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ABSTRACT

Development of CaS:Eu?+/Dy3+ Persistent and NIR Photo-Stimulated Nanophosphors

Diana Consuelo Rodriguez Burbano, Ph.D.

Concordia University, 2017

Persistent luminescent nanophosphors are nano-sized materials that have recently
come into the limelight and have attracted attention as potential fluorescent imaging
probes due to their attractive optical properties. The synthesis and characterization of red
persistent luminescent CaS:Eu?*/Dy3* nanophosphors were investigated. These
nanophosphors are capable of energy storage due to presence of electron trap sites. This
provides a new approach of avoiding exposure of biological tissue to high-energy
irradiation and eliminating the generation autofluorescence since these nanophosphors are
charged ex vivo with UV irradiation. Once injected in the body, in vivo images can be
acquired by detection of the red persistent luminescence originating from the shallow traps
present in the nanophosphor. After the persistent luminescence has subsided, energy
stored in deeper traps can be released upon near infrared light (NIR) irradiation, resulting

in a red photo-stimulated emission.

With the goal to develop CaS:Eu?*/Dy3*+ persistent and NIR photo-stimulated
nanophosphors, synthesis and characterization of the optical properties of CaS
nanoparticles and CaS:Eu?* and CaS:Eu?*/Dy3* nanophosphors were carried out. The nature
of the electron trap sites and the trapping and de-trapping mechanisms were studied by
wavelength resolved thermally stimulated luminescence. In addition, the generation of
strong red light emission following NIR excitation of the CaS:Eu2*/Dy3* nanophosphors is
demonstrated. This basic understanding is primordial in the development of a new nano-
sized photonic materials in the field of biomedical luminescent probes for applications in

bioimaging.
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The integration of the CaS:Eu2+*/Dy3* nanophosphors as an optical bioimaging probe
is limited by the hygroscopic character of the CaS nano host. Consequently, different surface
modification strategies were studied to render the CaS:Eu2*/Dy3* nanophosphors water
dispersible and at the same time prevent hydrolization. Among the surface modification
strategies studied, the grafting of a silica shell, tetraethyl orthosilicate (TEOS), was chosen
to carry out preliminary in vivo fluorescence optical imaging experiments using TEOS-

CaS:Eu2+/Dy3* nanophosphors as the luminescent probes.
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Chapter 1 — Introduction
1.1 Bioimaging

Before the 19t century, doctors relied on handmade drawings, written and oral
descriptions of symptoms and pathologies to establish a diagnosis. In this period, there
were no imaging tools available that allowed for the non-invasive viewing of the internal
structure and organs. Hence, dissection was the preponderant technique used to gather
physiological and pathological information.[!! In 1895, Wilhelm Rontgen, a German
physicist and engineer, discovered how to generate and detect X-ray radiation. He realised
that X-rays can penetrate through solid objects and detected on a photographic film. With
this finding, he was the first to make medical use of X-rays when he took a picture of the
now famous hand of his wife on a photographic plate. The discovery of Rontgen has led to
the development of computed tomography, mammography, angiography and fluoroscopy

making it the most used medical bioimaging technique.[2!

From this moment in history, bioimaging has become a research area that bridges
the gap between the physical sciences, engineering and the life sciences. It has become the
cornerstone in the modernization of medicine by providing the ability to acquire, process
and visualize structural or functional images of living species or systems of biological
interest.[3] Different bioimaging techniques have been developed as consequence of the
need to provide factual diagnoses, to establish treatment and to have more precise

evaluation of its efficiency.
1.1.1 Fluorescence Optical Imaging

Fluorescence optical imaging is non-invasive bioimaging technique based on the
excitation of fluorescent molecules (fluorophores) using light of an appropriate wavelength,
followed by the emission of lower-energy light for imaging.[*! In recent years, this
definition has been extended to include photoluminescent nanoparticles that have been

used as optical imaging probes.[>] Fluorescence imaging has been used to visualize and



study processes of biochemical and biological interest on various levels ranging from

subcellular to small animal (whole body) imaging.[>2 6l

Whereas some of the clinical imaging techniques require ionizing radiation to
generate images, fluorescent optical imaging relies on irradiation that range from
ultraviolet to infrared light. Therefore, potentially negative side effects associated to
ionizing radiation are eliminated. In addition, the lower risk of the irradiation used
translates in the possibility to carry out direct observation and faster analysis process
throughout surgical procedures and long-term and repetitive monitoring of diseases
progression and evaluation of treatment efficiency.[”] Additionally, the substantial effort in
the design and engineering of fluorescent optical imaging systems with high sensitivity has
resulted in the relative ease of operation and significantly less expensive fluorescent

imaging setups in comparison to other bioimaging techniques.

Fluorescence optical imaging can be performed by exploiting the optical properties
of endogenous fluorophores present in some living subjects such as reduced nicotinamide
adenine dinucleotide, flavins, porphyrins, collagen, elastin and lipo-pigments to name a
few.[8] The presence of these endogenous fluorophores has facilitated considerably the
imaging at the cellular and subcellular level. However, as the system increases in
complexity to the acquisition of in vivo whole-body images, the technique becomes very
limited due to the presence of endogenous fluorophores that absorb light and the scattering
of the excitation light, for example by tissue .[° The absorption coefficients as a function of
the excitation wavelength of some of the most important endogenous fluorophores are
shown in Figure 1.1. High absorption coefficients are exhibited by species in the blood (e.g.
oxyhemoglobin and deoxyhemoglobin Hb) and the skin (melanin) in the UV-Vis region.
Consequently, the transmission of the excitation light is reduced thus limiting the
penetration depth. In addition, UV-Vis light is highly scattered which further reduces
penetration depth. Furthermore, the endogenous fluorophores will absorb the UV-Vis light
that results in autofluorescence. This fluorescence occurs in the UV-vis region, and overlaps
with the signal from the fluorophore thus, limiting further the sensitivity of the

technique.[7al
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Figure 1.1 Absorption properties of water and important chromophores found in blood
(oxyhemoglobin HbO2, and deoxyhemoglobin Hb), epidermis and tissues.[10]

The currently used whole-body fluorescence optical imaging systems, have allowed
the acquisition of images from small animal models, mostly mice, which minimize the light
path that the irradiation light needs to penetrate. Moreover, nude and albino mice (e.g.
BALB/c mouse) are preferred to decrease the attenuation of the excitation light occurring
due to absorption, scattering and autofluorescence. To reduce these impediments several
exogenous fluorescent probes have been proposed that absorb light in the region 650 and
1350 nm where water and tissue endogenous fluorophores exhibit low absorption
coefficients (Figure 1.1). This spectral region is known as the biological optical
transparency window (BOTW).[111 BOTW has been divided in two regions: i) the first
biological window (NIR-I) between 650 nm and 950 nm and ii) the second biological
window (NIR-II) between 1000 nm and 1350 nm. In the first region, water is nearly

transparent and absorption is minimized. In the second region, water absorption



coefficients are higher in comparison to the NIR-I, but still deeper light penetration can be

achieved since the light scattering coefficient of different tissues such as skin, brain, breast

and bone, decreases as a function of increasing wavelength.[® 11-12] [n the recent years, a

third biological window (NIR-III) has been proposed in the range between 1550 to 1870

nm. In this range, higher optical contrast is obtained due to the nearly zero tissue

autofluorescence and the significant higher tissue penetration as the scattering of light for

all intents and purposes is eliminated.[13]

Accordingly, great efforts have been focussed on the design and synthesis of

exogenous fluorescent probes that provide higher contrast and resolution based on the

following criteria:[14]

Biocompatibility. The chemical nature and physicochemical properties of the
exogenous fluorescent probe need to provide dispersibility and colloidal stability in
buffers, cell culture media and bodily fluids. The introduction of the exogenous
probe should not cause any damage in the structure, composition and physiological

functions of the entity to be imaged.

