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Abstract 
In this thesis work, we present an investigation on lanthanide doped CaF2 and SrF2 

nanoparticles doped with trivalent lanthanide ions. The first part of the thesis is fo-

cused on the site symmetry of lanthanide ions in CaF2 and SrF2 nanoparticles, using 

Eu3+ ions as symmetry probes, thanks to their peculiar luminescence features that are 

linked to their local symmetry. A reaction time dependent study was carried out, ana-

lyzing also the influence of Na+ and K+ ions, used as charge compensating ions to 

provide the neutrality of the nanoparticles, on the Eu3+ site symmetry. A site with D2 

symmetry was identified, with an extremely long luminescence decay time that suggests 

a possible use of the nanoparticles as probes for time-gated optical imaging. In the 

second part of the thesis we present Nd3+ doped CaF2 nanoparticles that can be used 

as probes for optical imaging as well as nanothermometers in the near-infrared biolog-

ical transparency windows to monitor the local temperature during a photothermal 

treatment. Since the Nd3+ emissions around 670 nm and 1050 nm show a temperature 

dependence, a ratiometric method was used to analyze the thermometry performance 

of the nanoparticles. The nanoparticles present a thermal sensitivity that is comparable 

to the sensitivity of other Nd3+ based nanothermometers and its minimum measurable 

temperature variation allows to monitor the threshold temperature during a photo-

thermal therapy. The third part of the thesis shows the synthesis of 

core@shell@shell@shell SrF2 nanoparticles, designed to be used as luminescent 

probes for visible and near-infrared optical imaging and as near-infrared nanother-

mometers. The structure of the nanoparticles were SrF2:YbTm@Y@YbErNd@Nd, 

SrF2:YbEr@Y@YbTmNd@Nd and SrF2:YbTm@Y@YbNd@Nd. The design of the 

nanoparticles allowed to obtain different upconversion emissions when the nanopar-

ticles where excited at 800 nm (thanks to Nd3+ absorption) and 980 nm (thanks to Yb3+ 

absorption). By changing the Tm3+ and Er3+ ions in the core and in the second shell, 

it is possible to change the upconversion emission at two different exciting wave-

lengths. The energy transfer processes upon two different excitation wavelengths were 

studied. The nanothermometry properties were evaluated taking into account the tem-

perature dependent relative variations of Yb3+ emission at 980 nm and Nd3+ emission 

at 1060 nm upon 800 nm excitation. We found that the thermal sensitivity can in-

creases when a third dopant ion is introduced with Yb3+ and Nd3+ in the second shell 

of the nanoparticles and the nanoparticles doped with Er3+ present a higher sensitivity 

than the nanoparticles with Tm3+ as third dopant. The nanoparticles doped with Yb3+, 

Nd3+ and Er3+ in the second shell present a sensitivity that is higher than most near-

infrared nanothermometers, making them suitable as thermometric probes for tem-

perature reading during a photothermal therapy. 
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Introduction 

Nanotechnology has been unwittingly used for centuries or even millennia by arti-

sans to produce ceramics, glasses, steel swords etc. Some examples can be reported 

about this ancient, naïve, use of nanotechnology. The Roman Lycurgus Cup, dated 

around the 4th century, is made of dichroic glass, thanks to gold and silver nanoparticles 

dispersed in the glass1. 

Damascus steel, famous for its peculiar pattern and extreme sharpness of the blades 

made of it, was probably invented in India around the 5th century B.C.2 and carbon 

nanotubes and cementite (Fe3C) nanowires were found in some ancient Damascus 

blades3-4. In addition, the luster of ancient Arabic potteries was found to be a colloidal 

dispersion of metallic nanoparticles in glass that provide the particular glaze and color 

changes that depend on the incident light interacting with the nanoparticles5-6. 

Although nanotechnology has been widely used throughout human history, the first 

conscious scientific approach to nanotechnology can be dated to the middle of the 19th 

century, when Michael Faraday started studying colloidal gold, understanding that its 

color properties were due to the presence of gold particles with a tiny size in the solu-

tion7. 

During the 20th century huge progresses were made in controlling and manipulating 

matter at an always smaller scale, that lead to the huge development of electronics, 

together with more powerful analytical techniques to investigate the properties of mat-

ter8. Therefore, after being almost ignored for the most of the 20th century, in the late 

1970s – early 1980s the study of “tiny particles” received a huge boost, since the tech-

nology had advanced enough to allow the study the properties of nano-sized objects. 

In fact, the first time that the term “nanotechnology” (and as a consequence, nanopar-

ticles, nano… etc.) was used was in 1986 in Drexler’s book, “Engines of Creation”9. 

The interest on nanoparticles rapidly increased, because of the peculiar properties 

of matter at the nanoscale, since their small size can allow them to interact with light 

in different ways than bulk materials. At the nano-scale not only the interactions with 

light, but also the properties of the material change, since the surface/volume ratio 

strongly increases, providing interesting surface properties. 

Several interesting studies have been carried out on metal or semiconductor nano-

particles, in particular on colloidal dispersions of the nanoparticles. In the case of metal 

nanoparticles they show enhanced plasmonic resonance thanks to their high surface 

to volume ratio, allowing them to reflect and adsorb light way differently than the bulk 

metals (e.g. the previously mentioned colloidal gold). The interactions of the “plas-

monic” nanoparticles with light strongly depend on the size of the nanoparticles10-11. 

In the case of semiconductor nanostructures and nanoparticles (the so-called quan-

tum dots), the involved mechanisms are different. Semiconductors present a “distor-

tion” of the forbidden band when one or more of their dimensions decrease under the 

Bohr radius of the exciton in the semiconductor, allowing them to emit fluorescence 

under appropriate excitation. It is possible to tune the fluorescence emission wave-

length of quantum dots by changing their size, virtually allowing quantum dots of a 

certain material to cover the entire visible spectrum12-15. 
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Several nanotechnological applications started to silently enter the life of common 

people since the end of the 1990s, but nowadays almost all of them exerting the intrin-

sic passive properties of the nanomaterials (e.g. titania nanoparticles in sunscreen lo-

tions to adsorb UV light, silver nanoparticles used for their antibacterial properties, 

etc…). 

Lanthanides doped inorganic nanoparticles are probably one of the latest “children” 

of nanotechnology, they made their appearance around year 200016-19. 

Lanthanides (from Ce to Yb on the periodic table) and lanthanides doped bulk ma-

terials have been deeply studied during the 20th century. The attention of the scientific 

community focused on lanthanides, and in particular on trivalent lanthanide ions, be-

cause of their peculiar luminescent properties. Trivalent lanthanide ions present a par-

tially filled f electronic orbital, and their electronic transitions (named f-f transitions) 

take place in this orbital. Since the f orbital is protected by the external p and d orbitals 

the emissions due to lanthanides’ f-f transitions is protected and undergoes little 

changes when their local environmental conditions changes. Lanthanide ions emission 

spectra show narrow emission bands (on the contrary of quantum dots or organic 

molecules) thanks to the forbidden nature of f-f transitions20. A material conveniently 

doped with lanthanide ions can also show upconversion properties, in which high en-

ergy radiation is emitted when the material is excited with low energy radiation. Lan-

thanide doped bulk materials have been widely applied and can be found in lasers (e.g. 

Nd:YAG), permanent magnets, night visors, optical fibers, etc. 

 

In this thesis, some potential applications of lanthanide doped nanoparticles are 

shown, since the interest in “active” nanoparticles has grown, in particular in the bio-

medical field. Lanthanide doped nanoparticles are good candidates as active materials, 

since their properties can be tuned by carefully choosing the lanthanide ions and var-

ying their dopant concentration in the host material. 

The materials studied for this work are CaF2 and SrF2 nanoparticles, doped with 

different lanthanide ions. 

CaF2 and SrF2 are good hosts for luminescent trivalent lanthanide ions, in the first 

place because the radius of trivalent lanthanide ions is similar to the radius of Ca2+ and 

Sr2+ ions, therefore it can substitute them in the structure. Bulk CaF2 and SrF2 doped 

with Yb3+, Er3+, Tm3+, Nd3+ have been studied as laser materials. Lanthanide doped 

CaF2 and SrF2 have also shown interesting properties as near infrared (NIR) to visible 

upconverters (comparable to NaYF4) thanks to their low phonon energy21-23. 

In 2011 our group presented a one-pot hydrothermal synthesis of citrate capped, 

water dispersible upconverting CaF2 nanoparticles (that can be used also for SrF2 na-

noparticles), doped with Yb3+ and Tm3+ ions, allowing these materials to be used for 

biomedical applications22, 24. 

 

The first chapter of the thesis will focus on the insertion site of lanthanide ions in 

CaF2 and SrF2, in particular Eu3+ ions, since, thanks to its half-filled f orbital, Eu3+ is a 

good probe to analyze the symmetry of the insertion site of lanthanides in a host. In 

particular the emission of Eu3+ ions strongly depends on the local symmetry surround-

ing Eu3+. 

In Figure i.1 CaF2 structure is shown (SrF2 presents the same structure). 
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Figure i.1 CaF2 crystal structure. 

 

It is straightforward to assume that lanthanide ions insert in the fluoride structure 

substituting a Ca2+ (or Sr2+) that is located in a site with Oh symmetry. Since lanthanide 

ions are usually trivalent ions, the insertion of a lanthanide ion in a Ca2+ site provides 

an excess of positive charge that has to be compensated. There are several ways to 

provide a charge compensation, through interstitial F- ions inserting the structure in 

different positions (in the nearest neighbors of the lanthanide ions or farther in the 

structure), through O2- ions substituting an F- ion or through a missing Ca2+ ion every 

two lanthanide ions doping the structure25-29. The symmetry changes from the Oh sym-

metry are well studied for these situations, but our hydrothermal synthesis involves 

sodium or potassium citrate. The citrate is not only used as capping agent, but also to 

provide charge compensation through Na+ or K+ ions entering the structure by sub-

stituting Ca2+ or Sr2+ ions (Na+ and K+ radius is similar to the radius of Ca2+ and Sr2+). 

Therefore, it was important to study the local site symmetry of Eu3+ ions in CaF2 and 

SrF2 nanoparticles, in order to understand how Eu3+ ions and Na+ or K+ ions can enter 

the CaF2 and SrF2 hosts. 

 

The second chapter is dedicated to the study of Nd3+ and Gd3+ doped CaF2 nano-

particles as NIR excited-NIR emitting nanothermometers and potential contrast 

agents for MRI. In the last decade a lot of efforts have been put in the synthesis of 

nanoparticles with diagnostic and therapeutic features for biomedical applications. 

On the diagnostic side, several kind of quantum dots and lanthanide doped nano-

particles have been reported to be useful for optical imaging in the near-infrared bio-

logical windows, where skin, blood and muscles show the lowest absorption (exerting 

NIR excitation and emission)13, 22, 24, 30-33. Gd3+ doped nanoparticles showed good par-

amagnetic properties, and might be novel contrast agents for MRI34-35. 
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On the therapeutic side of nanomedicine, nanoparticles are promising tools for can-

cer therapies. In particular gold nanoparticles and Nd3+ doped nanoparticles have 

shown interesting abilities to perform thermal treatment of tumors, when they are il-

luminated with NIR light31, 36-39. During a thermal treatment the local temperature can 

easily exceed the safety thresholds for the therapy, since the temperature level must be 

high enough to kill cancer cells without harming the healthy cells40. In this field nan-

othermometers can be a useful tool to monitor instantaneously the local temperature, 

to check when the thermal treatment should be stopped. 

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 mer-

cury 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 nanothermometers the most useful parameter that can be measured 

are variations in the nanoparticles emission when temperature changes. Many strate-

gies have been developed to achieve a high thermometric performance with nanopar-

ticles, some of them rely on single nanoparticles31, 41-42, while others use more compli-

cated hybrid structures, combining lanthanide doped nanoparticles with quantum dots, 

or functionalizing the nanoparticles with fluorescent molecules43-44. 

Some research groups have reported several nanothermometers based on Nd3+ 

emission in the last years39, 45-47. All these nanothermometers rely on the variation of 

the electronic population of two Nd3+ energy levels (or Stark sublevels) that present a 

small energy gap between each other. The energy levels population changes according 

to temperature following Boltzmann distribution 

 

𝐿2

𝐿1
= 𝑒−

∆𝐸

𝑘𝑇 (i.1) 

 

where L2 is the higher energy level, L1 is the lower energy level, ΔE is the energy 

difference between L2 and L1, k is the Boltzmann constant and T is the temperature in 

Kelvin. 

Since the variation of the emission intensity depends also on the instrumental setup 

it is a common practice to choose another emission band as a reference, and divide the 

“thermometric” band to the reference band for each spectrum at different tempera-

tures, in order to make the temperature measurement independent from the instru-

mental setup42. 

 

The third chapter presents a study about more complicated SrF2 nanoparticles, with 

a core@multishell structure, with the core and each shell doped with different combi-

nations of lanthanide ions, similar to those synthesized by Lai et al.48. These nanopar-

ticles were designed to obtain the emission from different lanthanide ions when they 

are excited with 980 nm or 800 nm lasers. The aim was to obtain multimodal nanopar-

ticles with the ability to emit UV light in order to activate potentially some photocata-

lytic mechanisms with also the possibility to make thermometric measurements in the 

NIR range. 
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In this way is has been possible to obtain Tm3+ emission by exciting the nanoparti-

cles at 980 nm and Er3+ upconversion emission and Yb3+ and Nd3+ emissions when 

exciting at 800 nm. 

