or coupling the nanoparticles with plasmonic structures to have plasmonic
enhancement®. All these methods allowed an enhancement of upconversion by one
to three orders of magnitude. On the other hand, the weak NIR absorption of lan-
thanide ions was still a problem, with low photon harvesting capability. Usually the
UC process is based on the absorption of NIR radiation by Yb3* ions (usually de-
fined as sensitizers) and the multiple nonradiative energy transfer to other lantha-
nide ions such us Er®*, Ho®* or Tm®" (activators) that can emit visible or ultraviolet
luminescence. But the Yb®* ions absorb the radiation in an optical spectral range

around 980 nm with a small absorption cross-section compared with the ones of
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organic dyes or transition metal ions.® This fundamental limitation prevents UCNPs
to harvest efficiently NIR radiation, in order to generate bright upconversion.

In recent years a new method has been exploited to sensitize upconversion lumi-
nescence using organic dyes as antennae in order to harvest a much larger part of
photons in the NIR range.’® It has been shown that dye antennae can enhance the
upconversion luminescence brightness by more than 3 order of magnitude, thanks
to the much larger absorption cross section of organic dyes compared with that of
lanthanide ions. But the organic dyes have a much lower photo-, thermal- and chem-
ical- stability that are one of the main advantages of the use of lanthanide nanopar-
ticles. Taking inspiration from these studies we tried to develop a new way to sen-
sitize lanthanide ions using transition metal ions doped inorganic nanoparticles. In-
deed, transition metal (TM) ions share with organic dyes a broad and more intense
absorption cross section than lanthanide ions. In fact, TM ions are commonly used
for infrared tunable lasers:® the most used materials for infrared tunable lasers are
Ti** doped Sapphire (Al203:Ti**), Cr3* doped complex fluorides (as LiSrAlFe:Cre*
or LiCaAlFeCr¥")¥® and Cr¥ doped monoclinic tungstate or molybdate
(MgWO4:Cr¥* 1! ZnWO4:Cr** or MgMoQ4:Cr®").12

Al,O3 is not very suitable as host for lanthanide doping because the AI** ion is much
smaller than lanthanide ions, making lanthanide substitution difficult. For this rea-
son, we focused our attention in hosts as NaSrAlFs:Cré*, Yb®*" and ZnWO,:Cr¥,
Yb?,
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2. Experimental

2.1 Nanoparticles preparation
2.1.1 NaSrAlFs nanoparticles synthesis

NaSrAIFs:Cr3*, Yb®" nanoparticles were synthesized by a hydrothermal reaction
with a microwave reactor (Monowave 400, Anton Paar). In a 30 mL glass vessel
stochiometric quantity of AICI3-6H.0 (99%) (Alfa Aesar), SrCl>-6H20 (99.0%),
NaCl (99%), CrCl3-6H20 (99%) and YbCls:6H20 (99.99%) (Sigma Aldrich) (total
metal amount of 7.5%10* mol) were dissolved in 10 mL of water. The nominal
molar ratios of the metals were Na:Sr:Al:Cr:Yb =1:0.95:0.99:0.01:0.05. 2.3 mL of
a solution 3.5 M of NH4F (Fluka > 99%) was added drop by drop and the resultant
pale green suspension was heated at 200° under autogenous pressure for 30 minutes.
After washing with acetone, the nanoparticles were dispersed in deionized water.
The nanoparticles were then dried at 80° overnight for further characterization.

2.1.2 ZnWO4 nanoparticles synthesis

ZnWO4 nanoparticles were synthesized by a hydrothermal reaction.® In a 50 mL
Teflon vessel stochiometric quantity (nominal metal molar ratio Zn::Cr:Yb:W =
0.949:0.01:0.05:1) of ZnCl>-6H20 (> 99% Sigma Aldrich) and CrCl3-6H>0 and
YbCls-6H,0 (total metal amount of 2.5%10° mole) were dissolved in 15 mL of
water. Then 10 mL of a solution 0.25 M of Na;WOQO4 (99% Alfa Aesar) was added
drop by drop and the resultant white suspension was heated at 190° under autoge-
nous pressure for 12 hours. After washing with acetone, the nanoparticles were dis-

persed in deionized water.