Targeting. The exogenous fluorescent probe should exhibit highly preferential
interaction with the specific region of interest to be imaged in comparison with the

surrounding environment.

Facile excitation and detection. The exogenous fluorescent probe should possess a
significantly higher absorption coefficient at a given excitation wavelength than the
one exhibited by the surrounding environment. Thus, the luminescence of the probe
should use a wavelength of excitation that does not induce autofluorescence.
Furthermore, the excitation, detection and generation of optical images should be

achieved from commercially available optical systems.



Organic dyes have been widely used as exogenous fluorescent probes. These probes
are molecular systems with a defined chemical structure. The origin of the luminescence
exhibited by these organic fluorophores may arise from an optical transition delocalized
over the whole fluorophore (e.g. fluorescein and cyanine families) or from intramolecular
charge transfer transitions (e.g. coumarin family). Typically, these dyes possess high molar
absorption coefficients and exhibit moderate to high quantum yields. [15] Recently efforts
have been oriented towards the synthesis of organic dyes that can be excited in the NIR-I or
NIR-II range and that their emission are also in these optical windows. Antaris et al.,
synthesized a PEGylated organic dye (CH1055-PEG) and demonstrated its use as a
luminescent probe for in vivo NIR-II imaging (Figure 1.2A and B). The CH1055-PEG allows
the acquisition of higher quality images than those obtained using indocyanine green,
however it exhibits a lower quantum yield. The authors demonstrated the imaging of

inguinal lymph node and lymphatic vasculature (Figure 1.2C).[16]

—— Absorbance  ——Fluorescence
A CH1055-PEG B 1.0 4
19 o
Me Ot L Ay~Ome 3
aaH 50 | H o = :
t
F
® z £
; § H
e N 054 :
S L L. S -] H
T 1| .E E
Q) £ i
X 2
m..o..-.,_,,:lmi. A 10 P ofMe e
' %o Qi ’ 6(50 800 1,(3'00 12'00 Intradermal injection

site
Wavelength (nm)

Figure 1.2 (A)Chemical structure of the NIR-II organic dye CH1055-PEG; (B) Absorption and emission
spectra of CH1055-PEG and (C) (Left) A digital photograph of a nude mouse with a U87MG tumour
located on the shoulder. The dotted rectangle shows the region imaged and the green arrow denotes
the fluorophore injection site. (Right) NIR-II fluorescence image showing the inguinal lymph node and
lymphatic vasculature. The green asterisk denotes the location of the tumor. Figure adapted from “A
small-molecule dye for NIR-II Imaging” by Antaris et al. Nature Materials, 2016, ref [16].

Notwithstanding the widespread use of organic dyes, many shortcomings exist in
their use for fluorescent optical imaging. A considerable limitation is related to their low

photostability resulting in a reduced optical response.[5¢ 171 Thus, a significant decrease of

the signal-to-noise ratio, which translates in a reduced detection sensitivity. Furthermore,



organic fluorophores lack the necessary structural properties to build a scaffold system to
impart multimodal functionalities that would allow targeting, diagnostics, and therapeutics
to be carried out without affecting their optical properties. Additionally, it has been
reported that some of the small organic dyes such as fluorescein isothiocyanate are
phototoxic. Upon irradiation of these probes, reactive oxygen species may form, triggering

undesired oxidation of the biological components in the system under study.!18!
1.2 Nano-sized Luminescent Probes

On December 29, 1959 Richard Feynman gave the now famous often quoted lecture
entitled “There’s Plenty of Room at the Bottom”. Feynman’s 7,000 words were a defining
moment in nanoscience/nanotechnology long before anything “nano” appeared on the
horizon. “What I want to talk about” he said “is the problem of manipulating and controlling
things on a nanoscale..” In his lecture, he showed the potential of making machines
extremely small, and drew a parallel to biology. “Many of the cells are very tiny, but they are
active; they manufacture various substances, they walk around; they wiggle; and do all kind
of marvelous things- all on a very small scale.”l?°l Feynman’s lecture inspired many
scientists to study physics at the nanoscale and laid the groundwork for
nanoscience/nanotechnology to overcome some of the challenges in biomedicine for
example, identifying the molecular origin of many disease through novel diagnostic tools

and imaging technologies.

Nanoscience, studies the properties of materials that has at least one dimension in
the nanometer scale, 1 to 100 nm (1 nm = 10-° m). Properties of materials with nano-scale
dimension show properties (e.g. optical, electrical, mechanical etc.) that are significantly
different from those of bulk materials. Therefore, they can no longer be described by the

principles of classical physics and only quantum mechanics principles apply.[20]

Nanoparticles have been exploited for a wide variety of applications in fields such as
electronics, food industry, catalysis, fuels, aerospace and automobile engineering, and
environmental sciences. Moreover, materials in the nanometer regime allow for unique

interactions with biological system, as they are approximately the same size as enzymes,



DNA and other bio-macromolecules (Figure 1.3). Therefore, photoactive/photoresponsive
nanoparticles such as luminescent quantum dots, carbon dots, lanthanide-doped inorganic
materials have attracted attention because they have demonstrated exciting potential to

furthering biomedical science (e.g. bioimaging, cell targeting and therapeutics).
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Figure 1.3 Size comparison scale of the animal models and other species of biological interest with
respect to nanoparticles. (Ln-UCNP is the abbreviation used for lanthanide base nanoparticles, C-dots for
carbon dots and PLNP for persistent luminescent nanoparticles). Images of Escherichia coli, Caenorhabditis
elegans, Mus musculus, Drosophila melanogaster, Saccharomyces cerevisiae and Adenovirus were taken from
Genetics (2014), Genetics (2005) W.H. Freeman, ref [21].

All nano-scale materials possess properties that distinguishes them from bulk
materials.[>¢ 22] Nanoparticles are an assembly of atoms. As the size is decreased, there is a
major decrease in the volume that the constituent atoms of the nanoparticles can occupy
thus, most of the atoms are found at the surface. Nanoparticles exhibit large surface areas
with high surficial energy due to the presence of dangling bonds. The need to reduce this
surface energy favors the addition of moieties that provide or improve dispersibility of the

nanoparticles in aqueous environments. Recently, Wilhelm et al., introduced an appropriate

terminology ‘Type ex’ and ‘Type add’ to describe the procedures used to convert the surface



of nanoparticles from hydrophobic to hydrophilic a necessary requirement for biological
applications of nanomaterials.[23] ‘Type ex’ involves the exchange of the hydrophobic ligand
by a hydrophilic ligand containing groups such as ~-COOH, -NHz or -SH. Whereas, ‘Type add’
is the addition of an amphiphilic layer, a mesoporous or silica coating or an appropriate

polymer while maintaining the original hydrophobic ligand.