In this case the nanothermometric properties develop from a combination of the 

Boltzmann thermalization processes described in chapter 2 and a non-resonant pho-

non assisted energy transfer from Nd3+ ions to Yb3+ ions. As it has been shown in the 

papers of Ximendes et al.39, Marciniak et al.49 and several other papers the latter mech-

anism is described by the Miyakawa-Dexter theory. According to the Miyakawa-Dexter 

model the probability of a phonon assisted energy transfer between two different en-

ergy levels is described by the equation 

 

𝑊𝐸𝑇(𝑇) = 𝑊0𝑒−𝛽∆𝐸×𝐴(𝑇)𝑁 (i.2) 

 

where W0 is the probability for a perfectly resonant energy transfer between two 

levels of the donor and the acceptor ions if the energy of the two levels is the same, β 

is a constant that depends on the host material, ΔE is the energy difference between 

the two involved levels, N is the number of phonons involved in the energy transfer 

and A(T) is the temperature dependent parameter, defined as 

 

𝐴(𝑇) = {
𝑛(𝑇) + 1 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎 𝑝ℎ𝑜𝑛𝑜𝑛

𝑛(𝑇) − 1     𝑓𝑜𝑟 𝑡ℎ𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑜𝑓 𝑎 𝑝ℎ𝑜𝑛𝑜𝑛
 (i.3) 

 

where n(T) is the effective temperature dependent parameter defined as 

 

𝑛(𝑇) =
1

𝑒
ℏ𝜔
𝑘𝑇 −1

  (i.4) 

 

Where ħω is the phonon energy, k is the Boltzmann constant and T is the temper-

ature in Kelvin. 

The strategy of exerting the Nd3+Yb3+ energy transfer is a hot topic in the nan-

othermometry field, since it shows a good potential for improving its thermometric 

performance. 

 

Each chapter is structured like a scientific paper for convenience’s sake. Chapter 2 

has already been published. 
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Chapter 1 

Eu3+ doped CaF2 and SrF2 nano-
particles: structural and spectro-
scopic investigation 

 

1.1 Introduction 

Luminescent lanthanide doped inorganic nanoparticles (NPs) have in recent years 
continuously increased their importance, as their features allow many potential tech-
nological applications in several fields. In nanosized form, they have been found useful 
as optical labels and probes for biomedical applications as well as in photovoltaic de-
vices.1-6 Upconverting NPs have been also investigated and in particular the interest in 
alkaline-earth fluorides such as CaF2 and SrF2 has been raised recently due to their 
interesting upconverting properties.7,8 While the local environment of  single crystal 
lanthanide doped alkaline-earth fluorides has been deeply studied9-12, scientific litera-
ture is lacking of  the same analyses for alkaline-earth fluorides. Some investigation on 
Yb3+, Er3+ codoped CaF2 and SrF2 NPs have been carried out, demonstrating that these 
hosts can be valid substitutes as doping materials. The local environment of  lanthanide 
ions as dopants in CaF2 and SrF2 hosts NPs is strictly correlated with their emission 
properties. In the present paper, an investigation on the spectroscopic and structural 
properties of  Eu3+ doped CaF2 and SrF2 NPs is presented. The methodology involves 
the use of  the citrate moiety as a hydrophilic capping agent, to ensure an excellent 
dispersion in water. Since Eu3+ is a trivalent ion and enters the CaF2 or SrF2 host sub-
stituting the Ca2+ or Sr2+ ion the excess of  positive charge must be compensated to 
maintain the neutrality of  the NPs and to avoid the clustering of  the lanthanide ions.13 
Usually, if  nothing specific is used, in CaF2 or SrF2 the charge compensation is pro-
vided by interstitial F- ions, that can exert a local charge compensation, if  they are 
located in a crystalline cube near the lanthanide ion (Ln3+) position, or a non-local 
charge compensation, if  they are located in a more distant position. These mechanisms 
are well studied, and lead to the formation of  Ln3+ sites with C3v or C4v symmetry in 
the case of  local charge compensation, and to sites with Oh symmetry in the case of  
non-local charge compensation. The presence of  interstitial F- ions also induces a dis-
tortion in the lattice structure because of  the repulsion between the F- ions.13-16   

In this study Na+ or K+ present as counterions of the citrate were chosen to provide 

charge compensation, because they are positively charged and because their dimen-

sions are similar to Ca2+ and Sr2+ dimensions, so they should easily enter the CaF2 or 

SrF2 host substituting Ca2+ and Sr2+ ions that are nearest neighbors of the Ln3+ ions17-

19. Eu3+ is not only an excellent ion to investigate the site symmetry in which the lan-

thanide ions are accommodated9,20,21 but also its good emission in the red region of the 

visible spectrum is interesting for possible applications in biomedicine. Moreover, in 

order to evaluate the effects of the reaction time, several reactions were carried out 

changing the reaction times. 
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1.2 Experimental Section 
 

Synthesis procedure 
1% Europium doped MF2 (M=Ca2+, Sr2+) NPs (CaF2:Eu NPs or SrF2:Eu NPs) were 

prepared by a hydrothermal synthesis (using a metal to RE ratio of  0.99:0.01). Stoichi-
ometric quantities of  CaCl2·2H2O (Baker, >99%) or SrCl2·6H2O (Carlo Erba, >99%), 
EuCl3·6H2O (Aldrich, 99.99%), (total metal amount of  3.5·10-3 mol), were dissolved 
in 5 ml of  deionized water in a Teflon vessel. 

20 ml of  a 1 M sodium citrate (Na-cit) or potassium citrate (K-cit) di-hydrated 
(Fluka, ≥ 99%) solution was added under vigorous stirring for few minutes. Potassium 
and sodium citrate were chosen not only to be the capping agent, but also as source 
of  Na+ or K+ ions. A 3.5M aqueous solution of  NH4F (Baker, 99%) was added to the 
previous suspension, in order to have an excess of  fluoride ions with respect to the 
stoichiometric amounts ((M+Eu):F=1:2.5, M=Ca or Sr). The obtained clear solution 
was put in a Teflon lined pressure digestor (DAB-2, Berghof) and heat treated in an 
oven at 190°C for different times, under autogenous pressure. The autoclave was then 
cooled to room temperature and after centrifugation (at 7000 rpm, for 10 min) the 
CaF2 or SrF2 NPs were collected. After a proper washing with a solution (ratio about 
2:1) of  deionized water and acetone or ethanol (to help the NPs precipitation), the 
NPs were stored under acetone or ethanol. The NPs can be easily dispersed in water 
as well as in saline solution to form transparent colloids. To obtain the NPs in powder 
form, they were dried at room temperature for 24 h and milled in an agate mortar. 
Hereafter the samples will be denoted as CN[reaction time in minutes] (for CaF2 sam-
ples) or SN[reaction time in minutes] (for SrF2 samples) if  sodium citrate is the starting 
reagent, CK[reaction time in minutes] (for CaF2 samples) if  the starting reagent is po-
tassium citrate. 

 

X-Ray powder diffraction patterns 
X-Ray powder diffraction (XRPD) patterns were measured with a Thermo ARL 

X´TRA powder diffractometer, operating in Bragg-Brentano geometry equipped with 
a Cu-anode X-ray source (Kα, λ=1.5418 Å) and using a Peltier Si(Li) cooled solid state 
detector. The spectra were collected with a scan rate of  2.5°/s, with a measurement 
time of  12 ms/step and 2θ range of  20°-90°. The phase identification were performed 
with PDF-4+ 2009 database provided by the International Centre for Diffraction Data 
(ICDD). The instrumental X-Ray peak broadening was determined exploiting LaB6 
standard reference material (SRM 660a) provided by NIST, the cell parameters were 
precisely determined using α-SiO2 as an internal standard. The samples were carefully 
homogenized in a mortar, and deposited in a low-background sample stage. 

 

Transmission Electron Microscopy 
Transmission Electron Microscopy (TEM) and high resolution TEM (HRTEM) 

images were measured using a JEOL 3010 high resolution electron microscope (0.17 
nm point-to-point), operating at 300 KV, equipped with a Gatan slow-scan CCD cam-
era (model 794) and an Oxford Instrument EDS microanalysis detector (Model 6636). 
The powders were dispersed in water in order to be deposited. The NPs were sus-
pended in deionized water and deposited on copper grids. 

 



18 
 

 
 
Spectroscopy measurements 
Photoluminescence measurements were carried out using a tunable dye laser 

pumped by a Nd:YAG laser. The emission signal was analyzed by a half-meter mono-
chromator (HR460, Jobin Yvon) equipped with a 1200 g/mm grating and detected 
with a CCD detector (Spectrum One, Jobin Yvon) or with a GaAs photomultiplier 
(Hamamatsu). The spectral resolution of  the emission spectra is 0.1 nm. Lifetime 
measurements were acquired using a 500 MHz oscilloscope (Le Croy, Waverunner) 
connected with the photomultiplier. 77 K emission spectra were acquired with a home-
made cold finger cryostat filled with liquid nitrogen. Excitation spectra were acquired 
using a Horiba-Jobin Yvon, Fluorolog-3 spectrophotometer, equipped with a Xenon 
lamp. 

 

ICP-MS 
ICP-MS analysis was carried out with using a Thermo Fisher Scientific model X 

Series II equipped with a technology col- lision/reaction cell (CCT). The NPs were de-

capped from the citrate groups by washing them with a diluted nitric acid solution 

(0.5%) and recollecting them by centrifugation several times. The de-capped NPs were 

dissolved in a 5% nitric acid solution. 

 

1.3 Results and Discussion 
 

Structural and morphological characterization 
The XRPD spectra are shown in figure 1.1. All the alkaline-earth fluoride NPs are 

cubic single phases (space group n. 225, Fm3̅m). A Rietveld structural and microstruc-
tural refinement using MAUD software22 employing the crystal structural model deter-
mined by Laval et al.12 in the case of  CaF2:Eu and that one determined by Forsyth23 in 
the case of  SrF2:Eu. The extreme purity of  the samples is shown in the logarithmic 
graph in figure A1 of  APPENDIX A (Supporting Information), evidencing that only 
the features of  the expected cubic phase are present. 

The shift of the XRPD peaks for CaF2:Eu NPs towards lower angles than for pure 

CaF2 is due to the smaller ionic radius of Eu3+ (1.066 Å) compared with the Ca2+ one 

(1.12 Å), indicating the incorporation of the Eu3+ ions in the host structure. A similar 

behaviour is observed for the SrF2 NPs. The diffraction peaks correspond to Miller’s 

indexes values (hkl) of (111), (200), (220), (311), (400), (331) and (422)24-26 for CaF2 and 

(111), (200), (220), (311), (222) (400), (331) and (422) for SrF2.
27-30 In Table 1.1, the 

results from the Rietveld refinement are reported. It can be noticed that the NPs are 

larger as the reaction time increases. 
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Figure 1.1 XRD spectra of the CN, CK and SN nanoparticles, in red the samples after 8 h 

of reaction time, in blue the samples after 10 min reaction time. 
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Table 1.1 NPs size evaluated from XRPD 

 Nanoparticles size (nm) 

Reaction Time  CaF2 + Na-cit CaF2 + K-Cit SrF2 + Na-cit 

10 min 8.9 ± 1.0 9.3 ± 1.6 6.8 ± 0.7 

35 min 10.7 ± 1.3 11.8 ± 1.2 8.5 ± 0.7 

6 hours 21.9 ± 2.4 15.7 ± 1.4 13.1 ± 0.7 

8 hours 38.9 ± 4.5 35.1 ± 0.7 15.8 ± 1.0 

 

 
Figure 1.2 TEM pictures of a) CN10, b) CN480, c) CK10, d) CK480, e) SN10 and f) 

SN480. 

 

The growth of the average dimension of the NPs is proved also by TEM measure-

ment, as shown in figure 1.2. It is worth to note that the lattice constant does not 

change as the NPs size increases. The average value for the cubic lattice constant is 

5.462±0.002 Å for CaF2 NPs that is coherent with the values found in literature31,32 
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and 5.802±0.002 Å for the SrF2 NPs, that is consistent with the values found in liter-

ature.33 

 
Emission properties 
As it is well known, when a trivalent lanthanide ion is inserted as dopant in CaF2 or 

SrF2 it substitutes Ca2+ or Sr2+, therefore a charge compensation is needed in order to 
maintain the charge neutrality of  the structure10,16. In this work Na+ and K+ monova-
lent ions, provided by sodium or potassium citrate, can substitute Ca2+ or Sr2+ ions to 
providing charge compensation17,19. Eu3+ ions could occupy the metal site (Ca2+ or Sr2+) 
with different symmetry. Eu3+ ions could be accommodated in different sites subjected 
to different crystal fields, that influence the emission features. The emission of  Eu3+ 
ions is particularly sensitive to their local symmetry16,20,34, and this behavior makes Eu3+ 
ions a good sensor for investigating through spectroscopy how trivalent lanthanides 
accommodate in a host. In figure 1.3 the emission of  the CN10 samples under 465 nm 
excitation and the energy levels scheme for Eu3+ ions are shown. The emission spectra 
for CK10 and SN10 samples are very similar to the one for the CN10 sample and they 
are shown in Figure A2 (APPENDIX A). 

 

 
Figure 1.3 Emission spectrum of  the CN10 sample upon 465 nm excitation (left) 

and energy levels scheme for Eu3+ ions (right). 
 
As it is shown in Figure 1.3, the emission spectrum presents the typical Eu3+ emis-

sion bands due to the 5DI  7FJ (I = 1, 0; J = 1, 2, 3...) transitions. The strongest 

features are due to the 5D0  7F1 transition around 590 nm and 5D0  7F2 transition 

around 615 nm. The 5D0  7F1 transition is a magnetic dipole transition and it is usually 

largely independent from the Eu3+ local environment, while the 5D0  7F2 transition is 
an electric dipole (ED) transition that is defined as a so-called “hypersensitive transition” 
since its intensity strongly depends on the crystal field symmetry34. 

In Figure 1.4, the excitation spectra that have been measured considering the emis-

sions at 589 and 611 nm, corresponding to the 5D0  7F1 and 5D0  7F2 transitions, 
respectively, are shown. As it can be seen in Figure 1.4, the excitation spectra are similar 
and present the typical excitation bands for the Eu3+ ions, corresponding to transitions 
starting from the 7F0 level to higher excited states. The strongest band centered at 395 

nm is due to the 7F0  5L6 transition. The differences in the excitation spectra for the 
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two different emission wavelengths mean that the two transitions follow different ex-
citation pathways. The first difference that can be noticed is that for the excitation 

spectrum measured at 589 nm emission, the 7F0  5D1 transition is particularly intense, 
while for the 611 nm emission this transition is much weaker. Another important dif-
ference between the excitation spectra at the two different emission wavelengths con-

cerns the 7F0  5D2 transition, that is an electric dipole hypersensitive transition34. The 

inset in Figure 1.4 clearly shows five Stark transitions, around 465 nm, for the 7F0  
5D2 transition in the case of  589 nm emission, while for the excitation spectrum at 611 
nm emission only one dominant band peaked 465 nm is observed. 