According to the literature a shell growth can be prepared'* with: 0.2 mol of previ-
ous prepared nanoparticles were added into a flask with 40 mL of water and re-
fluxed continuously. Then 0.9 mL of ZnCl, 0.02M, 0.1 mL of YbClIs 0.02M and
ImL of Na2,WO4 0.02M (nominal metal molar ratio Zn:W:Yb = 0.9:1:0.1) were
added and solution was kept refluxing for 3 hours. The addition of the precursors
of the shell was repeated 3 times and the last time 0.02 mL of ErCls 0.02 M were
added. The solution was then left cooling naturally and the nanoparticles collected
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with centrifugation. The nanoparticles were then dry at 80° overnight for further

characterization.
2.2 Experimental setup
2.2.1 Structural and morphological investigation

X-ray power diffraction (XRPD) measurements were carried out with a
Thermo ARL X’TRA powder diffractometer equipped with a Cu-anode X-
ray source with a Peltier Si(Li) cooled solid state detector. Before the meas-
urements, the samples were homogenized in a mortar with few drops of eth-
anol. After evaporation of the ethanol, the sample was deposited on a low
background sample stage.

The transition electron microscope (TEM) images were recorded with a
Philips Morgagni TEM, operating at 80kV of voltage, equipped with Mega-
View G3 CCD camera. The powders were dispersed in water in order to be
deposited on Holey-Carbon Copper grids.

2.2.2 Spectroscopy measurements

Emission and excitation spectra were recorded on powders with a modular spectro-
fluorometer (Nanolog/Fluorolog-3-2iHR320, Horiba-Jobin Yvon, spectral resolu-
tion of 1 nm) equipped with Xenon lamp (450W, ozone free) completed of current-
stabilized power supplies.
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3. Results and discussion

3.1 NaSrAlFe:Cr3*, Yb**doped nanoparticles

Intensity (Arb. Units) Q

Figure 1 a) XRPD pattern of NaSrAIFs:Cr®*, Yb** nanoparticles (black line). Rietveld refine-
ment, using MAUD software with NaSrAlFs phase (red line) and SrAlFs phase (blue line). b)
Representative TEM images for NaSrAIFs:Cr*, Yb** nanoparticles.

XRPD measurements show the presence of two crystalline phases: a predominant
phase of NaSrAlFs and another minority phase of SrAlFs (Figure 1a). The XRPD
data were fit with Maud software using the orthorhombic phase of NaSrAlFs (ICSD
69433) of Pna2: space group and the tetragonal phase of SrAlFs (ICSD 50474) of
141/a space group. The fit parameters show an increment of the c cell parameter of
NaSrAlFs of 0.1% while the a and b cell parameters have a slight decrease of 0.02
and 0.05% respectively. The a cell parameter of SrAlFs has an increment of 2%
while the b cell parameter decreases of 0.8%. The average particle size for the pre-
dominant and the minority phase is 175 nm and 35 nm, respectively. The Cr3* ions
is most probably substituting preferentially the AI** ones because of the similarity
of the ionic radii (ionic radius Cr®*: 61pm six-fold coordination®®; ionic radius AlI**:
54 pm six-fold coordination®®) while the Yb®* ions substitute preferentially the Sr?*

ones (ionic radius Yb®" : 87 pm, Sr?* : 118 pm).%°

The morphology of the NaSrAlFs nanoparticles were investigated by TEM tech-

nique. From the TEM images, two populations of nanoparticles were deduced.
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Figure 2 a) Emission (black line) and excitation (red line) of powder sample of
NaSrAlIFs:Cr*, Yb** doped nanoparticles b) Energy level scheme for Cr** and Yb** ions and
proposed radiative transitions.

Bigger features are nanorods, with longer size around 200 nm and aspect ratio about
4:1. Other nanoparticles with apparent irregular shape are present, with average size
smaller than 30 nm. The morphology analysis is in good agreement with the average
particle size obtained from the fit of XRPD data.

The excitation and emission spectra of the NaSrAIFs:Cr3* doped nanoparticles are
shown in figure 2a. A strong and broad infrared emission centered at 790 nm is
present, while there are two broad bands of excitation, one centered at 420 nm and
one at 620 nm. These features are typical of Cr®* ions in a low crystal field environ-
ment (Dg/B>2) such as in other fluoride host as LiSrAlFs or SrF,. For these cases,
the “T, energy state is localized below “T1 and no emission from 2E state can be
observed. From the excitation and emission spectra is possible to determine the en-

ergy diagram of Cr®* and Yb®* (Figure 2b).

Figure 1a) Emission spectra (black line) of NaSrAIFs:Cr*, Yb®" with excitation at
600 nm and excitation spectra (red line) with emission at 800 nm. b) Energy level
diagram of Cr®" and Yb®* ions in NaSrAlFg with arrows that indicates the principal

optical transitions.