Furthermore, depending on the nature of the modified surface, introduction of
several functionalities such as targeting agents (e.g. folic acid, antibodies and peptides) and
therapeutic agents (e.g. doxorubicin and porphyrin derivatives) may be achieved. In vivo
experiments have revealed that nanoparticles without efficient coating or targeting ligands
can suffer from nonspecific adsorption of proteins at the surface that leads to particle
agglomeration and clearance via the reticular-endothelial system.[24] With a well-designed
and optimized surface functionalization, selective and specific recognition of receptors
located at the cell membrane can be achieved, as well as enhanced cellular internalization,

non-cytotoxicity, and prevention of immune system capture.[2]

With the aim to develop superior, biocompatible and colloidally stable nano sized
luminescent probes, research has explored different strategies for the synthesis and surface
modification of different kind of photoluminescent nanoparticles (e.g. metallic
nanoparticles, quantum dots, lanthanide based nanoparticles, silicon and carbon dots,
nanodiamonds). In addition, several studies have been carried out to gain a fundamental
understanding of their physicochemical properties and the nature of their interaction with
biological studies, resulting in an exponential growth in the number of publications that
demonstrate the potential use of photoluminescent nanoparticles as fluorescent optical

imaging probes.[>¢ 26]
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Figure 1.4 Comparison of imaging sensitivities between water dispersible upconverting nanoparticles
and commercial quantum dots: (A) white light image of a mouse subcutaneously injected with various
concentrations of upconverting nanoparticles; (B) in vivo image of the injected mouse; (C) and (E)
white light images of mice subcutaneously injected with commercial quantum dots; (D) and (F)
spectrally-resolved fluorescence images of QD545 injected mouse and QD625 injected mouse (red and
green colors represent QD fluorescence and autofluorescence, respectively). Figure taken from
“Highly-sensitive multiplexed in vivo imaging using pegylated upconversion nanoparticles” by Chen et
al. Nano Research, 2010, ref [27].

The capacity to carry out tumor imaging and of early cancer diagnosis have been the
driving forces to explore the use photoluminescent nanoparticles as fluorescence optical
imaging probes. The enhanced permeability and retention effect exhibited by nanoparticles,
the optical properties and the potential to introduce active targeting agents and their large
surface area make them attractive for the detection of cancer at the early stages of the
disease. An example of the research carried out on tumor imaging using fluorescence
optical imaging was reported by Chen et al. The authors compared the in vivo imaging
sensitivity of water dispersible upconverting nanoparticles (Oleate-Polyacrylic acid (PAA)-
Polyethylene glycol (PEG) coated NaYF4:Er3+/Yb3+) with commercially available water

dispersible quantum dots for the identification of human carcinoma cell in mice.[271 The



authors reported in vivo detection sensitivity of the upconverting nanoparticles to be one
order of magnitude higher than that exhibited by the commercial quantum dots. Despite the
higher quantum yield of the semiconductor nanoparticles, the detection sensitivity is

strongly reduced by the autofluorescence background (Figure 1.4).
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Figure 1.5 (A) Color photo of U87MG tumor-bearing mouse; (B) Amplified fluorescent image of the
selected region in (A); (C) In vivo fluorescence images of CdSe@ZnS QDs, ICG, and Ag2S QDs in nude
mice. CdSe@ZnS QDs, ICG and Ag:S QDs were injected intravenously into mice and fluorescence images
were taken after intravenous injection for 5 min under excitation at 455, 704, and 808 nm,
respectively. The green-yellow signal of the mouse injected with CdSe@ZnS QDs indicates the strong
autofluorescence of tissues in the visible emission window. The red signal concentrated in the liver of
the mouse injected with ICG indicates the short blood circulation half-time. The red signal widely
distributed in the whole body of mouse injected with Ag2S QDs indicates the long blood circulation
half-time; and (D) The emission spectra of CdSe@ZnS QDs, ICG and Ag2S QDs using excitation at 455,
704, and 808 nm, respectively. Figure taken from “In vivo real-time visualization of tissue blood flow
and angiogenesis using Ag,S quantum dots in the NIR-II window” by Li et al. Biomaterials, 2014, ref

[28].

New generation of quantum dots with optical properties in the BOTW have arisen as
fluorescent luminescent probes. Promising results were reported by Li et al on the use of
PEGylated Ag>S as a fluorescent optical imaging probe for lymphatic drainage monitoring
and tumor imaging.[?8] The PEGylated Ag>S quantum dots showed an emission peak at 1200

nm upon 808 nm irradiation reducing significantly the scattering caused by the tissues,

showed negligible tissue autofluorescence, and increased tissue penetration. This allowed
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for a more effective non-invasive identification of the circulatory systems that play a major
role in diagnosis and therapy of the cancer in comparison to CdSe@ZnS QDs and
indocyanine green (ICG) (Figure 1.5). However, concerns related to the toxicity of this

nanoconstruct remain.

These selected examples are proof of the progress made to develop promising nano
sized luminescent probes. However, challenges endure that expand further the research
horizon in this field. In the case of metallic nanoparticles, morphologies have been
developed with surface plasmon bands that can be excited in the NIR region. However,
upon uptake by cells, agglomeration of the nanoparticles is observed. This causes changes
in the their optical spectra, as it may shift and broaden due to plasmonic coupling.[29]
Quantum dots excel due to the high quantum yield, high brightness and photostability,
however their intrinsic toxicity due to their composition is still an important issue that
must be resolved. On the other hand, lanthanide upconverting nanoparticles with their
unique ability to convert NIR light into higher energy light (UV, Vis or NIR) have found
widespread applications in bioassays, light-triggered based drug delivery, photodynamic
therapy and bioimaging. However, a challenge which needs to be addressed is their low
quantum yield.l5d New promising emerging photoluminescent nanoparticles such as silicon
and carbon dots and nanodiamonds, still require a full understanding of the origin of their
fluorescence. Moreover, it is important to carry out systematic studies on biodistribution,
toxicity, excretion pathways, time of clearance and interaction with biological entities for all

photoluminescent nanoparticles.
1.3 Persistent Luminescent Nanoparticles

Persistent luminescence (PL) is an optical phenomenon defined as the emission of
light that continues for a period of time after the external excitation is switched off. This
optical property has been observed in semiconductors and insulators after irradiation with
visible or UV light, electron beam, plasma beam, X-rays or y-rays. The length of time of the
persistent luminescence can be in the range of minutes up to hours. The physics behind this
phenomenon exhibited by some materials arise from the recombination of electrons and

holes. Upon high energy excitation electron-holes pairs are generated and trapped in
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metastable states present in the host. These states, or trapping sites originate by the
introduction of dopants ions (e.g. lanthanide and/or transition metal ions), impurities or
intrinsic lattice defects. Trapping sites located near the conduction band are known as
‘shallow traps’ and at room temperature, electrons contained within may be liberated back
to the conduction band. If the location of the traps is deeper in the band gap (> 0.5 eV),
higher energy is required to attain the liberation of the trapped electrons. Hence, the
release of these electrons may be achieved via thermal, electric or optical stimulation. After
the release of electrons, the recombination of electrons and holes produces an emission in
the visible or NIR region of the electromagnetic spectrum (Figure 1.6).13°] However, the
nature of the trapping sites and the electron trapping-detrapping mechanism are still not

well understood.[>

Conduction Band

<0.5eV
Shallow Traps

-I-F Deeper Traps

High Ener S Temperature
IrEadiatioE\v /VW Radiative Electricity
(e.g. UV or X-ray) Emission Light
lon Emitting (Vis)
Centre

! Valence Band I

Figure 1.6 General mechanism of persistent luminescent materials.