 
Figure 1.4 Room temperature excitation spectra for a) CN10, b) CK10, c) SN10 samples. 

Blue lines are the excitations for the 589 nm emission (site 1) and red lines for the 611 nm 

emission (site 2). In the inset the magnification of  the 7F0  5D2 transition for the CN10 
sample. The spectra were acquired respecting the same experimental conditions, only the emis-
sion wavelength was changed. 

 

These features suggest the presence of  at least two different sites with different 
symmetry accommodating the Eu3+ ions in our samples, corresponding to different 
local crystal fields, generating different splitting of  the 5D2 Stark levels. The excitation 
site represented by the blue graph in figure 1.4 will be denoted hereafter as site 1, while 
the site represented by the red graph will be denoted as site 2. Site 1 can be identified 
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as the P site shown by Hamers et al.10 for an Eu3+ doped CaF2 single crystal, since the 

two central Stark bands of  its 7F0  5D2 transition perfectly match the two excitation 
bands reported by Hamers for the so-called P site at 464 nm and 466.5 nm. Hamers 

also reports two excitation bands for the 7F0  5D1 transition around 525.5 nm, sepa-
rated by 0.2 nm, but in our measured excitation spectra, shown in Figure 7, they are 
not resolved due to the lower spectral resolution of  the spectrofluorometer used for 
the measurements, or to a broadening of  the bands due to the nanosize. Site 2 could 
be identified as the so-called Q or R sites shown by Hamers consisting of  Eu3+ dimers 
that present multiple Stark bands around 525.5 nm and 465 nm. Because of  the lack 

of  resolution of  our instrument, the excitation bands for the 7F0  5D2 and 7F0  5D1 
transitions, shown in figure 1.4, cannot be assigned to a single Q or R site, most prob-
ably because the bands due to the latter sites are strongly overlapped. 

Due to the observed features of  the excitation spectrum, site selection spectroscopy 
has been carried out, using a tunable dye laser in the 455-475 nm range. The site selec-
tion spectroscopy emissions are shown in Figure 1.5. From the excitation spectrum, it 
can be noted that it is possible to select site 1 almost completely by exciting around 
460 or 472 nm. On the other hand, site 2 can only partly be selected, because its exci-
tation band peaked at 465 nm is partially overlapping the excitation band of  site 1 (see 
Figure 7). By tuning the laser energy at 461.0, site 1 has been excited and the emission 

spectrum shows a dominant 5D0
7F1 band for all the samples under investigation (see 

Figure 8, blue lines), although features due to the other transitions are visible. On the 
other hand, after excitation at 464.5 nm, site 2 has been mainly excited, and the inten-

sity of  the 5D0  7F2 transition is comparable to the intensity of  the 5D0
7F1 transi-

tion, although contributions from both sites are present. 
 

 
Figure 1.5 Site selection spectroscopy on the 10 min time reaction samples (left column) 

and 8 hour time reaction samples (right column). Blue spectra (λexc=461.0 nm) are emissions 
from site 1 and red spectra (λexc=464.5 nm) are emissions from site 2. 
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The site selection spectroscopy for the samples synthesized with other reaction 

times are shown in figure A3 (APPENDIX A). 

It is important to notice that also for site 1 emission a contribution from site 2 is 

present in all the emission spectra except for the CN480 sample, since the 7F0  5D2 

excitation band for site 2 shown in the inset in figure 1.4 is extremely weak at 461.0 

nm but not completely absent. Therefore, because of the laser power, also site 2 can 

be partially excited at 461.0 nm. The absence of site 2 contribution in the site selected 

emission of site 1 for the CN480 sample could be attributed to the fact that almost all 

Eu3+ ions are located in site 1 while only few of them are located in site 2. This hy-

pothesis is also supported by the extremely low site 2 emission with respect to site 1 

emission for the CN480 sample. 

From the observed emission spectra it is possible to make some inferences about 

the site symmetry surrounding Eu3+ ions11,20,34-36. First, it can be noticed that for site 1 

the 5D0  7F0 transition is weak or almost absent, while for site 2 it is clearly observable 

around 580 nm. This transition is ED forbidden, but thanks to j-mixing effect25 the 

emission is measurable. The presence of the 5D0  7F0 band indicates that the possible 

site 2 local symmetries for the lanthanide ions are Cs, C1, C2, C3, C4, C6, C2v, C3v, C4v, 

and C6v
20,34. 

Since for site 1 the 5D0  7F0 transition is absent or very weak (probably because 

of contributions from site 2), it can be inferred that its symmetry is higher than for site 

2. 

Another clear feature of the emission spectra of all samples is that the relative in-

tensity between the emission around 612 nm (5D0  7F2 transition) and 590 nm (5D0 

 7F1 transition) is different for excitation in the two different sites and it changes for 

samples prepared with increased reaction time. The ratio between the 5D0  7F2 inte-

grated intensity transition and the magnetic dipole 5D0  7F1 one is called asymmetry 

ratio, an indicator of the local Eu3+ symmetry 20,26,34, defined as 

 

𝑅 =
𝐴612

𝐴590
  (1.1) 

 

where A612 is the integrated area of the 612 nm emission band and A590 is the inte-

grated area of the 590 nm emission band. An increase of the asymmetry ratio points 

to a decrease of symmetry and vice-versa. The asymmetry ratio for site 1 was calculated 

for all the samples synthesized with different reaction times, and it is shown in figure 

1.6. Since site selection for site 2 was not possible because of the overlapping of its 

excitation spectra with the one of site 1, its asymmetry ratio was not calculated. 
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Figure 1.6 Asymmetry ratios for the CN samples (blue dots), CK samples (green stars), 

SN samples (the red triangles) synthesized at different reaction times (exc=461.0 nm). 

 
 
For the CN and SN samples R tends to decrease when the reaction time increases, 

but for the CK480 samples R increases with respect to the CK360 sample. This differ-

ence can be attributed to the narrowing of  the 5D0  7F1 emission band. The most 
important thing to notice is that however the R value for the CK480 sample is lower 
than the R value for the CK10 sample, meaning that the symmetry of  site 1 for the 
CK480 sample is higher than for the CK10 sample. It is important to notice that the 
behavior of  CaF2 co-doped with Eu3+ and Na+ is different from CaF2 co-doped with 
Eu3+ and K+ and from SrF2 co-doped with Eu3+ and Na+. In fact, R for the CN samples 
is always lower than R for the other samples. For the samples synthesized with a 10 
minutes reaction, CN10 and SN10 present almost the same R value, around 0.75, that 
means a similar average symmetry, while the R value for the CK10 sample is around 
0.9. Also the behavior of  R for the three kinds of  sample are different when the reac-
tion time increases. For the CN samples there is a decrease of  47% between the value 
of  R for the 10 min reaction time sample and the 8 hours reaction time sample, while 
for the CK samples R presents a decrease of  10% and for the SN samples the decrease 
is 22%. Overall, it is possible to infer that by increasing the reaction time the symmetry 
of  site 1 becomes higher. 

The main difference in the R behavior is between the CN and the CK samples, 
while R for the CN samples undergoes a wide decrease when the reaction time in-
creases, for the CK samples the decrease is much lower. This can be attributed to the 
different co-doping ions, Na+ for the CN samples and K+ for the CK samples, that 
have been used to compensate the Eu3+ ions extra charge when they substitute Ca2+ 
ions. 
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To evaluate the relative percentage of  the different metal ions present in the NPs, 
elemental measurements using ICP-MS technique were carried out. The results ob-
tained with the ICP-MS investigation are shown in Table 1.2. ICP-MS measurements 
for the SN samples are not shown because of  instrumental problems. 

 
 
 
Table 1.2. ICP-MS results for the CN and CK samples 

Sample Name %Eu3+ %Na+ %K+ 

CN10 3.3 4.1  

CN35 3.7 3.6  

CN360 3.7 3.3  

CN480 3.5 2.7  

CK10 3.3  0.8 

CK35 3.8  0.8 

CK360 3.4  0.9 

CK480 3.6  1.3 

 
As it is shown in Table 1.2, although the nominal Eu3+ molar concentration is 1 

mol% with respect to the total metal ions, ICP-MS measurements show that the per-
centage of  Eu3+ ions in the NPs is higher than 3%. The amount of  Eu3+ ions that 
substitute Ca2+ ions is almost the same for the CN and CK samples, meaning that the 
substitution of  Ca2+ ions by Eu3+ ions has almost the same efficiency. It is important 
to notice that, although the concentration of  Eu3+ ions is almost the same for the CN 
and the CK samples, the concentration of  Na+ ions in the CN samples is almost the 
same of  Eu3+ ions, while in the CK samples K+ concentration is much lower. This 
means that Na+ ions are more efficient in substituting Ca2+ ions in the CaF2 structure 
than K+ ions. This behavior can be ascribed to the different ionic size of  the Na+ and 
K+ ions. The ionic radius of  Na+ in an 8-fold coordination is 1.32 Å, and of  K+ it is 
1.65 Å37. Therefore, since Ca2+ ionic radius is 1.26 Å 37 it is possible to assume that Na+ 
ions can substitute Ca2+ ions more efficiently than K+ ions because of  Na+ and Ca2+ 
similar ionic radius, while K+ ionic radius is 30% larger than Ca2+ one and therefore 
the substitution is much more difficult. 

To investigate the contribution of  the different Stark sub-levels to the emission 
spectrum, emission measurements at 77 K were also carried out. The local symmetry 
of  the Eu3+ ions can be investigated considering the number of  transitions due to Stark 
splitting observed for the bands16,20,34, because the number of  the bands depends on 
the crystal field splitting due to the local lanthanide symmetry. 

In figure 1.7, the emission spectra for the CN480 sample under site selection are 
shown. The spectra for the other samples are shown in figure A4 of  APPENDIX A. 
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Figure 1.7 77 K emission spectra for the CN480 sample. Blue line: λexc = 461.0 nm; 

Red line: λexc 464.5 nm. 
 
The emission of  the CN480 sample is shown since it is the only sample where site 

1 can perfectly selected by exciting at 461.0 nm. As can be noticed in figure 1.7, all the 
bands show a narrowing behavior with respect to the ones at room temperature (figure 

1.5). As it was found also at room temperature, the 5D0
7F0 transition for site 1 is not 

present, and therefore the one observed for excitation at 464.5 can be attributed only 
to site 2. This confirms that the Eu3+ ions accommodated in site 1 have a higher sym-
metry than the ones in site 2. Other well defined narrow bands are visible for the 5D0 

 7F1 and 5D0  7F2 transitions in the 580 – 630 nm emission range. In figure 1.8, a 
detailed section of  the emission spectra is shown, presenting the emission bands of  

the 5D0
7F0, 

5D0
7F1 and 5D0

7F2 transitions. All the 77K emission spectra, shown 
in APPENDIX A figure A4, present the same behavior of  the spectra of  CN480 
sample, although some multiple site emission is present. For the low reaction time 
samples the emission bands are broader. 
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Figure 1.8 Emissions bands due to the 5D0  7F0, 5D0  7F1 and 5D0  7F2 transitions 

for the CN480 sample at 77 K. Blue line: λexc = 461.0 nm; Red line: λexc = 464.5 nm. In the 

inset a zoom on the emission band of  the 5D0  7F0 transition, with site 1 emission magnified 
20 times. 

 
As it can be seen in Figure 1.8, the emission of  both the sites presents three bands 

for the 5D0  7F1 transition around 590 nm. For site 2 the 5D0
7F0 transition is pre-

sent, therefore its possible site symmetry is restricted to C2v, C2, Cs or C1
20,34. It is not 

possible to perfectly assign the symmetry of  site 2 since it presents multiple site emis-
sion when excited at 464.5 nm, and the emission bands are not well resolved even at 

77 K. Like for the room temperature emission spectra, site 1 presents no 5D0
7F0 

transition and three bands for the 5D0  7F2 transition, the first at 607.5 nm, and the 

other 2 at 627 nm and 627.5 nm. The emission bands of  the 5D0
7F2 transition per-

fectly match those for the P site found by Hamers et al. in Eu3+ doped CaF2 single 
crystals10 with the same Stark splitting. It is worth noting that Hamers do not assign a 

symmetry for the P site. Since the 5D0
7F0 transition is absent, and both the 5D0

7F1 

and 5D0
7F2 transitions show three band due to Stark splittings, it is possible to assign 

the D2 symmetry to site 120,34. As far as we know, this is the first time that a site with 
D2 symmetry has been found and assigned for Eu3+ ions in CaF2 or SrF2. 

To confirm the already presented results the lifetimes of  the 5D0 level for site 1 for 
all the samples were acquired and are shown in figure 1.9. 
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Figure 1.9 Decay times in logarithmic scale of  the 5D0 state, in a) the CN samples, in b) 

the CK samples, in c) the SN samples (exc=461.0 nm) 

 
The 5D0 state presents long lifetimes, as alos reported by Hamers et al. for the P site 

(16 ms)10. Since the decay curves present a non-exponential behavior (apart from the 
CN480 sample) the effective lifetime has been calculated using the formula38: 

 

𝜏 =
∫ 𝑡×𝑓(𝑡)𝑑𝑡

𝑡𝑓
0

∫ 𝑓(𝑡)𝑑𝑡
𝑡𝑓

0

 (1.2) 

 
where f(t) is the measured decay curve and tf >>tau. For site 1, the 5D0 state lifetime 

increases by increasing the reaction time, but for CK and SN (figures 1.9b and 1.9c) 
there is only a slight difference in the lifetime of  the different samples (it varies from 
9.0 ms for CK10 to 12.7 ms for CK480 and from 9.9 ms for SN10 to 13.4 ms for 
SN480). For the CK and SN samples the decay curves do not present a single expo-
nential behavior, meaning that the emission is not from Eu3+ ions accommodated in a 
single site but probably from both site 1 and 2. Differently, CN samples (figure 1.9a) 
show a large difference between samples with different reaction times. Every CN sam-
ple at a defined reaction time presents a higher lifetime than the CK or SN sample with 
similar reaction time. 