Even if there is a partial overlap between the emission of Cr3* ions and the absorp-
tion of Yb®* ions in the 950-1000 nm region, no emission of Yb®" ions could be

detected. This can be explained by the notable mismatch between the “T, energy
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level of Cr3* ions and 2Fs/, the energy level of Yb** ones (around 3700 cm-1), that
does not allow an efficient Cr3* - Yb®* energy transfer process. In addition, a pho-
non assisted Cr* = Yb** energy transfer has a low probability because of the low
phonon energy of the fluoride host and therefore the need for many phonons to fill
the energy mismatch. A radiative energy transfer could in principle be possible but
most probably because of the low absorption cross section of Yb®" ions it is very
unfavored and emission from Yb®" ions are not visible. Therefore, the Cr®* ions are

not suitable for an efficient Yb®* sensitization in NaSrAIFs.

3.1 ZnWO4:Cr*, Yb* nanoparticles
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Figure 3 a) XRPD pattern of ZnWQO,:Cr®*, Yb*" nanoparticles (black line). Rietveld refine-
ment, using MAUD software (red line). b) Representative TEM images for ZnWQ,:Cr*, Yb**
nanoparticles.

Phase purity of the synthesized nanocrystalline powders was confirmed by XRPD
measurements (Figure 3a). The XRPD data were fit with Maud software using the
monoclinic phase of ZnWO, (ICSD 87933) of P12/c1 space group. Both the Cr3*
ions and the Yb3* are most probably substituting the Zn?* ions (ionic radius Zn: 74
pm in a VI fold coordination).'® No evidence of other phases formation was noted
even for dopant concentrations as high as 10%. The fit parameters show an increase

of the lattice parameter of less than 0.3%.

The morphology was investigated with TEM analysis (Figure 3b). The nanoparti-

cles show a notable size dispersion, although under 100 nm.
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The excitation and emission bands of ZnWO. nanoparticles doped with 1% of Cr3*
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Figure 4 a) Emission (blue line) and excitation (orange line) of powder sample of
ZnWO,:Cr** nanoparticles and emission (black line) and excitation (red line) of powder
sample of ZnWO,:Cr®*, Yb** nanoparticles. b) Energy level scheme for Cr** and Yb** ions

and proposed radiative transitions.

ions without Yb®* ions are shown in figure 4a. A weak infrared emission centered
at 1000 nm and 2 broad excitation bands at 745 nm and 535 nm are present. The
energy diagrams for Cr* ions in ZnWO4 host and in NaSrAlFs are similar, although
the energy are lower for the latter host, because of the lower crystal field experi-
mented by Cr3* in this environment (Figure 4b). In this case, the *T> level of Cr®* is
able to sensitize Yb®" ions. Indeed, for ZnWOQ4:Cr¥*, Yb%*, a clear Yb** emission
around 1000 nm is observed, due to its ?Fs> = ?F7 transition. The excitation spec-

trum for this band is typical sensitization by Cr* ions (Figure 4a).

In order to sensitize Yb®" for UC, the material should be codoped with activator
ions such as Er®*, Tm®" or Ho®*". Nonetheless, codoping with Cr3* and activator ions
gives rise to a back energy transfer from the excited states of the activator to the
excited states of Cr¥* and the upconversion luminescence would be strongly
quenched (Figure 5).1® This is why it is possible to have Cr®* upconversion sensi-
tized bulk material only for very low concentration of Cr3* and the activator ions.®
In order to solve this issue, we thought it would be possible to adopt a core-shell
approach for nanoparticles, growing a shell doped with Yb%* and Er®* around a
ZnWO4:Cr3*, Yb** core.2'* The synthesized core-shell nanoparticles phase and

morphology were studied with XRD and TEM analysis respectively (Figure 6).
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Figure 5 Energy level scheme of ZnWO, core-shell nanoparticles with the most important
transition and energy transfer signed with arrows.
From TEM images, it seems that an irregular shell has grown on the core particles,
but because of the high size dispersion of the core nanoparticles it is difficult to
properly define the shell thickness.
We measured the upconversion emission with direct excitation of Yb®" ions (980
nm diode laser) to check the effective incorporation of Er®* and Yb®* ions in the
ZnWO4 host (figure 7).
In order to study the effective sensitization of Yb** ions with Cr** ions, we used a

diode laser at 800 nm as excitation source (around 800 mW), but we did not see any

QO

Intensity (Arb. Units)