Materials that exhibit persistent luminescence are currently used in different
industries in the field of emergency and warning signs, luminous paints, textile printing and
fibers and imaging plates for optical storage.311 Recently, persistent luminescence
nanomaterials have started to attract the attention of the scientific community for
applications as fluorescent optical imaging luminescent probes.[5¢ 321 Three important
advantages emerge from the use of persistent luminescent nanomaterials as luminescent

probes for in vivo optical imaging:
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Acquisition of images without the need of external excitation. The ‘charging’ of
persistent luminescent nanomaterials is carried out via high energy irradiation prior
to introduction into the body. The electrons trapped in the shallow traps are
released at room temperature conditions, producing a persistent luminescent
emission. Thus, in vivo excitation is not required. This allows the prevention of tissue
and DNA damage caused by irradiation with high-energy photon excitation or
possible generation of heat due to the absorption of water in the NIR region.
Eliminates autofluorescence. In the absence of external irradiation and the low
absorption properties exhibited by tissues in the BOTW, a significant improvement
of the signal to noise ratio is expected in comparison to other luminescent probes
that require excitations that may also activate the intrinsic fluorescence of tissue
chromophores.

Photo-stimulation. As mentioned previously, electrons trapped in deeper traps may
be released using higher energies provided by temperature, electricity or light. For
optical imaging purposes, special interest is oriented to the release of the electrons
using light, also referred as photo-stimulation. Thus, the energy stored in the deeper
traps may be liberated upon NIR light, activating the luminescence process, hence
extending if necessary the period of acquisition of images. This process can be

carried out using available commercial NIR diodes.

Maldiney et al., reported the synthesis of ZnGai.995Cro.00504 (ZGO) persistent

luminescent nanoparticles via low temperature sintering.[33] The nanoparticles exhibit a

persistent luminescence centered at 695 nm that corresponds to the 2E(2G) — *Az(*F)

transition of Cr3* with a duration of 2 hours after 2 min of irradiation with 254 nm light. As

well, the authors reported that the nanoparticles can be recharged using orange/red LED

excitation obtaining a persistent luminescent time of 150 seconds. The surface of ZGO

nanoparticles is modified to have hydroxyl moieties that further facilitates the grafting of a

PEG silane shell to provide water dispersibility properties to the persistent luminescent

nanoparticles. A hydrodynamic diameter of 80 nm was reported. Moreover, CT26 tumour

bearing mice were injected intravenously with 200 pL solution of 2 mg/mL of the PEG-

silane shell- ZGO nanoparticles and in vivo fluorescence optical images were acquired 2
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hours after the injection without the need of external excitation. Furthermore, in vivo

images were obtained after exposing the animal to orange/red illumination 4 hours after

injection. (Figure 1.7).
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Figure 1.7 (A) Schematic representation of the surface modification carried out on the ZGO-OH
persistent luminescence nanoparticles; (B) hydrodynamic diameter measured by dynamic light
scattering in 5% glucose before and after PEG-silane surface modification; (C) CT26 tumour bearing
mouse used for the in vivo experiments; (D) persistent luminescence image of a the CT26 tumour
bearing mouse, 2 hours after the injection of PEG-silane shell- ZGO nanoparticles and (E) persistent
luminescence image taken immediately after irradiation with orange/red light of a the CT26 tumour
bearing mouse, 4 hours after the injection of PEG-silane shell- ZGO nanoparticles. Figure adapted from
“The in vivo activation of persistent nanophosphors for optical imaging of vascularization, tumours
and grafted cells” by Maldiney et al. Nature Materials, 2014, ref [33].

1.4 Statement of the Problem

The capacity to acquire in vivo images has played a key role towards gaining
knowledge in the study of diseases, more efficient detection and diagnostic methods as well
in the evaluation of the efficiency of therapeutic procedures. Great effort has been oriented
to the improvement and development of different imaging techniques (MRI, CT, PET, X-
Ray). However, the high cost of several of these techniques and some technological barriers
prevents their widespread use. Fluorescence optical imaging makes use of photons and

represents a rapidly expanding field, with direct applications in biology and medicine. Not
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only has substantial effort been directed in the development of optical systems that allow
the acquisition of in vitro and in vivo images with high resolution, but also in the elaboration

of nano-sized luminescent probes that show optical properties in the BOTW.

Most luminescent probes that have been synthesized are metallic nanoparticles,
quantum dots, and lanthanide based upconverting nanoparticles. Despite the large number
of applications that have been based on these luminescent probes, several drawbacks
remain. Consequently, new imaging probes are needed which eliminate the use of in vivo
UV-Vis irradiation, provide higher signal to noise ratio, do not generate autofluorescence
and their optical properties (excitation/emission) are in the BOTW. These probes should be
capable to provide information on the physiological processes occurring in human organs,
and with the proper functionalization facilitate diagnosis, drug delivery and therapeutic

applications.

Among the novel luminescent nanoparticles, persistent luminescent nanoparticles
show great potential as candidate since they possess the required characteristics. However,
a significantly larger number of persistent luminescent materials show emission in the
blue-green region of the electromagnetic spectrum in comparison to materials that exhibit
persistent luminescent emissions in the BOTW. The challenge is to obtain an efficient red
emitting persistent luminescent nanomaterials that exhibit a longer persistent
luminescence time (> 2h). The best candidate to generate red persistent luminescence is
the Eu?*ion. In this oxidation state, the 5d levels are exposed and strongly affected by both
the strength of the nephelauxetic and the crystal field effects provided by the host. When
Eu?* is introduced in sulfide based host, the electrostatic effect of the S2- neighboring ions
on Eu?* causes a crystal field split of the 5d levels that lowers the lowest emitting level to
energies that may produce red emissions.[34] The major challenge is to obtain red
persistent luminescence from nano-sized, highly crystalline and colloidally stable
nanoparticles that exhibit a persistent luminescence with a duration longer than two hours.
In addition, the presence of electrons trapped in deeper traps can be used to acquire in vivo
fluorescence optical images using NIR irradiation that provides deeper tissue penetration

and less autofluorescence in comparison to visible irradiation.
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In the work reported herein, the development of CaS:Eu2+/Dy3* nanophosphors is
presented. These nanophosphors exhibit the required optical properties to establish them
as promising candidates to be used not only in optical storage applications but as well as
luminescent probes for fluorescent optical imaging. Most of the available persistent
luminescent phosphors show emissions in the blue and green regions, and only a few show
emissions in the yellow and orange regions. To date, obtaining a stable photo-stimulated
phosphor in the red region has proven to be a difficult task. The combination of Eu?* with
Dy3+ in alkaline earth sulfide host appears as an attractive candidate to achieve this goal.
Eu?* is introduced in CaS to take advantage of the allowed transition 4{f65d! — 4f7 at 650
nm, an intense red emission whereas Dy3* is used as a co-dopant to induce the formation of

electron trapping sites.

Furthermore, the persistent and photo-stimulated luminescence and the photo-
stimulated mechanisms are complicated and not totally understood; however, this
understanding is primordial in the development of a new nano-sized photonic materials in
the field of biomedical applications. Consequently, we carried out a complete
characterization of the optical properties, thermoluminescence and photo-stimulated
studies that allowed the elucidation of the persistent luminescent mechanism exhibited by

the CaS:Eu?*/Dy3* nanophosphors.

Moreover, due to the hygroscopic properties of the nano-host, different surface
modification strategies were evaluated to provide water dispersibility characteristics and
protection from hydrolysis. Three strategies of surface modification were evaluated: the
adsorption of thiol ligands, adsorption of polyvinylpyrrolidone (PVP) and grafting of a silica
shell. The latter one provided promising results that led to a preliminary evaluation of these

nanophosphors as luminescent probes for in vivo optical imaging.
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Chapter 2 — Theory
2.1 Bulk Persistent Luminescent Materials

Persistent luminescent (PL) materials have been known over several centuries. The
first report of this type of materials is found in an ancient Chinese story concerning a
painting of Tsi Tsung, the second Emperor of the Sung dynasty (976-988 A.C).[35] The story
was found in the notes written by a Sung monk and it describes a painting that in daylight
showed a cow eating grass outside a pen, but during the night the cow appeared resting
inside the pen. The monk wrote that to achieve this, the paint used was fabricated by mixing

pearl shell with a ground rock found in the seashore next to a volcano.