Furthermore, the difference between CN10, CN35, CN360 and CN480 is sharp. 
The lower lifetime for a CN sample is 10.4 ms (CN10), while it is 27.2 ms for the 
CN480 sample. To the best of  our knowledge, a decay time of  27.2 ms is the longest 
decay time ever measured for the 5D0 level of  Eu3+. Also the shape of  the lifetime 
curve changes for CN depending on the reaction time: the behavior of  CN10 and 
CN35 resembles the behavior of  CK and SN samples, while CN360 and CN480 ex-
hibit an almost single exponential behavior. This confirms the behavior of  the emis-
sion obtained with site selection spectroscopy that show that for the CN480 sample 
the emission from site 2 has almost disappeared. In fact, such a long lifetime means 
that Eu3+ is located in the site with higher symmetry (site 1, D2 symmetry). The rise-
decay behavior that can be seen in the decay-time curves of  the CN samples (especially 

for CN360 and CN480) can be ascribed to a slow 5D1  5 D0 feeding20. 
From the lifetime measurements it is possible to infer that the contribution of  site 

1 to the overall emission increases when the synthesis reaction time increases. It is 
more evident for the CN samples, where the lifetime of  the 5D0 state shows an almost 
perfect exponential behavior for the CN480 sample (confirmed also by the high emis-
sion intensity of  site 1 with respect to site 2 as it can be seen in figures 1.5, 1.7 and 
1.8). 

The comparison between the lifetimes of the CN and CK samples also confirms 
the ICP-MS results, since Na+ ions can substitute Ca2+ ions at least two times more 
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than K+ ions, and the amount of Na+ ions in the CN samples is similar to the amount 
of Eu3+ ions. Therefore, for the CN samples by increasing the reaction time, more Na+ 
ions can be arranged in a D2 symmetry around Eu3+ ions. This behavior can be seen 
also for the CK and SN samples, but with less efficiency. Moreover, Na+ is known to 

favor the presence of  symmetric sites when co-doped with lanthanide ions39. 
 
 

1.4 Conclusion 
Lanthanide doped CaF2 and SrF2 NPs have been prepared by a one-step, simple 

and 
environmental friendly hydrothermal technique. The NPs are easily dispersible in 

water solutions, without the need of any post-synthesis reaction. XRD confirmed the 
purity of the CaF2 and SrF2 crystalline phases. Site selective laser spectroscopy allowed 
to find the symmetry sites of Eu3+ ions in the three different kinds of NPs and to 
investigate the relative populations of the different sites by varying the reaction time. 
The 5D0 level lifetime measured for the CN480 sample (27.2 ms) is the longest ever 
measured for Eu3+ ions. This leads to some possible applications in biomedicine, for 
time resolved imaging spectroscopy, to eliminate the autofluorescence of the biological 
tissues, for instance using Fluorescence Lifetime Imaging Microscopy40. 

In the next future further studies will be carried out using multiphoton excitation, 

in order to evaluate the possibility to use these nanoparticles to work using NIR excit-

ing source for potential in vivo applications. 
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Chapter 2 

Nd3+ activated CaF2 NPs as col-
loidal nanothermometers in the 
biological window* 

 

Introduction 
Nanostructured materials have become a hot topic in the biomedical field, especially 

in nanomedicine, where they have been evaluated as efficient tools for diagnostic and 
therapy for in-vitro and in-vivo applications. In particular, trivalent lanthanide (Ln3+) 
doped nanoparticles (NPs), thanks to the peculiar electronic configuration of Ln3+ 
ions, have shown interesting properties as markers for optical imaging1-2, as contrast 
agents for MRI3-4 and as nanoheaters for photothermal therapy, in which near infrared 

(NIR) light is converted into heat5-8. For an optimal anti-cancer treatment based on 
hyperthermia, one important concern is that the local temperature in the treated area 
must be confined below 47 °C,9 in order to kill efficiently the cancer cells without 
harming the healthy tissues. Therefore, it is of paramount importance to measure the 
local temperature in the tissue region where the heat is delivered10. The underlying idea 
behind optical nanothermometry is to develop luminescent nanosized materials with 
high photostability and good emission that can measure the temperature within the 
spatial resolution of the optical setup for luminescence measurements. Recently, Ln3+ 
doped nanomaterials have been investigated as nanothermometers, since their lumi-
nescence is dependent on the temperature10-11. Particularly, the emission intensities of 
certain energy levels can be used to determine the temperature of the system, exploiting 
the population of two energy levels that are not too far in energy (typically around 2000 
cm-1). The relative population of these two thermally populated energy levels depends 
on the temperature trough the Boltzmann law12-15. A ratiometric method considering 
the relative intensity changes between two emission bands deriving from transitions of 
thermally populated levels is useful to evaluate the thermometric performance. In fact, 
the ratiometric method avoids the drawbacks of evaluating a single transition intensity 
and therefore possible emission variations due to the nanothermometer concentration 
or excitation source intensity fluctuations. A typical Ln3+ ion used in nanothermometry 
is the Er3+ ion, for which the variation of the relative intensities of the emission bands 
centered at 520 and 540 nm are due to the thermal coupling between the 2H11/2 and 
2S3/2 excited energy levels16-17. The Tm3+ ion has been also considered for nanother-
mometry18-19 although in this case, the involved emission bands are centered at 790 and 
800 nm, as observed in Tm3+, Yb3+ codoped CaF2 NPs. In this particular case, their 
variations with temperature are due to the thermal coupling of the Stark sublevels of 
the 3H4 excited state of Tm3+ ion. Another attractive Ln3+ ion for thermometry is Nd3+, 
due to its emissions in the NIR region, particularly important for use in nanomedicine 
as they lie within the transparency windows of biological tissues. Recently, Nd3+ has 

                                                           
* Paper published: P. Cortelletti, et al., Nd3+ activated CaF2 NPs as colloidal nanothermometers in the 
biological window, Optical Materials (2016), http://dx.doi.org/10.1016/j.optmat.2016.11.019 
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been studied in some nanomaterials in the first and second biological windows (I-BW, 
800-950 nm and II-BW, 1000-1300 nm respectively), where the radiation absorption 
by the biological tissue is minimal20-21.  

After excitation both in the visible or NIR region around 800 nm, the Nd3+ ion can 
emit in the NIR region, involving Stark transitions between the 4F3/2 (R1 and R2) and 
4IJ (J = 9/2, 11/2) energy levels13, 22. Recently alkaline earths fluorides, such as CaF2 
and SrF2, have been studied as hosts for Ln3+ ions, due primarily to their low phonon 
energies that favor Ln3+ ion luminescence. In particular, Ln3+ doped CaF2 presents a 
strong luminescence both in the UV-visible region and the NIR region23-26. Recent in-
vitro and in-vivo investigations, showed that CaF2 NPs doped with lanthanide ions 
have a low toxicity. In particular, Ln3+ doped CaF2 NPs have low toxicity on HeLa and 
immune cells1, 27-28, as well as they do not activate human dendritic cells and monocyte 
response. Moreover, after intravenous injection of the NPs on mice, no modification 
of their daily life status for one month has been observed. Furthermore, the present 
CaF2 NPs are synthesized with a facile, green chemistry procedure at relatively low 
temperature (<200 °C) and using water as the solvent. Combined these attractive fea-
tures make Ln3+ doped CaF2 NPs promising materials for biomedical applications. 

The aim of this work is to prepare and investigate the spectroscopic properties in 
the NIR of water colloids of CaF2 NPs activated with Nd3+ ions, in particular for ther-
mometric properties. We used a ratiometric method, using the ratio between the emis-

sion intensity of the 4F3/2  4I9/2 and 4F3/2  4I11/2 NIR transitions. Gd3+ ions have 
been also added to slow the growth of the NPs during the reaction and permit a finer 
tuning of the NPs size29-30. Since the Gd3+ ions provide paramagnetic properties to the 
host, the obtained NPs can be considered as both optical and MRI contrast agent with 
thermometric properties27. 

 

Experimental details 
 
Synthesis 
The Nd3+, Gd3+ codoped CaF2 NPs, with Ca2+/Nd3+/Gd3+ = 0.78/0.03/0.19 nom-

inal metal ratio, were prepared using the hydro thermal method described by Pedroni 
et al.26. Briefly, in a 50ml Teflon vessel, stoichiometric quantities of reagent grade metal 
chlorides were dissolved in 7.0ml of deionized water and 20.0 ml of a 1.00 M sodium 
citrate aqueous solution was added. Then, an ammonium fluoride aqueous solution 
was added dropwise to the previous solution, to furnish a slight excess of fluoride ions 
with respect to the stoichiometric amount. The clear solution was treated in an auto-
clave (DAB-2, Berghof) at 190°C for 3 h. The autoclave was then quenched to room 
temperature and after washing with acetone, the NPs were collected by centrifugation. 
The water colloids of the NPs are stable for at least two months. 

 
X-ray powder diffraction 
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 (λ = 
1.5418 Å) with a Peltier Si(Li) cooled solid state detector. The patterns were collected 
with a scan rate of 0.04°/s, with a measurement time of 1.0 s/step. The phase was 
identified with the PDF-4+ 2014 database (International Centre for Diffraction Data, 
ICDD). 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. 
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TEM 
Images of doped CaF2 NPs were evaluated using a high-resolution (0.17 nm point-

to-point) Transmission Electron Microscopy (JEOL 3010) operating at 300 kV, 
equipped with a Gatan slow-scan CCD camera. The Pebbles software was used to 
evaluate the NP size distribution31. 

 
Spectroscopic setup 
The emission spectra of the NPs were measured with a Fluorolog 3 (Horiba-Jobin 

Yvon) spectrofluorometer, using a Xe lamp as the source, a double excitation mono-
chromator, a single emission monochromator (mod. HR320) and a NIR InGaAs array 
for the emission detection. A water bath was used to set the sample temperature. All 
the spectroscopic measurements were performed on water colloidal dispersion of NPs. 

 

Results and discussion 
 
Structural and morphological characterization 

The CaF2 NPs exhibit a cubic single phase (Space group n. 225, Fm3̅m), as shown 
by the XRPD data (see figure 2.1). 

 
Figure 2.1 X-ray powder diffraction pattern for the CaF2:Nd3+,Gd3+ NPs. Miller indexes 

are shown as (hkl) values. 
 
From the XRPD reflections, considering the cubic structure, a cell parameter of 

5.541(1) Å was determined and is larger than the one found for an undoped CaF2 host 
(a = 5.463(1) 32). It is worth noting that Nd3+ or Gd3+ ions are prone to substitute the 
Ca2+ ions in the crystal lattice due to their ionic radius similarity (rNd(III) = 1.249 Å, rGd(III) 
= 1.193 Å, rCa(II) = 1.26 Å, 8-fold coordination33). For the same reason, Na+ ions (rNa(I) 
= 1.30 Å) that are present in the starting reagent (sodium citrate) can be incorporated 
in the crystal lattice, as already observed for a CaF2:Yb3+, Tm3+ nanocrystalline sample 
that was prepared with the same synthetic procedure26. Due to charge compensation, 
interstitial fluoride or hydroxide ions can also be present in the crystal host, and there-
fore electronic repulsions among these anions can explain the increase of the cell pa-
rameter found for the NPs under investigation. TEM images and the evaluated particle 
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size distribution, shown in figure 2.2, demonstrate that the NPs have a round shape 
with an average size of 9.5 ± 1.9 nm. High Resolution TEM images confirmed the 
crystallinity of the NPs and the corresponding Fast Fourier Transform (FFT) (figure 
2.2, inset) provides information about the orientation of the NPs and its fcc structure. 

 
Figure 2.2 (a) TEM image (scale bar = 20 nm) for the CaF2:Nd3+,Gd3+ NPs. Right inset: 

and HRTEM (scale bar = 2 nm); left inset: HREM image and FFT show a NP oriented along 

the 〈101〉 zone axis showing the [111] and [020] lattice planes. (b) Particle size distribution as 
calculated by Pebbles software and log-normal fit of the distribution (solid line). 

 
Spectroscopic investigation 
The luminescence spectra of a colloidal solution of the Nd3+, Gd3+ codoped CaF2 

NPs were measured in the 21-65°C temperature range with an interval of 5°C. The 
sample was excited by a Xenon lamp radiation with an excitation wavelength of 573 
nm. The 

Nd3+ ions in the CaF2 host have a rather broad absorption band around 570 nm, as 
observed by Ma et al.34 and thus, after excitation at 573 nm, the 4G5/2, 

2G7/2 excited 
energy levels of the Nd3+ ions are populated. After a rapid non-radiative relaxation, a 
radiative decay from the 4F3/2 level to lower lying energy levels is observed. Emission 
spectra for water colloids of the doped NPs, measured at 21°C and at 65°C, are shown 
in figure 2.3 as representative examples along with the corresponding Nd3+ ion energy 
levels as well as some Stark sublevels. The emission spectrum features two bands lo-
cated in the 850-915 nm and 1030-1100 nm ranges, corresponding to electronic tran-
sitions from the 4F3/2 level to the 4I9/2 and 4I11/2 levels, respectively. Due to the strong 
overlap among Stark level transitions of the emitting 4F3/2 and the lower lying 4IJ (J = 
11/2, 9/2) levels, as well as the fact that several sites are present for Ln3+ ions in the 
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CaF2 crystal host35-38, it was not possible to precisely assign all the transitions for the 
emission bands. 

 
Figure 2.3 Emission spectra at 21 °C and 65 °C for a water colloidal dispersion of the 

CaF2:Nd3+, Gd3+ NPs. The vertical lines indicate the wavelength at which the intensity of the 
emission bands were considered for the evaluation of the thermometric performance. 