20 30 40 50 60

20 (°)
Figure 6 a) XRPD pattern of ZnWO,4:Cr**, Yb**@Yb**, Er®* core-shell nanoparticles (black
squares). Rietveld refinement, using MAUD software (red line). b) Representative TEM im-

ages for ZnWO, core-shell nanoparticles.
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Figure 7 Visible upconversion emission of ZnWO,:Cr®*, Yb**@Yb*", Er®* core shell

structure with excitation at 980 nm.
upconversion emission and therefore the Cr3* ions do not act as sensitizers with
respect to Er®* ions. Therefore, it is not clear at the moment if a shell doped with
Yb® and Er®* ions is formed around the ZnWO, core or some Yb** and Er** doped
ZnWO4 nanoparticles are obtained separately. Further studies are needed to im-
prove the synthesis of the core of ZnWO4:Cr®*, Yb** to have more regular shape
and size of the nanoparticles and to grow in a more controlled and reproducible way

the core@shell structure.
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4. Conclusions and perspectives

In this chapter we studied the possibility to sensitize Yb3* ions with Cr3* ions in
order to have a stronger and much broader absorption in the near infrared region.
Two different host have been investigated, NaSrAlFes and ZnWQ4, and nanoparti-
cles have been successfully synthesized. The emission and energy transfer between
Cr®* ions and Yb®" ions have been characterized. In NaSrAIFs:Cr3*, Yb*" nanopar-
ticles a strong NIR emission from Cr®* ions at around 800 nm has been detected but
the A level of the donor was at too high energy to proper sensitize the 2Fsy, state
of the acceptor. Instead in ZnWO.:Cr®*, Yb** nanoparticles a clear sensitization of
Yb® ions by Cr¥* ions can be seen from the broad excitation in the visible and
infrared region of Yb%*. Nevertheless, future studies are needed in order to have a
broad excited upconversion emission because a core@shell structure should be syn-
thesized to have a proper distance between the Cr3* and Er®* ions and avoid a back

energy transfer.
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Conclusions

Lanthanide doped luminescent nanoparticles proved their ability to develop
interesting functional properties, exploiting their ladder-like particular energy

level structure.

In Chapter 1 a ratiometric thermometer based on Eu®' ion luminescence
activated through upconversion processes was proposed. Tridoped SrFz: Yb®*,
Tm3*, Eu®* nanoparticles allow the sensitization in the NIR radiation by Yb3®*
ions that, through multiple energy transfer to Tm3*, excite the Eu* ions. The
luminescence of the latter shows a thermal relative sensitivity of 1.1% C™* at
25 °C, comparable to the best lanthanide-based thermometer reported to date.
The complex design of this nanoparticle is the only way to proper exploit the
Eu®" thermal sensible emission, that cannot be achieved with direct UV or NIR

excitation.

In Chapter 2 we showed that Nd** doped nanoparticles can be used as optical
thermometers in the first biological window taking advantage of excitation from
a thermally excited level. We developed a thermometric parameter based on the
ratio between a single emission with two different excitations: one from the
ground level and one from a thermally populated excited level. One of the
advantages of this system is the possibility to measure the temperature with a
simple experimental setup, using a low resolution monochromator or a filters
system, since the difference in the emission intensity rely on the excitation
source. Moreover, both the excitation and emission energies are in the NIR
biological window, therefore suitable for optical bioimaging applications.
Besides that, this system can also be used with upconversion emission, showing
a higher thermal resolution. These results pave the way to the development of

new kinds of upconverting nanothermometers.

In chapter 3 we studied the possibility to sensitize Yb®* ions with Cr3* ions in
two different kinds of nanoparticles. Since Cr®* have a broader and stronger
absorption cross section compared to Yb3' ions, an enhancement of the

upconversion would be expected. We successfully synthesized NaSrAIFe:Cr3*
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nanoparticles with strong NIR emission, but the excited energy level of Cr*
ions and Yb?* ions have too high difference in energy for a proper sensitization
of Yb*" ions. Therefore, we synthesized ZnWO4:Cr3*, Yb3* nanoparticles that
have a redshift in the excitation and emission bands of Cr3* jons with respect to
the fluoride based NaSrAIFs nanoparticles that allow the sensitization of Yb®*
ions. Further studies are needed for improve the nanoparticles size distribution
and to grow a shell on them in order to spatially separate Cr3* and Er®* ions and
avoid a back energy transfer, but the results achieved are promising for the

development of a broadband excitation of upconversion emission.

64



Acknowledgments

65