It was not until 1602 that the first scientific description of a technique to prepare
persistent luminescent materials was reported. Vincenzo Casciarolo found that after the
calcination of barite (BaS04), a mineral rich in sulphur collected from Monte Paterno near
Bologna, a product that glowed yellow-orange light in the dark was obtained.[3¢] He
described that the product had the capacity to attract the “golden light of the sun” and
decided to call it “lapis solaris”. The interest on this mineral promptly grew and spread
throughout Europe. Several references related to the preparation of this after-glowing
material, under the names of “Bologna stone” or “lapis phosphorus”, were found in

publications dating back to the 17t century.[37]

In the 18th century, the exploration of different procedures to obtain the Bologna
stone led to the discovery of other materials that possessed persistent luminescent
properties. That was the case of calcium sulphide (Hoffmann’s phosphor), calcium nitrate
(Baldewinian phosphor) and strontium sulphide.l3¢] In the 19t century, Theodor Sidot
developed a synthetic procedure for the production of zinc sulphide, also called the “Sidot
blend”, that would become the most widely used persistent phosphor during the 20t
century.38 In almost all the published work during this period of time, descriptions of
different persistent luminescence emission colors are found, notwithstanding the fact that

the reports were all for the same material. Thus, authors started to gain insights on the
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relationship between the nature of the impurities and the persistent luminescent emission
and the duration of the luminescence. However, this was not based on the physical

fundamentals responsible for the persistent luminescence phenomena.

Up to the end of the 20t century, the green persistent emission of ZnS:Cu* and
ZnS:Cu*/Co?%* were the most studied and used in the fields of photoluminescence,
cathodoluminescence and electroluminescence. Zinc sulfide was also, the first persistent
luminescent phosphor available commercially and used in traffic signs, emergency signage,
watch dials, clocks, paintings, textile printing and toys.[39 Despite its popularity, the quest
to improve the brightness and persistent luminescence duration of the “Sidot blend”
phosphor still remained. As a consequence, radioactive elements (e.g. promethium and
tritium) were included as dopants in the ZnS host, but it was found that large quantities of
material were needed in order to obtain a significant improvement on the duration of the

persistent luminescence.[40]

The search for different persistent luminescent materials with improved optical
properties continued. In 1996, Matsuzawa et al., pioneered the search for new materials
and discovered a superior green-emitting persistent luminescent material.[*1] The authors
reported SrAl204:Eu?*/Dy3* as a novel green-emitting long “phosphorescent phosphor” with
higher brightness and significantly longer persistent luminescent duration (~ 10 h) in
comparison with ZnS:Cu*, Co?* (~ 0.5 h). This discovery not only pushed the boundaries
leading to the discovery of other hosts, such as alkaline earth aluminates, but also to the
introduction of lanthanide ions as activators of the persistent luminescent optical
phenomenon. Shortly after this discovery, other persistent luminescent materials with blue

and green emissions based on alkaline earth aluminates were reported.

Later, it was found that alkaline earth akermanites (M2MgSi207, M=Ca, Sr, Ba), doped
with lanthanide ions exhibited persistent luminescence duration and brightness equal to
the alkaline earth aluminates. Other hosts, such as phosphates (M2P207, M= Ca, Sr) and
alkaline earth nitride-silicates (M2SisNg: M=Ca, Sr, Ba) were widely studied for the

development of white LEDs due to their high stability towards moisture and heat.[40]
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Sulphide based phosphors maintained their privileged place in the development of
persistent luminescent materials, as they were the only ones that showed an increased red
shift compared to the other hosts offering yellow, orange and red persistent luminescent
emissions. However, since they are hygroscopic, they are considered less stable hosts; in
addition, they are the ones that show the shortest persistent luminescent duration.[3%] In
order to circumvent the drawbacks of the sulphide hosts, yttrium oxysulphide was
proposed as a more stable red-shifted host. It was first reported as a red-orange persistent
luminescent material using Sm3+ as the dopant, with persistent luminescent duration of 0.5
h.[*Z] Soon after, the persistent luminescent duration was lengthened to 1 h by doping with
Eu3+, Mg2+ and Ti* ions.[*3] On the other hand, Bessiere et al., suggested the use of a
biocompatible material Ca3(PO4)2 as an alternative to the sulfide hosts. The authors
reported that by doping the host with Mn?* and Dy3* (or Tb3*), it was possible to obtain red
persistent luminescence (660 nm wavelength) with a persistent luminescence duration of 1

h after irradiation of the material with X-ray.[44]

In the literature more than 200 different host materials can be found, in which
persistent luminescence may be induced by intrinsic defects or by co-doping with two types
of active centres: emitting ions such as Eu2+ or transition metals such as Mn2+ and Cr3+;
and trivalent lanthanide ions to furnish trapping centres.[32al In Table 2.1 some examples of

hosts and dopants used to obtain persistent luminescent bulk materials are listed.
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Table 2.1 Some examples of persistent luminescent bulk materials

HOST MATERIAL DOPANTS 2 PL MAXIMUMP PL DURATIONP REFERENCES
(nm) (h)

SrAlz04 Eu?*/Dy3* 520 ~10 [41, 45]

SrAlz04 Ce3+ 385 ~10 [46]

CaAl;04 Eu2+/Nd3* 430 ~5 [47]

CaAl;04 Ce3+ 413 ~10 [48]

BaAl;04 Eu?*/Dy3* 500 ~2 [49]

BaAl,04 Ce3+ 450 ~10 [50]

Sr2MgSi; 07 Eu?*/Dy3* 470 ~10 [51]
Ca;MgSi207 Eu?* or Th3+ 515/535 ~5 [52]
CazMgSiz 07 Dys3+ White (480 + ~3 [53]

575+667)
Ba;MgSi207 Eu?t/Tm3+ 505 ~5 [54]
Ba;MgSi207 Mn2?+/Ce3* 408 ~2 [55]
Sr2P207 Euz+/Y3+ 420 ~8 [56]
CazP,07 Eu?+/Y3* 415 ~6 [57]
CdSiO3 Mn2* 580 ~2.5 [58]
SrSiOs Dys3+ White (480 + 572 ~1 [59]
+ 664)

Ca,SisNs Eu2+/Tm3* 620 ~1 [60]
Ca0 Eus3+ 594 ~2 [61]
SrO Pbz* 390 ~1 [62]
ZnS Cu* 530 ~3 [39]
CaS Eu?*/Tm3* 650 ~1 [63]
BaS Cu* 610 ~0.5 [64]

CaGazSs Eu?*/Ho3* (or Ce3) 555 ~0.5 [65]

CaSi2Ss Eu?*/Nd3* 660 ~0.5 [66]
Y20:S Eus+/Mg?+/ Ti** 611 ~1 [43]
Y20.S Sm3+ 610 ~0.5 [42]

Gd:02S Sm3+/Ti# 607 ~1 [67]

Caz(P0O4)7 Mn?2+/Th3+/Dy3+ 660 ~1 [44]

aDopant ions used to furnish trapping sites are italicized.
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Different procedures have been reported to synthesize bulk persistent luminescent
materials. The flux method, a solid-state reaction, is the most commonly used.[40. 68] [t is
carried out via annealing at high temperatures (>1000 °C) a mixture of salt precursors in
the presence of another salt with a lower melting point that acts a high temperature
solvent. At high temperatures, all reactants melt and diffuse easily leading to the formation

of the desired host with high crystallinity.