 
Nonetheless, the structured band in the 850-915 nm range is strongly similar to the 

one found by Rocha et al. for a Nd3+ doped LaF3 host39, where the main emission line 
was around 864 nm. It is therefore reasonable that the strongest emission at 867 nm is 

mainly attributed to the R1Z1 Stark level transition of the Nd3+ ions (see energy levels 
in figure 2.3). We have therefore normalized the emission spectra measured at different 
temperatures to this line and the obtained spectra are shown in figure 2.3. Clear 
changes of the relative intensity of some emissions are observed on varying the tem-

perature, both in the 4F3/2  4I9/2 and 4F3/2  4I11/2 emission range. The emission vari-
ations around 900 nm are similar to those found by Rocha et al. for a Nd3+ doped LaF3 
host39. These intensity changes can be attributed to variations of the electronic popu-
lations of the R1 and R2 Stark levels as a function of the temperature. In fact, as the 
temperature increases, the R2 level population increases with respect to the R1 one, 
following Boltzmann distribution. From the spectra, it can be noted that the most 

relevant emission intensity changes are observed for the 4F3/2  4I11/2 band (see figure 
2.3). Therefore, we have evaluated the thermometric performances taking into account 
the intensity ratio between the emission at 1058 nm and at 867 nm (indicated as vertical 
lines in figure 2.3), according to the ratiometric method. We have therefore calculated 
the “Fluorescence Intensity Ratio” (FIR) of the intensity of emission bands of Nd3+, 
defined as: 

 

𝐹𝐼𝑅 =  
𝐼1058

𝐼867
   (2.1) 

 
where I is the intensity of the emission band at the chosen wavelength. In figure 

2.4, the variations of the FIR on changing the temperature are shown. The FIR values 
calculated from the emission spectra at various temperatures increase on increasing the 
temperature in the 22 - 65 °C range, following a linear behavior. The increase of the 
FIR vs temperature can be therefore explained by the increase of the population of the 
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higher energy R2 Stark level with respect to the R1 one (see figure 2.3). The absolute 
thermal sensitivity (S) can be defined as5, 40: 

 

𝑆 =  |
𝜕𝐹𝐼𝑅

𝜕𝑇
|   (2.2) 

 
where T is the temperature. From a linear fit of the FIR values vs temperature, a 

thermal sensitivity of (1.19 ± 0.04)∙10-3 K-1 has been evaluated from the slope of the 
straight line (see figure 2.4). 

 
Figure 2.4 FIR (defined in Eq. (1)) behavior as a function of the temperature for a water 

colloidal dispersion of CaF2:Nd3+,Gd3+ NPs. 

 
Nonetheless, in order to compare the thermal performances between different nan-

othermometers, it is very useful to evaluate the relative thermal sensitivity (Srel)22, 41, 
defined as: 

 

𝑆𝑟𝑒𝑙 =
𝑆

𝐹𝐼𝑅
   (2.3) 

 
where the FIR and S values have been previously defined in equations (2.1) and 

(2.2). The relative sensitivity, in the investigated temperature range, is estimated to be 
around (0.120 ± 0.05)∙10-2 K-1, and it shows small variations as a function of the tem-
perature (see figure 2.5). The obtained relative sensitivities are very similar to those 
found for other nanothermometers based only on the Nd3+ emission, in colloidal dis-
persion form. Nonetheless, it is important to remark that the present nanothermome-
ter can work using two well separated emission bands, that are located in the I-BW 

(the 4F3/2  4I9/2 transition) and in the II-BW (the 4F3/2  4I11/2 transition). To the best 
of our knowledge, this is the first time that these two NIR emission bands due to Nd3+ 
ions are exploited for nanothermometry in the biological windows. In fact, in the lit-
erature 

only the investigation focusing on emissions within the same 4F3/2  4I9/2 or 4F3/2 

 4I11/2 band are found. 
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Figure 2.5 Thermal relative sensitivities for a water colloidal dispersion of CaF2:Nd3+,Gd3+ 

NPs. 

 
In table 2.1, the values for relative sensitivities of nanothermometers based only on 

the Nd3+ emission are reported for water dispersions. The ratiometric method in the 
I-BW and II-BW with the nanothermometers under investigation could be particularly 
advantageous for real applications in optical imaging. In fact, the two thermometric 
emission bands are well separated in energy and therefore the experimental setup could 
be based on inexpensive filters with relatively narrow optical spectral bandwidth in-
stead of using expensive monochromatic systems. 

 
Table 2.1 
Comparison between Nd3+ activated NPs in water colloidal dispersions as nanothermom-

eters. 

Host FIRa 
Tempera-

ture range 
Srel (∙10-2 K-

1)b 
Reference 

CaF2:Nd I1058/I867 21 – 65 °C 0.12 This work 
LaF3:Nd I885/I863 30 – 60 °C 0.12 [39] 
YVO4:Nd I879/I887 25 – 60 °C 0.19 [42] 
YVO4:Nd I1063/I1072 25 – 60 °C 0.15 [42] 
YAG:Nd I938/I945 10 – 70 °C 0.15 [12] 

a I: intensity of the emission band. 
b Highest value in the considered temperature interval. 

 
Another very important parameter used to describe the thermometric performance 

is the minimum temperature uncertainty ΔTmin, which defines the accuracy that can be 
achieved in the temperature evaluation under conditions in which the nanothemome-
ters are working. This parameter is defined as43: 

 

∆𝑇𝑚𝑖𝑛 =
∆𝐹𝐼𝑅

𝐹𝐼𝑅∙𝑆𝑟𝑒𝑙   (2.4) 

 
It is important to remark that the ΔFIR/FIR ratio (relative uncertainty of the ther-

mometric parameter) depends on the instrumental setup and in particular on the signal 
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to noise ratio of the obtained signal. The obtained ΔTmin values are around 1.85 ± 0.10 
°C (figure 2.6) in the investigated temperature range. It is worth mentioning that Yar-
molenko et al. reviewed the thermal thresholds for thermal damage to normal tissues44 
and pointed out that temperature and time treatment have a crucial role in hyperther-
mia, both considered in the accepted metric for thermal dose assessment (Cumulative 
Equivalent Minutes at 43 °C, CEM43). Although the ΔTmin value for the present NPs 
is not extremely low, it could be enough to monitor if the temperature reaches a thresh-
old value in a hyperthermia treatment. 

 
Figure 2.6 ΔTmin as a function of the temperature for water colloidal dispersion of 

CaF2:Nd3+,Gd3+ NPs. The uncertainties in the ΔTmin values are within the dot size. 

 
 

Conclusions 
In this investigation, Nd3+, Gd3+ codoped CaF2 NPs have been prepared with a 

simple hydrothermal method, using citrate ions as capping agents. The NPs can be 
easily and efficiently dispersed in water, forming a colloidal dispersion stable for 
months. From a spectroscopic investigation in the NIR region, it was observed that 
the CaF2 NPs exhibit a good emission of the Nd3+ ions in the first and second BW, 
upon excitation at 573 nm. A thermometric investigation using a ratiometric technique 
involving two well separated NIR emission bands, evidenced that Nd3+ doped CaF2 
NPs as water colloids show a thermal relative sensitivity of (0.12 ± 0.05)∙10-2 K-1 almost 
invariant in the 21 - 65 °C temperature range, indicating their possible use as nanother-
mometers in biomedicine. The CaF2 NPs present also a best temperature variation 
ΔTmin around 1.8 °C, which could be enough to permit a significant temperature mon-
itoring during a photothermal treatment. 
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Chapter 3 
 

Core@Multishell Architectures 
for Multicolor Upconversion and 
Near-Infrared Nanothermometry 

 

3.1 Introduction 

Luminescent nanoprobes in the optical range (ultraviolet, visible and near-infrared 
(NIR) regions) are gaining much importance in biomedicine, in particular as materials 
for diagnostics and optical in-vitro and in-vivo imaging1-3. Much effort has been devoted 
in the last years to engineer various functional nanomaterials, showing different fea-
tures, and to integrate them in a unique nanostructure with improved multimodal ca-
pabilities4-5. Lanthanide (Ln) doped upconverting nanoparticles (UCNPs) are excellent 
materials for optical nanoprobes6. Moreover, Ln-doped nanoparticles (NPs) have been 
recently investigated especially for in-vivo optical imaging, due to their emissions in the 
so-called biological optical transparency windows7. In fact, the NIR optical radiation 
penetrates deeper into the biological tissues, as it is less absorbed and also less scattered 
with respect to the visible light by the biological tissue constituents8-10. Many Ln-doped 
UCNPs can harvest light at a wavelength of  980 nm by means of  the Yb3+ ion acting 
as the sensitizer11. Exciting at this wavelength to generate emission, could be feasible 
for in-vitro diagnostics but much less for in-vivo applications, where due to significant 
absorption of  water at 980 nm undesirable local heating can occur. To overcome this 
drawback, the Nd3+ ion has been investigated recently, as possible sensitizer for in-vivo 
imaging. Nd3+ activated NPs can convert NIR excitation light around 800 nm in the 
first biological optical transparency window (I-BW, 750-950 nm optical range) to visi-
ble light (upconversion; UC) as well as to Stokes NIR emission in the second biological 
optical transparency window (II-BW, 1000-1400 nm optical range)12-13. Most im-
portantly, water absorption of  800 nm radiation is low, in turn the optical heating is 
greatly minimized14.  

Possible strategies to enhance the luminescence properties of  Ln-doped NPs in-
volve the design of  core@shell (C@S) architectures for nanostructured systems15-17. 
The enhancement effect is achieved by reducing surface based non-radiative processes, 
such as multiphonon relaxation, due to the interaction of  the solvent molecules (water, 
in the case of  nanomedical applications) with the superficial Ln ions. The C@S struc-
ture also allows for the promotion and/or reduction of  specific energy transfer (ET) 
processes among Ln ions by choosing a proper shell composition18-19. Thus, appropri-
ate design of  C@S NPs permits to obtain desired luminescence features, that can be 
useful to trigger other systems for photodynamic therapy20. 

In modern medicine, real-time temperature sensing is of  paramount importance, as 
a diagnostic tool for diseases that induce local temperature enhancements in the bio-
logical tissues, or for temperature monitoring during photothermal tumor treatment, 
to prevent excessive heating and therefore healthy tissue damage. Subsequently, a de-
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sirable feature for multifunctional luminescent nanoprobes is the capability of  meas-
uring the temperature by monitoring optical spectral changes21-22. These systems can 
play an important role in nanomedicine23-25, since their nanosized nature permits to 
evaluate the local temperature with a high spatial resolution, within a single cell or even 
at a subcellular level26-27. Ln-based nanostructured materials are particularly adept as 
thermal probes, due to the unique arrangement of  their energy levels resulting in mul-
tiple temperature sensitive luminescence bands28. Many luminescent nanothermome-
ters (NTHs) are based on ratiometric temperature sensing, which involves taking the 
ratio between the integrated signals of  two well-defined emission bands29-31. For good 
thermal sensitivity, this ratio should vary as much as possible with changes in temper-
ature. Importantly, the ratiometric procedure avoids the calibration of  the optical ther-
mometer as in the case of  changes of  single band emission, since this is strongly de-
pendent on the local probe concentration32. The majority of  Ln-based NTHs have 
exploited their visible emissions for temperature sensing, mainly upon excitation in the 
NIR region at 980 nm33-35. Recently some interesting studies have appeared describing 
the utility of  the Nd3+ ion, as dopant in some fluoride hosts36-39, not only for radiation 
harvesting but also for luminescence nanothermometry. In particular, Nd3+ doped 
LaF3

8, 40-41 and NaYF4
42 NPs have been investigated as NIR temperature sensors, using 

800 nm as the excitation wavelength, in the I-BW. Moreover, thanks to the notable 
absorption of  the Nd3+ ions around 800 nm, it is also possible to exploit Nd3+ doped 
nanomaterials not only as optical thermometers but also to produce heat with high 
spatial resolution, as nanoheaters41. 

While most studies have focused on NaYF4, NaGdF4 or LaF3 hosts, alkaline-earth 
based fluorides (such as CaF2 and SrF2) have recently demonstrated to be very versatile 
and efficient hosts for Ln doping43-44. In particular, SrF2 based NPs, that have low pho-
non energies, show strong UC properties and temperature sensitive emissions in the 
UV, visible, and NIR regions, as well as strong luminescence in the NIR for bioimag-
ing45-49. These fluoride hosts are also easily prepared with facile and “green chemistry”, 
environmental friendly methods, using water as a solvent and low temperatures (< 200 
°C) conditions. 

The aim of  the present investigation was to develop new multifunctional 
core@multishell Ln-doped SrF2 NPs, properly designed as visible-NIR optical probes 
and NTHs. By choosing the Nd3+, Yb3+, Er3+ and Tm3+ as dopant ions, the present 
multishell nanoparticles (MNPs) were rationally designed to harvest 800 nm and also 
980 nm radiation, subsequently emit visible UC and NIR (in the II-BW) light, that can 
be exploited for all-optical nanothermometry in both spectral regions. 

 

3.2 Experimental Section 
 

Preparation and MNPs architectures 

MNPs were synthesized in four subsequent hydrothermal reaction steps45, 50. At 
each synthetic step, solid strontium and Ln chlorides in the desired stoichiometric ratio 
were dissolved in 20 mL of  deionized water (final metal concentration 0.2 M) adding 
potassium citrate as the capping agent (1 M, final concentration). The solution was 
stirred until all the reagents dissolved and an aqueous solution of  NH4F was added in 
order to have a F:(Ln3++Sr2+) ratio of  2.5. All the reagents (99.9% purity) were pur-
chased from Sigma-Aldrich, and were used without further purification. The resulting 
solution was sealed in a steel autoclave and heated at 190 °C for 3 h.47 The NPs were 
then precipitated with acetone or ethanol and collected by centrifugation. The resulting 
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gel could be stored under acetone without any degradation and the NPs form trans-
parent colloidal suspensions when dissolved in water. For the shell synthesis, the pre-
viously synthesized core (or core@shell) NPs were added to the reagents solution, as 
seeds to start the growth of  the shell and the synthesis is performed as previously 
described. The dopant concentration and the architectures of  the MNPs are described 
as follows, taking into account that the Ln percentages are referred to the total metal 
content in the corresponding core or shell layer: 

 

 MNPs1: 
SrF2:Yb(22%),Tm(0.2%)@Y(22%)@Yb(19%),Er(2%),Nd(1%)@Nd(22%). 

 MNPs2: 

SrF2:Yb(22%),Er(2%)@Y(22%)@Yb(19%),Tm(0.2%),Nd(1%)@Nd 
(22%).  

 MNPs3: 

SrF2:Yb(22%),Tm(0.2%)@Y(22%)@Yb(19%),Nd(1%)@Nd(22%). 
 
The architecture of the MNPs are schematically shown in figure 3.1. 
 

 
Figure 3.1 Schematic representations of  the MNPs. 

 
Note that MNPs1 and MNPs2 were designed with the same architecture and do-

pants but the Tm3+ and Er3+ ions are in the core and 2nd shell respectively for the 
MNPs1 while they are inverted for the MNPs2 (see figure 3.1). To investigate the in-
fluence of  Er3+ and Tm3+ ions on the NIR emissions of  Nd3+ and Yb3+ ions in the 
different MNPs, a reference system was designed (MNPs3) whose structure was similar 
to that of  MNPs1 but with no Er3+ ions in the 2nd shell. It is worth noting that in all 
cases the percentages of  the dopant ions were kept identical for corresponding core 
and shells. Furthermore, the 1st shell is doped only with the spectroscopically silent Y3+ 
ions, in order to minimize ET processes among Ln ions in the core and the 2nd shell. 
The 3rd shell contains only Nd3+ ions in elevated concentration (22%) for efficient har-
vest of  radiation at 800 nm. The core@multi-shell structure has been inspired by Lai 
et al. work51. 
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Structural Analysis 

X-ray powder diffraction (XRPD) patterns were measured using a Thermo ARL 
X'TRA powder diffractometer, equipped with a Cu anode X-ray source. The cell pa-
rameter for cubic structures was determined from the XRPD reflections. The crystal-
lite size for the core and core@multishell structures were also estimated from the 
XRPD reflections using the Debye-Scherrer formula. 

Morphology 
Transmission Electron Microscopy (TEM) images were obtained with a CM200 

LaB6 Philips microscope operating at 200 kV. A few drops of  NP dispersions were 
deposited on a copper grid and dried in air. Pebbles software was used to analyze the 
NP size distribution.52 

DLS analysis 
Dynamic Light Scattering (DLS) measurements were carried out using a Malvern 

Zetasizer Nano ZS90, operating with a He-Ne laser at 633 nm. The samples were 
prepared in water colloidal dispersions with a 10 mg/mL concentration, using plastic 
disposable cuvettes. Malvern Zetasizer Software was used to obtain the hydrodynamic 
radius of  the MNPs. 

Luminescence spectroscopy and thermometric measurements 
MNPs emission was measured using an Avaspec-ULS2048L spectrometer 

(Avantes) for the visible spectral range and with a Shamrock 500i monochromator 
(Andor) equipped with an iDus InGaAs 1.7 NIR detector (Andor).  

For thermometry measurements, 980 nm and 806 nm continuous wave (cw) fiber-
coupled laser diodes (Thorlabs) were used as the excitation sources. Their laser power 
densities were 240 W/cm2 or 31 W/cm2 for 980 or 800 nm excitation wavelength, 
respectively. A temperature control stage (Quantum Northwest qpod2e) was used. All 
the spectroscopic measurements were performed on water colloidal dispersion of  
MNPs (1 %wt). 

 

3.3 Results and Discussion 

Structural and Morphological Analysis 
XRPD measurements were carried out on the MNPs after each reaction step, in 

order to check the growth of  the core and each subsequent shell (shown respectively, 
in figures 3.2 and 3.3). 

All the NPs presented a cubic single phase (space group n. 225, Fm3̅m), with a cell 

parameter of 5.740.01 Å. It can be noted that the reflections become sharper after 
addition of each shell suggesting a linear increase of the crystallite size with the increas-
ing number of shells. TEM images of MNPs1 and MNPs2 after each synthesis step 
are shown in figure 3.4, together with the statistical size distribution calculations. The 
average size of the MNPs increased after each synthesis step, confirming the growth 
of multiple shells. The overall growth between the MNPs1 and MNPs2 was similar, as 
the mean size of the core of MNPs1 was 8.4 nm and of MNPs2 was 7.9 nm, while the 
average size of the complete structures was 24.1 and 26.3 nm for MNPs1 and MNPs2, 
respectively. The standard deviation of each size distribution was determined to be 
always <20% of the mean value, indicating small size dispersion (see figure 3.4). DLS 
measurements, shown in figure 3.5, additionally confirmed the multishell architecture 
of the MNPs, as an increase of the MNPs hydrodynamic size was observed after each 
synthesis step. 
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Figure 3.2 XRPD patterns for MNPs1 after each shell growth step. 
 

 
Figure 3.3 XRPD patterns for the MNPs2 after each shell growth step. 

 



52 
 

 

 
Figure 3.4 TEM images of the MNPs1 and MNPs2 after each reaction step and respective 

size distribution analysis, from the core (on the left) to the complete core@multishell MNPs 
(on the right). 

 
Figure 3.5 Hydrodynamic size measured by DLS technique for MNPS1 and MNPs2. 
 

MNPs1 

MNPs2 
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The summary of the sizes obtained from TEM, XRD and DLS studies for each 
synthesis step of MNPs1 and MNPs2 are shown in table 3.1. MNPs3 is not shown, 
but it presents the same structural and morphological features of MNPs1 and MNPs2. 

 

Table 3.1 MNPs1 and MNPs2 size (in nm) at each synthesis step obtained from TEM, 

XRD and DLS data. 

MNPS1 core c@s c@s@s c@s@s@s 

TEM 8.5 ± 1.5 10.1 ± 1.4 18.1 ± 3.2 24.1 ± 3.4 

XRD 7.2 ± 0.2 10.0 ± 0.2 13.7 ± 0.3 16.4 ± 0.6 

DLS 7.6 ± 2.0 15.1 ± 4.0 24.0 ± 3.9 28.4 ± 8.1 

MNPs2 core c@s c@s@s c@s@s@s 

TEM 8.0 ± 1.6 11.8 ± 1.9 17.1 ± 3.2 26.6 ± 4.0 

XRD 7.5 ± 0.2 10.6 ± 0.3 13.3 ± 0.4 15.5 ± 0.8 

DLS 8.7 ± 2.0 17.3 ± 3.6 22.1 ± 3.2 27.2 ± 8.0 

 

Spectroscopic Investigations 
Upconversion emission upon 980 nm excitation. The UC spectra for water col-

loidal MNPs1 and MNPs2 dispersions (1 %wt) upon 980 nm laser excitations are 
shown in figure 3.6. The spectra present different features for the two kinds of  MNPs. 
In particular, MNPs1 (with Tm3+ ions in the core) show strong Tm3+ emissions in the 
visible and NIR ranges,53-54 with negligible Er3+ emission at 550 nm. On the other hand, 
MNPs2 (with Er3+ in the core) present mainly Er3+ specific emissions55-56,with some 
Tm3+ UC bands in the UV (350-375 nm), blue (450-500 nm) and NIR (750-800 nm) 
regions48, 57. This behavior could be explained by the fact that Tm3+ and Yb3+ ions are 
buried in the core of  MNPs1, while the Er3+ ions are in the 2nd shell, together with the 
Yb3+ and Nd3+. Therefore, the extremely weak Er3+ luminescence could be attributed 

to an efficient Er3+Nd3+ ET, additionally boosted by the high concentration of  Nd3+ 
ions present in the 3rd shell. Similarly, the main UC emission for MNPs2 derives from 
the Er3+ ions, located in the core, and are efficiently separated from the Nd3+ contain-
ing 2nd and 3rd shells by the 1st shell. In both MNPs1 and MNPs2, it is therefore rea-

sonable that, due to close proximity of  Er3+ or Tm3+ ions to Nd3+ ones, Er3+Nd3+ 

or Tm3+Nd3+ ET processes lead to UC quenching.58-60  
The suggested mechanisms for the Nd3+ related UC emission quenching for the 

two MNPs are shown in figures 3.7 and 3.8. Since the Er3+ UC for MNPs1 is almost 

completely quenched (figure 3.6a) while the Tm3+ one for MNPs2 is still observable 

(figure 3.6b), the Er3+Nd3+ ET process is presumably more efficient than the 

Tm3+Nd3+ one. One possible explanation for this behavior involves the difference 

in the Ln ions concentration between Er3+ in the 2nd shell of MNPs1 (2.0 %) and Tm3+ 

ions in the 2nd shell of MNPs2 (0.2 %). 
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Figure 3.6 Upconversion spectra of  MNPs1 (a) and MNPs2 (b) upon 980 nm excitation. 
 

 
Figure 3.7 ETU mechanisms for MNPs1 upon 980 nm excitation. Black, ascending solid 

arrows represent 980 nm laser excitation. Dotted descending black arrows represent non-ra-
diative de-excitation. Descending solid arrows represent the emissions. Ascending dashed ar-
rows represents energy absorptions. Red dashed arrows represent Energy Transfers processes. 

 

 
Figure 3.8 ETU mechanisms for MNPs2 upon 980 nm excitation. Black, ascending solid 

arrows represent 980 nm laser excitation. Dotted descending black arrows represent non-ra-
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diative de-excitation. Descending solid arrows represent the emissions. Ascending dashed ar-

rows represents energy absorptions. Red dashed arrows represent Energy Transfers pro-

cesses. 

In fact, for the present Ln concentrations, there is a lower average donor-acceptor 
distance between the Er3+ and Nd3+ ions in the MNPs1 than for the distance among 

Tm3+ and Nd3+ ones in MNPs2, therefore promoting the Er3+Nd3+ ET than the 

Tm3+Nd3+ one. On the other hand, a better overlap among the energy levels of  the 
donor and the acceptor ions could also facilitate the ET process. For MNPs1, at least 

two possible Er3+Nd3+ ET processes (figure 3.7) can occur, as suggested by some 
groups61-63 

4F9/2(Er3+) + 4I9/2(Nd3+)   4I15/2(Er3+) + 4F9/2(Nd3+) 
4I13/2(Er3+) + 4I9/2(Nd3+)   4I15/2(Er3+) + 4I15/2(Nd3+) 
Therefore, this leads to significant depopulation of  the 4F9/2 and 4I13/2 energy levels 

of  Er3+ and subsequent UC emission intensity decrease.64 In the case of  MNPs2, one 

main Tm3+ Nd3+ ET process is considered to be active (figure 3.8): 

 3H4(Tm3+) + 4I9/2(Nd3+)  3H6(Tm3+) + 4F5/2(Nd3+) 
as described by Peng et al.65, da Silva et al.66 and Chung et al.67  
Most importantly, these results clearly demonstrate that the 1st shell (doped with 

Y3+) screens efficiently the dopants in the core of  MNPs from the possible ET pro-
cesses with the Ln ions in the 2nd and 3rd shells. In turn, this spatial segregation of  
distinct functional layers within the MNPs allows for the controlled differentiation of  
the excitation and emission mechanisms taking place in the core and in the two outer 
shells. 

Upconversion emission upon 806 nm excitation. When excited at the 806 nm 
wavelength (figure 3.9), the spectra of  MNPs1 and MNPs2 strongly differ in the rela-
tive intensities between Tm3+ and Er3+ ion emissions with respect to previous obser-
vation upon 980 nm excitation. Moreover, the overall UC emission for the MNPs2 is 
around one order of  magnitude greater than for the MNPs1. 

 

 
Figure 3.9 Upconversion spectra of  MNPs1 (a) and MNPs2 (b) upon 806 nm excitation. 

UC emission spectrum of  MNPs1 is additionally shown as multiplied by a factor of  10. 

 
In the case of  MNPs1, at the excitation laser power around 31 W/cm2, Tm3+ emis-

sion is not observed, but only weak Er3+ ions UC signal (figure 3.9a). Differently, at 
exactly the same experimental conditions and NPs concentration, both Tm3+ and Er3+ 
emissions are clearly observable in the case of  MNPs2 (figure 3.9b). 
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Figure 3.10 Energy transfer and UC mechanisms in MNPs1 upon 806 nm excitation. 

Brown, ascending solid arrows represent laser excitation. Dotted descending black arrows rep-
resent non-radiative de-excitation. Descending solid arrows represent emission. Ascending 
dashed arrows represent energy absorption (ascending brown dashed arrows represent ESA 
of  806 nm radiation). Red dashed arrows represent ET. Blue dashed arrows represent 

Er3+Nd3+ ET. 

 
Figure 3.11 Energy transfer and UC mechanisms in MNPs2 upon 806 nm excitation. 

Brown, ascending solid arrows represent laser excitation. Dotted descending black arrows rep-
resent non-radiative de-excitation. Descending solid arrows represent emission. Ascending 
dashed arrows represent energy absorption (ascending brown dashed arrows represent ESA 
of  806 nm radiation). Red dashed arrows represent ET. Blue dashed arrows represent 

Tm3+Nd3+ ET. 

 
The UC excitation and emission mechanisms for MNPs1 and MNPs2 are proposed 

in figures 3.10 and 3.11, respectively. In figure 3.10, only UC mechanisms for the outer 
shells of  MNPs1 are shown, since Tm3+ ions in the core cannot be directly excited by 
806 nm radiation, as evidenced by the lack of  Tm3+ UC emission (figure 3.9a). Upon 
806 nm excitation, the Yb3+ ions in the 2nd shell can be excited through an efficient 

Nd3+Yb3+ ET process68:  
 4F3/2(Nd3+) + 2F7/2(Yb3+)  4I9/2(Nd3+) + 2F5/2(Yb3+). 
This ET process is clearly demonstrated by the strong Yb3+ emission around 980 

nm, observed in the Stokes spectra for the MNPs (see in the NIR Stokes Emission 
section). Due to the presence of  the optically inert 1st shell between the core and the 
2nd shell, excited Yb3+ ions cannot transfer their energy to the Tm3+ ions located in the 
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core. Nonetheless, after sensitization of  the Yb3+ ion by Nd3+, an energy transfer UC 
(ETU) mechanism between Yb3+ and Er3+ can take place generating Er3+ emission in 
the visible range. A second possible mechanism for populating higher energy levels of  
the Er3+ and therefore generating UC is by ground state absorption (GSA) followed 
by excited state absorption (ESA) of  806 nm excitation.69 The very low emission in-

tensity of  Er3+ can be accounted for by an efficient Er3+Nd3+ ET (see figure 3.10) 
that depopulates the higher Er3+ energy levels. 