Another widely used synthetic procedure is the combustion method, since it leads to
the instantaneous formation of products.l®®l At low igniting temperatures (~500 °C),
persistent luminescent materials are formed by the heat liberated by the redox exothermic
reaction between precursor metal salts and a fuel such as urea. Another fast-synthetic route
to obtain this type of materials is the microwave route. In this process, precursor metal

salts or oxides are ground and placed in a microwave reactor.[70

An alternative “low temperature” procedure is the Pechini method, a sol-gel
synthesis, in which precursor metal salts dissolved in water are mixed with citric acid and a
polymer such as polyethylene glycol. The presence of the citric acid leads to the formation
of citrate complexes, thus uniform distribution of the precursor ions in the solution is
achieved. The mixture is heated to obtain a polymer citrate gel. The gel is then dried and

annealed to obtain persistent luminescent fine powders.[71]
2.2 Nano-sized Red Persistent Luminescent Materials

The optical properties of persistent luminescent materials with emission in the
biological optical transparency window attracted the attention of researchers that were
developing luminescent probes for bioimaging. With this type of materials, fluorescent
optical imaging could be carried out without the use of external excitation hence,
eliminating auto-fluorescence thereby providing an improvement in the signal to noise
ratio. Moreover, in this region light attenuation is predominantly due to scattering rather
than absorption. Light scattering occurs due to the different refractive indices exhibited by
the different components of the tissues. The scattering coefficient is defined as the

probability of a photon scattering in tissue per unit per length, and in general as the
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wavelength of light is increased the scattering coefficient decreases. Thus, in the biological
optical transparency window light scattering is significantly lower than in the UV-Vis
region.[2c] Hence, it provides an increase in the penetration depth. Despite the promising
applications for these type of materials, there are a significant low number of hosts that
could offer a persistent luminescent emission in the biological optical transparency
window. Additionally, the persistent luminescence decay time of these hosts is significantly
shorter than that of persistent luminescent materials with emission in the blue or green

spectral regions.[30¢]

Materials that are included in the nano-regime (particle size < 100 nm) are highly
preferred for biomedical applications such as bioimaging since their size is in the range
where different important biological processes can be studied. Furthermore, they offer a
large surface area that is amenable to functionalization with possible targeting ligands and
therapeutic agents. However, the currently used synthetic approaches produce particles
well outside the boundary of the nano-regime and/or the persistent luminescence
emissions are not within the biological optical transparency window. Table 2.2 summarizes
the most relevant references found on the synthesis, characterization of red persistent
luminescence nanomaterials (620 nm to 750 nm) that have been proposed as optical

imaging probes.

Table 2.2 List of reported red persistent luminescence nanomaterials

HOST MATERIAL DOPANTS? PL MAXIMUM PL AV.SIZE REFERENCES
(nm) DURATION (nm)

Gdz0.S Eu3+/Mg2+/Ti* 710 > 15 min 65 [72]
CaMgSi206 Eu2*/Mn?2+/Pr3+ 685 ~1h 140 [73]
CaMgSi206 Mn?*/Dy3* 680 ~1h 125 [74]
Ca3(P04)2/HapP Eu?*/Mn2+/Dy3+ 670 > 10 min Mixturec [32c]
Cap.2ZnooMgooSiz0¢  Eu?*/Mn2*/Dy3* 690 ~1h 75 [75]
MAIO3(M=La, Gd) Mn*+/Ge** 730 ~20h 500 [76]
ZnGaz04 Cr3+ 695 ~15h 150 [33]

LiGas0s Cr3+ 719 ~1h 120 [77]

aDopant ions used to furnish trapping sites are italized.
bHAp:Hydroxyapatite
¢ Mixture of nanorods (Long axis: 30 nm-120 nm and wide axis: 20 nm and nanospheres: 10 nm -20 nm)

22



The most widely used synthetic procedures to obtain persistent luminescent
nanoparticles are the hydro(solvo)thermal method, the co-precipitation and the sol-gel
processes. In the first approach, precursors of the hosts and dopants are solubilized in a
solvent at pressure and temperature conditions above the critical point of the solvent thus,
favouring the rate at which the nanoparticles grow. In the reaction mixture, stabilizing
ligands such as small molecules (e.g. sodium citrate and cytrimethylammonium bromide),
or organic polymers such as polyethylene glycol and polyethylamine are present to control

the particle growth as well to yield water dispersible nanoparticles.[78]

Co-precipitation method is a wet-chemical technique in which saturation of the
precursors species lead to seed formation and particle growth via Ostwald ripening.
Typically, for this synthetic route low temperatures (< 100 °C) are used, yielding
nanoparticles with low crystallinity. The as-synthesized nanoparticles then require an
annealing treatment at higher temperatures (500°C - 900°C) in order to improve their
crystallinity, which also results in increasing their luminescence efficiency.[0 791 The sol-gel
method is a wet chemical technique in which nanoparticles dispersed in a solvent (sol) are
integrated in a polymeric network (gel) via hydrolysis and polycondensation reactions.
Next, a drying process is carried out to remove the liquid phase from the gel, followed by an

annealing treatment to improve the crystallinity of the nanomaterial produced. [40.75,80]
2.3 Proposed Mechanisms of Persistent Luminescence

Notwithstanding, the fact that persistent luminescence materials have been known
for several centuries, very little was reported on the physical principles that explain the
persistent luminescence phenomenon. This particular optical property was confused with
the phosphorescence due to the long emission times.8B11 The mechanism of
phosphorescence decay involves an organic molecule decaying via a metastable state,
which is a triplet. The decay scheme is shown in Figure 2.1. The decay from the higher
singlet to the triplet is by a non-radiative transition, which involves the crossing of potential
energy curves known as intersystem crossing. The decay from the triplet to the ground

state singlet is forbidden by spin symmetry and therefore is slow.
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Figure 2.1 Scheme of the mechanism of fluorescence and phosphorescence.

Contrary to the well-understood process of phosphorescence, different mechanisms
have been postulated to explain the persistent luminescence phenomenon. The first
persistent luminescent mechanism proposed the co-existence of emitting centres and long
lifetime meta-stable energy levels, also referred as ‘traps’ located within the band gap of the
host. Upon high energy excitation, charge carriers (electrons or holes) from the emitting
centres are retained in the traps. Once the excitation has subsided, the electrons are

gradually released returning to the emitting centres resulting in a delayed luminescence

(Figure 2.2).140]
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Figure 2.2 Scheme of the PL mechanism generally agreed before the discovery of Matsuzawa et al.

In 1996, Matsuzawa et al., reported the synthesis of SrAl,04:Eu?*/Dy3+. The authors
also proposed a more detailed model of the mechanism responsible for the persistent
luminescence of this material and assigned the nature of the charge carriers and traps. The
proposed model was based on experimental results obtained from photoconductivity
measurements. Figure 2.3 shows the scheme of the proposed PL mechanism, which is

known as the Matsuzawa model.[41]

25



Conduction Band

Valence Band

Figure 2.3 Scheme of the persistent luminescence mechanism proposed by Matsuzawa et al. for
SrAl;04:Eu?*/Dy3+. Figure adapted from reference [41].