Moreover, a direct Nd3+Er3+ ET is not very efficient, considering the very low 
Er3+ emission shown in figure 3.9a. The ET and UC mechanisms for MNPs2 upon 
806 nm excitation are shown in figure 3.11. Unlike for MNPs1, UC emissions from 
both Tm3+ and Er3+ ions are observed, as shown in figure 3.9b. This behavior can be 
explained considering that the Er3+ ions in the core of  the MNPs2 can be directly 

excited with 806 nm radiation and that Er3+Yb3+ ET is negligible. Two different 
processes take place simultaneously in MNPs2, the first involving the two external 
shells (2nd and 3rd shells) and the second involving only the core. In the two external 

shells GSA of  the 806 nm radiation by Nd3+ ions is active, followed by the Nd3+Yb3+ 
ET and then an ETU mechanism from Yb3+ to Tm3+ populates the Tm3+ excited states 

and generate the Tm3+ emission70. Simultaneously, a Tm3+Nd3+ ET pathway can be 
active, similar to the one found for the Er3+ ions in MNPs165-66, 71. The Tm3+ emission 

observed for the MNPs2 could be in principle also due to a direct Nd3+Tm3+ ET, 
without the assistance of  the Yb3+ ions. On the other hand, Chung et al. found that 

the Nd3+Tm3+ ET process for a co-doped glass material is around two order of  

magnitude slower than the opposite Tm3+Nd3+ ET 71. Therefore, it is reasonable that 
the population of  the Tm3+ excited levels is mainly due to ETU mechanisms from Yb3+ 
to Tm3+ ions. One possible explanation of  the stronger Tm3+ emission intensity can be 
figured out by considering the lower Tm3+ concentration (0.2 %) in the 2nd shell of  
MNPs2 with respect to the Er3+ concentration (2 %) in the 2nd shell of  MNPs1, or by 
a better overlap among the energy levels of  the donor and the acceptor ions, as previ-
ously mentioned. Since ET is a concentration dependent process, the efficiency of  the 

Tm3+Nd3+ ET process could be lower than the Er3+Nd3+ one. UC emission bands 
for Er3+ ions are still observed in MNPs2 (figure 3.9b), since the Er3+ ions in the core 
are excited through GSA and ESA upon 806 nm laser irradiation while the presence 

of  the optically inert 1st shell prevents the Er3+Nd3+ ET. 
From the analysis of  the UC emission of  the MNPs upon 980 and 806 nm excita-

tion, it is clear that it is possible to generate different UC emission from the same 
MNPs by simply changing the excitation wavelength. This behavior is particularly 
marked for MNPs2, for which up to more than 90% of  the total emission upon 980 
nm excitation stems from the Er3+ ion. On the other hand, the behavior for MNPs1 
upon 980 nm excitation is quite peculiar, because almost 95 % of  the visible UC, is 
due to Tm3+ ions, while the Er3+ emission is almost completely quenched by the above-

mentioned Er3+Nd3+ ET process. 
 
NIR Stokes emission. The Nd3+ ions in the MNPs act as radiation harvesters, 

while the Yb3+ ions do not absorb at a wavelength of  806 nm. In order to increase the 
radiation harvesting, the Nd3+ concentration in the 3rd shell was kept to 22% with re-
spect to the total metal ion content. However, Nd3+ ions in the outer shell act as an-
tennas for 806 nm radiation, that can be transferred through ET migration to the Nd3+ 
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ions in the next shell. If  the nanoparticle design was including a 22% Nd3+ ion con-
centration in the second shell instead, Nd3+ would totally quench the Er3+ and Tm3+ 
emission, eliminating the option of  having visible emissions, and would even quench 
the NIR emissions from Nd3+ ions themselves through non-radiative de-excitation 
processes72. To overcome this fact, a small amount of  Nd3+ ions (1% concentration, 
see figure 3.1) is present in the 2nd shell, guaranteeing efficient NIR Nd3+ emission. On 
the other hand, at the MNPs concentrations used in this study, no temperature varia-
tions for the water dispersions (ca. 1 % wt) were observed upon cw 806 nm laser 
excitation for the experimental time needed to acquire the spectrum. The emission 
spectra at 20°C for the three MNPs upon 806 nm excitation are shown in figure 3.12. 
As the investigation was focused on Nd3+ and Yb3+ NIR emission in the presence of  
Er3+ or Tm3+ ions as co-dopants in the 2nd shell of  the MNPs, as a reference system, 
MNPs3 (see figure 3.1) was doped solely with Yb3+ and Nd3+ ions in the 2nd shell. NIR 
emission spectra, clearly indicate that the presence of  Er3+ or Tm3+ ions in the 2nd shells 
of  the MNPs significantly affects the relative emissions of  Nd3+ and Yb3+ ions. In 
particular, the Yb3+/Nd3+ intensity ratio decreases on passing from MNPs3 to MNPs2 

and to MNPs1. This behavior could be explained by the Yb3+Tm3+ and Yb3+Er3+ 
ET processes for MNPs2 and MNPs1, respectively (figures 3.10 and 3.11). In the case 

of  the reference MNPs3 only the Nd3+Yb3+ ET process is present. 

 
Figure 3.12 NIR emission of  the three MNPs (λexc=806). The spectra are normalized to 

the Nd3+ 870 nm emission. 

 
The difference in the Yb3+/Nd3+ emission intensity ratio between MNPs1 and 

MNPs2 could be accounted for the different concentrations of  Er3+ and Tm3+ ions, in 

the respective structures (see Figure 1), as Yb3+Er3+ or Yb3+Tm3+ ET processes 
are present.  

In order to shed light on this behavior, ad-hoc C@S NPs were synthesized, with the 
following composition: 

 

 SrF2:Yb(22%),Er(x%),Nd(2%)@Nd(22%) (C@S_Er) 

 SrF2:Yb(22%),Tm(x%),Nd(2%)@Nd(22%) (C@S_Tm) 
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with x=0.2, 0.5, 1 or 2%. For these NPs, the concentrations of Yb3+ and Nd3+ ions 

are the same as those in the 2nd and 3rd shells of MNPs1 and MNPs2, respectively. It 

should be noted that the Yb3+ and Er3+ or Tm3+ ions are distributed in a sphere in the 

C@S structure rather than in a shell for the MNPs. Nonetheless, since the concentra-

tion of the lanthanide ions are the same, we are confident that the donor (Yb3+) and 

acceptor (Er3+ or Tm3+) average distance would be also the same and therefore an 

investigation on the C@S NPs would be significant for understanding the ET dynam-

ics in the MNPs. These C@S NPs were prepared with the same hydrothermal tech-

nique as the MNPs. Detailed TEM analysis for these C@S NPs confirm the shell 

growth (see figure 3.13). 

 

Figure 3.13 TEM for core@shell NPs. 

NIR emission spectra for water colloidal dispersions (1 %wt) of the several C@S 

NPs were measured with a spectrofluorometer with a Xenon lamp 573 nm radiation 

and will be shown in figure 3.15. As a representative example, the absorption spectrum 

for the C@S:Tm(0.2%) in the visible and NIR range was measured at room tempera-

ture and it is shown in figure 3.14. In this spectrum, typical absorption bands of both 

Nd3+ and Yb3+ ions can be observed, while the Tm3+ absorption are not observable 

due to the small concentration of the Tm3+ ions (0.2%) with respect to the Nd3+ or 

Yb3+ ions one. A strong absorption band is clearly present around 800 nm, due to the 
4I9/2

4F5/2 for Nd3+ ions transition. Moreover, as shown by the absorption spectrum, 

light radiation at 573 nm is strongly absorbed by the Nd3+ ions, inducing population 

of the 4G5/2 and 2G7/2 excited energy levels (see also figure 3.10). It is worth remarking 

that Er3+ or Tm3+ ions are not directly excited by the 573 nm radiation as they do not 

absorb at this radiation wavelength 73. 
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Figure 3.14 Absorption spectrum for a water colloidal dispersion of the 

SrF2:Yb,Tm(0.2%),Nd@Nd core@shell NPs. Transitions starting from the 4I9/2 ground state 

of Nd3+ ions are indicated in black, while transitions starting from the 2F7/2 ground state of 

Yb3+ ions are indicated in red. The room temperature absorption spectrum has been measured 

with a Cary 5000 spectrophotomer. 

Then, after rapid non-radiative relaxations to the low energy lying levels, the Nd3+ 

ions decay to the 4F3/2 level from which the abovementioned Nd3+Yb3+ and 

Yb3+Er3+ or Yb3+Tm3+ ET processes (see figures 3.10 and 3.11) take place. From 

the NIR emission spectra of the C@S NPs, shown in figure 3.15, it can be noted that 

the Yb3+ emission around 980 nm decreases monotonically with respect to the Nd3+ 

one around 1060 nm as the concentration of the Er3+ or Tm3+ increases. This behavior 

strongly suggests that the Yb3+Er3+ and Yb3+Tm3+ ET processes become more 

and more efficient as the Er3+ or Tm3+ concentrations increase. This behavior can be 

clearly observed by evaluating the Fluorescence Intensity Ratio between the Yb3+ and 

Nd3+ integrated emissions, FIR(Yb,Nd), defined as 

𝐹𝐼𝑅(𝑌𝑏, 𝑁𝑑) =
𝐴980(𝑌𝑏3+)

𝐴1060(𝑁𝑑3+)
  (3.1) 

where A denotes the integrated areas, highlighted with green regions in figure 3.15. 
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Figure 3.15 NIR emission spectra for a) SrF2:Yb,Er,Nd@Nd core@shell NPs with differ-

ent Er3+ concentrations and b) SrF2:Yb,Tm,Nd@ Nd NPs with different Tm3+ concentrations. 

The integrated areas were chosen in order to have a significant integration range 

around the main peaks at 980 and 1060 nm, for Yb3+ and Nd3+ respectively, while 

minimizing overlap between bands for different transitions. In figure 3.16 the 

FIR(Yb,Nd) for the C@S NPs are shown, from which a clear decrease of the 

FIR(Yb,Nd) on increasing the Er3+ or Tm3+ concentration is observed. Moreover, the 

FIR(Yb,Nd) values for the case of C@S_Er NPs are lower than for the C@S_Tm NPs 

for every Ln ion concentration, suggesting that the ET process is more efficient for 

the Er3+ doped C@S_Er NPs. This behavior can be probably ascribed to the resonant 

nature of the Yb3+Er3+ ET process74 that could be more efficient than the non-res-

onant Yb3+Tm3+ energy ET transfer (see figures 3.10 and 3.11). 
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Figure 3.16  Fluorescence Intensity Ratio FIR(Yb,Nd) between the Yb3+ integrated emis-

sion and the Nd3+ one. The integration area is indicated in figure 3.15 (green area) for 

SrF2:Yb,Tm,Nd@Nd nanoparticles (squares) and SrF2:Yb,Er,Nd@Nd nanoparticles (trian-

gles). The lines are guides for the eyes. 

NIR Thermometry 
The capabilities of  the present MNPs as luminescent NTHs in the II-BW have been 

investigated by analyzing the variation of  the NIR emission spectra in the physiological 
temperature range. The Stokes emission in the NIR range, upon 806 nm excitation, of  
the MNPs has been measured as a function of  temperature in the 20°-60°C range, in 
figure 3.17 the emission spectra at 20°C and 60°C are shown. The spectra clearly show 
that the Yb3+/Nd3+ emission intensity ratio significantly decreases by increasing the 
temperature. The FIR(Yb,Nd) defined as above, has been evaluated, by integrating the 
emission signal over a suitable integration range around the Yb3+ (around 980 nm) and 
Nd3+ (around 1060 nm) peak emissions. The abovementioned bands for the two Ln 
ions were chosen because of  their higher emission intensities with respect to the Nd3+ 
one at 870 nm and the Yb3+ one at 1015 nm (see figure 3.17). 

In figure 3.18a the variation of the FIR(Yb,Nd) for the MNPs as a function of the 

temperature is shown, in all cases, FIR values decrease following a linear behavior. The 

dependence of the FIR(Yb,Nd) on the temperature has been found to follow different 

behaviors for different compounds, as for LiLa0.9-xNd0.1YbxP4O12 NPs in the 300-400 

K temperature range the FIR(Yb,Nd) is increasing on increasing the temperature75. 
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Figure 3.17 NIR emission spectra (exc = 806 nm) for the MNPs at different temperatures. 
The spectra are normalized to the Nd3+ emission. 

 

On the other hand, the behavior for the present MNPS is similar to that found by 
Ximendes et al. for Nd3+,Yb3+ doped LaF3 nanoparticles72. Since a non-resonant ET 
between Nd3+ and Yb3+ ions is present (see figures 3.10 and 3.11), a phonon assisted 
mechanism has to be active, described by the Miyakawa–Dexter (MD) model.76 Im-

portantly, besides the direct Nd3+Yb3+ ET, also the back ET Nd3+Yb3+ can occur77-

78. Therefore, the negative or positive slope for the FIR(Yb,Nd) vs temperature de-
pends by a subtle balance between these two processes. This behavior is therefore 
clearly dependent on the local environment around the Nd3+ and Yb3+ ions in the par-
ticular host where they are accommodated that strongly influence the Stark energy 
levels for the Ln ions. Since in our case we observe a negative slope for the FIR vs 

temperature for all the MNPS (see figure 3.18a) a Nd3+Yb3+ back transfer is most 
probably the dominant mechanism producing the Yb3+ emission decrease with respect 
to the Nd3+ emission. In order to clarify this point, an absorption spectrum in the NIR 
region for the MNPs was measured and it is shown in figure 3.19 overlapped with the 
emission spectrum obtained by excitation at 806 nm. It can be clearly observed that 
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the bands at 980 nm, that are the most prominent feature for the two spectra, are 
perfectly overlapped, indicating that this band derives from a transition involving the 
Yb3+ ion ground state. 

 
Figure 3.18 FIR(Yb,Nd) (a) and relative sensitivity Srel (b) for MNPs1 (red), MNPs2 (green) 

and MNPs3 (blue). Error bars on Srel are evaluated considering an error propagation procedure 
from the uncertainties of  the FIR(Yb,Nd) values. 

 

 
Figure 3.19 MNPs3 NIR absorption (dashed line) and emission (solid line) upon 806 nm 

excitation. 