The Matsuzawa model postulated that upon high energy irradiation of the host, an
electron in the ground state of the Eu?* ion is excited to the 4{f65d! energy levels; leaving a
‘hole’ in the ground state (Step 1). This hole can escape to the valence band, causing a
change in the oxidation state of europium (Eu?* — Eu*) (Step 2). This ‘hole’ is then captured
by the trivalent lanthanide ion (Dy3+) reducing it to Dy#** (Step 3). The trapped hole is
released back into the valence band, a process activated by thermal energy (Step 4). From
the valence band the trapped hole can combine with an Eu* ion to form Eu?* and return to

the ground state with the emission of a photon (Step 5).

After the publication of Matsuzawa et al., several publications on novel persistent
luminescent materials were reported using this model to explain the optical phenomenon
observed.[4%. 51, 52b, 82] However, this model did not provide an adequate explanation of the
persistent luminescence observed in undoped and singly doped hosts. As well, due to the

increasing interest in these materials, careful attention was being paid to the experimental
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results obtained from thermoluminescence and electron paramagnetic resonance studies
with the aim to confirm the proposed mechanism and the formation of Eu* and Dy**

species.[40]
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Figure 2.4 Scheme of the persistent luminescence mechanism proposed by Aitasalo et al. for
CaAl;04:Eu?+/Dy3+. Figure adapted from reference [68b].

In 2001 Aitasalo et al, proposed a mechanism based on results from luminescence
and thermoluminescence studies carried out on CaAl204:Eu?*/Dy3*. The scheme of the
Aitasalo’s model to explain the persistent luminescence mechanism is shown in Figure 2.4.
Upon UV irradiation, electrons from the valence band are excited and trapped by anionic
vacancies before reaching the conduction band (Step 1). The excitation of the electron,
causes the formation of a hole in the valence band. This hole can be easily trapped by
cationic vacancies located above the valence band (Step 2). Thermal energy can liberate the
electron trapped from one anionic vacancy that can be re-trapped by a nearby vacancy

(Step 3). The electron trapped can recombine with the hole trapped in the cationic vacancy
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releasing energy that is transferred directly to the Eu2* ion (Step 4) resulting in the

emission of a photon (Step 5).

The model proposed by Aitasalo et al, explained the persistent luminescence
observed in single doped and co-doped materials. The authors suggested that the presence
of co-dopants increased the number of lattice defects, leading to the lengthening of the
duration of the persistent luminescence duration.[680] Additionally, the mechanism does not

suggest the formation of chemically unstable ions such as Eu*and Dy#*.

In 2003, Aitasalo et al., reported that blue persistent luminescence (430 nm) of
CaAl;04:Eu2+/Nd3* could be induced with UV and Vis light (530 nm).[831 The authors showed
the presence of long-lived intermediate and shallow traps located close to the conduction
band. They proposed that upon 530 nm irradiation, electrons from the valence band are
excited to an intermediate trap level. As the irradiation process continues, the electron can
be liberated from the intermediate trap and excited to a higher shallow trap. The trapped
electron can be further liberated from the shallow trap and recombine in the energy levels
of an Eu?* ion, generating the blue persistent luminescence. This observed blue PL after
irradiation with green light could not be explained through the model proposed by
Matsuzawa et al. In his model, the trapped holes are originated from the Eu2* ion. This
generates low-energy photons that cannot fill the energy gap needed to generate higher in

energy persistent luminescence emission.

Albeit the answers provided by this mechanism, the process requires that the
anionic and cationic vacancies as well as the emitting Eu?* ions be “relatively close” to each
other for the persistent luminescence to occur. Thus, this mechanism is limited since it will

only occur if electron migration is favoured.

In 2004, Dorenbos expressed some apprehension with respect to the formation of
Eu* and Dy#**, to explain the mechanism for persistent luminescence. Thus, Dorenbos began
to develop a model to predict the absolute location of the energy levels of Ln2* and Ln3* (Ln:
Lanthanide) relative to the valence and conduction band.[84! Initially, he used two hosts,

CaFz and YVOq4, to demonstrate the validity of his model, and later he improved his model,
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which has been used to predict the location of Ln2+and Ln3* energy levels in more than 100

hosts.[85]

Calculations using the Dorenbos model to predict the location of Eu?* in aluminate
and silicate hosts revealed that the lowest 5d levels of this ions are located close and below
the conduction band in both hosts (approximately ~0.017 eV below the conduction band).
In general, Ln?* excited d-levels are located near the edge of the conduction band. Thus, by
thermal activation the electrons excited to the 5d levels can be promoted to the conduction
band, favouring electron migration towards trapping sites.[84al With this knowledge
Dorenbos proposed the persistent luminescence mechanism shown in Figure 2.5, in which

electrons are considered to be the main charge carriers.

Conduction Band

Eu2+ -3 Eu3+

Valence Band

Figure 2.5 Scheme of the persistent luminescence mechanism proposed by Dorenbos et al. for
aluminates and silicates codoped with Eu2+and Ln3+. Figure adapted from reference [84a].
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Upon irradiation, an electron is excited from the 4f7 level to the 4f¢ 5d! excited
energy level (Step 1). Since the excited energy level lies close to the conduction band, the
excited electron is thermally stimulated to the conduction band and subsequently “caught”
by a Ln3+* co-dopant (Step 2). Thus, an oxidation (Eu2* — Eu3+) / reduction (Ln3* — Ln2*)
process occurs leading to the formation of more stable species. If the Ln?* trapping site is
near the conduction band, at room temperature, the trapped electron can be released back
to the conduction band (Step 3). Subsequently, the electron migrates back to the Eu?2+

luminescent centre producing a persistent luminescence emission (Step 4).

The model developed by Dorenbos has facilitated the design of persistent
luminescent materials, since it allowed to recognize which Ln3+* co-dopants could reduce or
lengthen the PL emission at room temperature depending on their location below the
conduction band. Ln3* located no further than 0.5 eV below the conduction band could be
easily emptied at room temperature conditions, favouring long PL emissions. On the
contrary, deeper bands will require higher energy sources thus, drastically reducing the PL
observed at room temperature.84al The PL mechanism suggested by Dorenbos and
supported by experimental and computational results, justified the persistent luminescence
in codoped materials, however, it did not explain its existence in undoped and single doped

materials.

For the same reasons as Dorenbos, Claubau et al., did not accept Matsuzawa’s model.
They carried out electron paramagnetic resonance experiments to study the PL observed in
SrAl;04:Eu?*/Dy3+ [86] The authors reported that upon UV excitation, the Eu2+ concentration
decreases followed by an increase as soon as the irradiation is terminated. They also
reported on the presence of trace amounts of Eu3* but did not find any evidence for the
presence of Dy?* ions or any variation in the concentration of Dy3+*. Thus, the authors
acknowledged that Eu?* participates in the trapping process and that electrons are the
charge carriers as proposed by Dorenbos. However, they attribute the nature of the traps to
anionic vacancies located near the photo-generated Eu3* ions. These defects are created by

charge compensation due to the substitution of the divalent cation by Ln3+. Based on the
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experimental results, Claubau et al., proposed a persistent luminescence mechanism shown

in Figure 2.6.
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Figure 2.6 Scheme of the persistent luminescence mechanism proposed by Clabau et al. for
SrAl;04:Eu?*/Dy3+. Figure adapted from reference [86].

The authors proposed that upon UV irradiation, an electron of Eu?* is excited from
the 4f7 to 4f65d! excited energy level (Step 1). The electron does not migrate through the
conduction band, rather via direct transfer moves into an anionic vacancy. Therefore, Eu2*
is oxidized to Eu3* and the negative vacancy (V.) is neutralized (Vo) (Step 2). At room
temperature, the thermal energy is sufficient to induce the de-trapping of the electron

directly to the 5d levels of Eu?* (Step 3), followed by emission (Step 4).