Due to the Kramers degeneracy, three and four Stark energy states are expected for 
the 2F5/2 and 2F7/2 excited and ground levels of  the Yb3+ ion, respectively. Falin et al., 
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from an optical spectroscopy investigation on Yb3+ doped SrF2 samples, found that 
the absorption or the emission band at 980 nm is due to a transition between the lowest 
Stark states of  both the 2F5/2 and 2F7/2 levels79. This transition is shown in the inset of  
figure 3.19 with an energy level scheme for the Yb3+ ions, following Falin et al. Then, 

following the Nd3+Yb3+ ET process, a thermalization of  the three Stark levels of  
the 2F5/2 of  the Yb3+ ions takes place. On increasing the temperature, it is conceivable 
that the population of  the lowest Stark state of  the Yb3+ 2F5/2 level decreases, while the 
two higher Stark states are more and more populated. Therefore, it is reasonable that 
the emission at 980 nm, starting from the lowest Stark state of  the Yb3+ 2F5/2 level, 
weakens on increasing the temperature, in perfect agreement with what observed in 
our investigation. The decrease of  the FIR(Yb,Nd) vs temperature can be therefore 
explained by the decrease of  the population of  the lowest Stark state of  the Yb3+ 2F5/2 
level. It is to be remarked that the behaviors vs temperature of  the FIR(Yb,Nd) for the 
MNPs, although monotonically decreasing, are different, as shown in figures 3.17 and 

3.18a, due to the Yb3+Er3+ or Yb3+Tm3+ ET processes for MNPs1 and MNPs2, 
respectively. 

The absolute thermal sensitivity S can be defined as80-81 

𝑆 = |
𝜕𝐹𝐼𝑅(𝑌𝑏,N𝑑)

𝜕𝑇
| (3.2) 

where T represents the temperature. Therefore, the absolute thermal sensitivity val-
ues (denoted as S) are considered constants in the temperature range from 20 to 60 °C 
and they are evaluated as the slopes of  the linear regression fits for the FIR(Yb,Nd) vs 
T, shown in figure 18a. The MNPs3 and MNPS2 show very similar values of  absolute 

sensitivities, (4.8±0.2)10-3 °C-1 and (5.0±0.4)10-3 °C-1, respectively, while MNPs1 have 

an absolute thermal sensitivity of  (3.5±0.2)10-3 °C-1. 
Nonetheless, in order to compare the thermometric performances of  the present 

MNPs with those reported in the literature, the relative thermal sensitivities, Srel, were 
calculated:  

𝑆𝑟𝑒𝑙 =
𝑆

𝐹𝐼𝑅(𝑌𝑏,𝑁𝑑)
 (3.3) 

where S is the absolute sensitivity, and they are shown in figure 3.18b.The relative 

sensitivity is in fact the commonly accepted parameter for direct comparison of various 

nanothermometers, in particular with different Ln ion doping80, 82. The relative thermal 

sensitivities in the considered temperature range were estimated to be around 410-3 

°C-1 and 1.510-3 °C-1 for MNPs2 and MNPs3, respectively, with slight temperature 

dependent variation. While, for MNPs1 the Srel value significantly increased on increas-

ing the temperature, from (9.1 ± 0.5)10-3 °C-1 at 20 °C to (14.4 ± 0.8)10-3 °C-1 at 60 

°C. Therefore, it can be assumed, that the presence of Er3+ in the 2nd shell strongly 

improves the thermal sensitivity based on FIR(Yb,Nd). It could be emphasized that 

the efficient Yb3+Er3+ ET is beneficial for the thermometric properties, lowering the 

FIR(Yb,Nd) with respect to the case in which only Yb3+ and Nd3+ are doped in the 2nd 

shell. 

Moreover, the significant difference between the room temperature FIR(Yb,Nd) of 

MNPs1 with respect to MNPs2 is most probably due to the higher Er3+ concentration 

in the 2nd shell of MNPs1 with respect to that of Tm3+ in the 2nd shell of MNPs2, as 

described above, although a better level overlap among the donor and acceptor energy 
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levels could also contribute to this behavior. A comparison between the MNPs ther-

mometric performances and the most recent Nd3+ or Nd3+/Yb3+ based NTHs inves-

tigated in literature is reported in Table 3.2. We have to remark that while the relative 

sensitivities of MNPs3 and MNPS2 are similar to those reported in the literature, the 

Srel for MNPs1 are the highest reported for NIR-to-NIR NTHs operating in the II-

BW in water dispersions based on a single host (SrF2 in this study), although multishell 

structured. Higher thermal sensitivity has been determined in hybrid poly(lactic-co-

glycolic) acid (PLGA) nanostructures, constitutes by NaGdF4:Nd3+ NPs and 

PbS/CdS/ZnS quantum dots that have been encapsulated in PLGA, with a Srel of 

2.510-2 °C-1 81. Nonetheless, the present multishell nanoparticles are much smaller 

(around 25 nm) than the abovementioned PLGA nanostructures (around 150 nm) and 

therefore they could be more useful in application where size is an issue, such as in the 

biomedical field. 

Table 3.2 Comparison between different Nd3+ or Nd3+/Yb3+ based nanothermometers 

Material 
Sample 

form 
λexc 

(nm) 
λem 

(nm) 

Tempera-
ture range 

(°C) 

Srel(10-

2 C-1)a 

Tem-
pera-

ture of 
SMAX 
(°C) 

Refer-
ence 

MNPs1 
SrF2:Yb,Tm@Y@Yb,Er,Nd@Nd 

Water 
disper-

sion 
806 

980, 
1060 

20  60 
1.49 ± 
0.08 

60 
This 
work 

Gd2O3::Nd 
Powder 
sample 

580 
825, 
890 

15  50 
1.75 ± 
0.04 

15 [83] 

YAG:Nd 
Water 
disper-

sion 
808 940 10  70 0.15 N/A [84] 

LiLaPO4:Nd,Yb 
Powder 
sample 

808 
870, 
980, 
1050 

-180  390 0.3 30 [75] 

NaYF4:Yb,Er@Yb,Nd 
Powder 
sample 

808 
980, 
1050 

-70  180 2.1 100 [85] 

LaF3::Nd,Yb 
Water 
disper-

sion 
808 

1000, 
1060, 
1350 

15  50 0.75 15 [72] 

LiLaP4O12:Cr,Nd 
Powder 
sample 

665 
830, 
1050 

-160  200 4.89b 50 [86] 

a highest value of the relative thermal sensitivity reported in the references. 

b. this value is the maximum reported for the physiological temperature range (20°C  60°C) . 

 

One of  the most relevant parameter describing the thermometric performance is 

the temperature uncertainty T, which defines the achievable precision of  the temper-
ature evaluation in the local environment in which the thermometer is working. This 
important parameter is defined as31: 

ΔT =
ΔFIR

𝐹𝐼𝑅∙𝑆𝑟𝑒𝑙
 (3.4) 

where FIR/FIR is the relative uncertainty of  the thermometric parameter (in our 

case, FIR(Yb,Nd)). It is important to remark that FIR/FIR depends on the measure-
ment setup and in particular on the signal to noise ratio of  the measured signal. Taking 
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into account the FIR(Yb,Nd) values and their corresponding errors, the T values have 
been evaluated and are shown in figure 3.20. 

 

Figure 3.20 Minimum temperature variation measurable with MNPs1 (red), MNPs2 

(green) and MNPs3. 

The T values are 0.5-0.6 °C for MNPs1, 1.0-1.6 °C for MNPs2 and 2.4-2.5 °C for 
MNPs3. Therefore, MNPs1 confirms to possess the best thermometric performances 

among the MNPs shown in this investigation. The minimum measurable T can be 
further improved by modifying the MNPs to increasing their Srel, as well as by refining 
the spectral acquisitions in order to increase the signal to noise ratio, hence decreasing 
the relative uncertainty of  the FIR values. 

 

3.4 Conclusion 

In summary, we prepared Ln-doped core@multishell nanostructured systems 

(MNPs) based on the SrF2 host. From a careful structural and morphological analysis, 

the confirm of their multi shell structure has been achieved. The nanosystems can be 

easily and efficiently dispersed in water as well as in physiological solutions, assuring 

their possible use in biomedicine. From a detailed spectroscopic investigation, we 

demonstrated that the MNPs are multifunctional tools for possible use as diagnostic 

tools in bioimaging in the visible range and NIR in the II-BW, with the possibility of 

double excitation in the I-BW at 980 and 800 nm within the same MNPs. The possi-

bility of a multicolor UC emission was clearly demonstrated and the possible UC mech-

anisms were investigated. Through a proper structure architecture, it was possible to 

tune the emission properties by properly doping with the Ln ions (such as Er3+ or 

Tm3+) in the proper core or shell layer. NIR spectroscopy of the MNPs exhibits a 

strong emission from Yb3+ and Nd3+ ions in the II-BW upon excitation at 806 nm. 

Moreover, the Yb3+/Nd3+ emission ratio appears to be strongly influenced by the pres-

ence of a third dopant ion in the shell layer. A thermometric investigation confirmed 

that the MNPs under investigation are also efficient NIR nanothermometers based on 

Yb3+ and Nd3+ emissions. MNPs1 showed the best performance thanks to Er3+ co-
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doping together with Yb3+ and Nd3+ in the 2nd shell layer, providing a high FIR per-

centage variation around 40%, while MNPs2 and MNPs3 show relative thermal sensi-

tivities in line with the values reported in the literature for the majority of NIR-to-NIR 

optical NTHs. In particular, MNPs1 show a very high thermal relative sensitivity in 

the 20-60 °C temperature range, from (0.9±0.08) 10-2 °C-1 to (1.49±0.08)10-2 °C-1, 

strongly indicating their suitability as NTHs in nanomedicine. Underlining that the 

thermometry features for the MNPs were carried out in water colloidal dispersion, to 

the best of our knowledge their relative sensitivity values are the highest reported for 

water dispersible NIR-to-NIR NTHS working in the II-BW highest reported for NIR-

to-NIR NTHs based on a single nanoparticle. MNPs1 presents also the minimum 

measurable temperature variation ΔT, also for its high Srel value. 
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Conclusion 
CaF2 and SrF2 proved to be good host for lanthanide ions, showing interesting lu-

minescent properties and a good versatility for architecting structures with different 

functionalities. 

In Chapter 1 an analysis of the site symmetry for lanthanide ions in CaF2 and SrF2 

NPs was carried out, using Eu3+ ions as symmetry probe. Thanks to Eu3+ ions prop-

erties it was possible to identify a site with D2 symmetry, previously unknown in CaF2 

and SrF2. We show that Na+ ions can substitute Ca2+ ions more efficiently than K+ 

ions, helping the formation of symmetric sites for lanthanide ions. Furthermore, the 

extremely long luminescence decay time shown by Eu3+ ions in CaF2 NPs co-doped 

with Na+ ions could be used for Fluorescence Lifetime Imaging Microscopy. 

In Chapter 2 we showed that CaF2 NPs doped with Nd3+ ions can be used as lumi-

nescent nanothermometers in the first and second biological windows. Nd3+ lumines-

cence can be excited at 800 nm, a wavelength that possesses a high penetration in the 

biological tissues (around 2 cm) since it lies in the middle of the first biological window 

where the biological tissues present a minimum of the absorption. Furthermore, the 

low absorption can reduce the tissue damage due to irradiation.  The nanothermometry 

measurements were carried out by exciting Nd3+ luminescence at 573 nm. The nan-

othermometric properties where evaluated taking into account the two Nd3+ emissions 

at 867 nm and 1058 nm, respectively in the first and second biological transparency 

windows. The Nd3+ doped CaF2 NPs show interesting nanothermometric properties, 

presenting a sensitivity that is coherent with the sensitivities obtained for other Nd3+-

based nanothermometers, with a minimum measurable temperature variation useful 

for temperature monitoring during a photothermal therapy. 

In Chapter 3 we showed the design and synthesis of core@multishell NPs, with the 

aim of producing a multimodal tool for optical imaging in the VIS and NIR range and 

for nanothermometry. The NPs structure was designed to obtain different upconver-

sion emission upon different excitation wavelengths (by harvesting 800 nm with Nd3+ 

ions or 980 nm with Yb3+ ions). We showed that by inverting the doping ions of the 

core and the second shell the upconversion properties can be inverted, and that Er3+ 

and Tm3+ emission can be quenched by the presence of Nd3+ as co-doping ion. The 

NPs showed an intense NIR luminescence when excited at 800 nm, due to Nd3+ ions 

emission around 870 nm and 1060 nm and to Yb3+ ions emission at 980 nm. While in 

Chapter 2 we showed nanothermometry based only on Nd3+ NIR luminescence, in 

Chapter 3 we used a different strategy, by exerting Yb3+ emission at 980 nm and Nd3+ 

emission at 1060 nm. The resulting luminescent nanothermometers presented high 

relative sensitivity values. By comparing the thermometric properties of the three dif-

ferent NPs we were able to prove that the thermometric performance of the nanother-

mometers can be improved by choosing the doping ions that co-dope the second shell 

with Nd3+ and Yb3+. In particular we showed that the NPs with only Yb3+ and Nd3+ 

co-doping the second shell present a relative sensitivity similar to already reported 

thermal sensitivities. When Tm3+ ions are added to the second shell the relative sensi-

tivity of the nanothermometer increases and if Er3+ ions are used as third dopant, the 
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relative sensitivity is higher than for the other NPs, higher than most NIR nanother-

mometers ever reported. Future measurements will be carried out to try to use the NPs 

for self-monitored photothermal therapy (thanks to the high Nd3+ content of the ex-

ternal shell). Since the thermometric performance of the Yb3+-Nd3+ based nanother-

mometer strongly changes by changing the dopant ions in the second shell further 

investigation will be carried out varying the dopant ions and their relative amounts to 

improve the sensitivity of the nanothermometer. 
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APPENDIX A 
 

 

Figure A1. XRD patterns for the samples synthesized at different reaction times. In a) the CN 

samples, in b) the CK samples, in c) the SN samples. 
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Figure A2. CN10 (a) and SN10 (b) emission under 465 nm excitation. 
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Figure A3. Site selection spectroscopy for CN35 (a), CN360 (b), CK35 (c), CK360 (d), SN35 

(e), SN360 (f) nanoparticles. Site 1 is the blue line, site 2 is the red line. 

 

Figure A4. Site selection spectroscopy at 77 K for CN10 (a), CN480 (b), CK10 (c), CK480 

(d), SN10 (e), SN480 (f) nanoparticles. Site 1 is the blue line, site 2 is the red line. 