Notwithstanding, that this model could be extended to explain the intrinsic
persistent luminescence observed in undoped materials, and provide a better
understanding of the nature of the traps, electron migration is still required with the

necessity that the Eu?+ ions and the anionic vacancies be in close proximity.
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In 2006, Aitasalo et al., reported the results obtained from the thermoluminescence
studies carried out on CaAl204:Eu?*/Ln3* (Ln3*= La to Lu) to characterize its blue persistent
luminescence.[87]. Based on their results the authors proposed a new mechanism that
incorporated the ideas from the mechanisms proposed by Dorenbos and Claubau et al.
Aitasalo et al., included the migration of electrons through the conduction band, and the
nature of the traps, both lattice defects and/or Ln3* energy levels. This model has become

the generally accepted and the mechanism is shown in Figure 2.7.
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Figure 2.7 Scheme of the second persistent luminescence mechanism proposed by Aitasalo et al. for
CaAl;04:Eu?*/Ln3+, Figure adapted from reference [87].

The mechanism proposes that upon high energy irradiation, an electron from the
ground state of Eu2+ is excited to the 5d level (Step 1). By thermal-stimulation, the electron
is promoted to the conduction band and migrates to the trapping sites (Step 2). The
electron may be trapped by either anionic vacancies or Ln3* energy levels. The electron can

be liberated or re-trapped by another trapping site until it reaches a trap located close to
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the conduction band (Step 3). The electron is liberated back to the conduction band at room
temperature and it migrates and recombines in the 5d level of Eu2+ (Step 4). This is followed

by the radiative transition 4f65d! — 4f7 (Step 5).
2.4 Defects: The Nature of the Trapping Sites

Crystalline nanoparticles are defined as an assembly of atoms in an ordered and
periodic array. However, the formation of defects is an entropically favored process that
occurs during the growth and processing (e.g. annealing) of the nanocrystal.[88] These
defects cause a disturbance in the ordering of the atoms, reducing the crystallinity of the
nanoparticles. The degree of crystallinity of the nanoparticles have a significant impact on
the electrical, magnetic and optical properties. In the case of the luminescent nanoparticles,
it is generally accepted that the intensity of the emission increases with the amelioration in
the crystallinity. A characteristic of nanoparticles is the high surface to volume ratio. This
results in surface defects which affect the optical properties of the crystal. Depending on
the nature of the defect that are located in close proximity to an emission centre, defects
may cause a shift in the emission wavelength, a quenching of the emission, or the defect
itself may act as an emission centre (e.g. impurities or dopants).[8°! In the particular case of
persistent luminescent, defects have been associated to the duration of the emission of light
under no irradiation and to the intrinsic afterglow observed in undoped and single doped

materials.[30e 31, 73]

Defects are classified by their dimensions with respect to the crystal. Extended
defects are imperfections that disrupt the crystal periodicity in more than one dimensions
(e.g. dislocations, grain boundaries, precipitates, voids and inclusions) whereas point
defects are defined as 0-dimensional that disrupt the crystal periodicity at one lattice
site.[?0 The latter have being attributed to play a major role in the persistent luminescent

phenomenon.
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Figure 2.8 Classification of point defects in crystals

The classification of point defects is shown in Figure 2.8. Point defects generated by
an entropically favored process in crystals are known as intrinsic defects whereas defects
that are created as consequence of introducing dopants or incorporation of impurities

during the crystal growth are identified as extrinsic defects.[90b.91]
There are three types of intrinsic defects:[°1b]

a) Vacancy. it is defined as a vacant lattice site, due to an atom missing from its
corresponding crystal site (Figure 2.9A). In the Kroger-Vink notation a vacancy is
denoted by the symbol V. It is accompanied by a superscript that identifies its net
charge and a subscript that indicates the nature of the site in the crystal.
Vacancies are considered to govern the charge neutrality of the crystal. The
presence of a vacancy disrupts the local charge balance of the crystal. To re-
establish the neutrality, a vacancy of the opposite charge may form to
compensate the charge build up. Paired vacancies of opposite charge are known
as a Schottky defect (Figure 2.9B). In addition, the charge build up can also be
minimized by the formation of a color centre, referred to as an F-centre (F stands
for ‘farbe’, the german word for color). An F-centre is defined as an electron

trapped by the electric field of an anionic vacancy (Figure 2.9C). The presence of
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color centres give rise to energy levels located in the bandgap of the crystal and

the manifestation of optical bands.[°2]

V52*+e' e VS"' =F

Figure 2.9 Two-dimensional representation of (A) an anionic vacancy, (B) a Schottky defect and (C) a
F-Center in CaS.
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b) Interstitialcy. This type of defect occurs when an atom occupies a normally
unoccupied site in the crystal structure (Figure 2.10A). Due to the unfavorable
bonding conditions and limited space, this type of defect is significantly less
common than the vacancies. They are generated to compensate the charge build
up created by a vacancy of the same charge as the interstitial atom. This paired
vacancy-interstitialcy is known as a Frenkel defect (Figure 2.10b). In the Kroger-
Vink notation an interstitial is denoted with the symbol I accompanied of a

subscript that indicates the nature of the atom at the interstitial site.

Figure 2.10 Two-dimensional representation of (A) an interstitialcy and (B) a Frenkel defect in CaS.
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c) Anti-site Defects. It occurs when two ions of opposite charge exchange position
(Figure 2.11). This type of defect is found in less strongly ionized compounds

such as GaAs.[93]
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Figure 2.11 Two-dimensional representation of (A) GaAs and (B) an anti-site defect in GaAs.

Extrinsic defects are formed as consequence of the non-intentional introduction of
impurity ions. Whereas when ions are purposefully introduced they are known as dopants
or solutes. The foreign ions can occupy a lattice site by replacing another of similar ionic
radius. In addition, ions with small ionic radii or small diatomic molecules can be
incorporated at interstitial sites. In both cases, formation of defects may occur as the crystal
undergoes organization. However, the probability of the generation of defects increases if

the oxidation state of the dopant (or impurity) differs from that of the ion present at the
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substitution site. The difference in the local charge resulting from the substitution needs to

be compensated by the formation of electron-hole trapping sites in the crystal.

Figure 2.12 shows how the introduction of a monovalent impurity ion (X*) or a
trivalent dopant ion (Z3+*) lead to the formation of trapping sites in CaS. The replacement of
any of the impurity ions into a Ca%* lattice site may occur by exchange of an equivalent
number of ions or by charge conservation.l?¥! In the scenario when X* is introduced as
impurity, if the substitution occurs by an equivalent number of atoms, a X* ion replaces a
Ca2* ion the local charge of the crystal is +1. To neutralize the charge imbalance in the
crystal a hole is required. A hole is simply defined as the absence of an electron thus a hole
is positively charged.[°5] However, if the substitution occurs whereby, 2X* ions substitute
into the Ca?* sites, two Ca2* ions are removed resulting in a charge imbalance of +2. As
consequence, a sulfur vacancy is created. This vacancy can trap electrons due to the positive

electrical field surrounding it.

In the scenario when a Z3* dopant ion is introduced to occupy a Ca?* lattice site and
the replacement occurs by charge conservation (2Z3+ — 3Ca?*), a cationic vacancy will be
formed. As this vacancy is surrounded by a negative electrical field, holes (positive charge
carriers) can be trapped within. On the other hand, if the replacement occurs by number
conservation (2Z3+ — 2Ca?*), an excess of local charge (+1) will be formed, that can only be

neutralized by the trapping of an electron. Thus, an electron trapping site is formed.
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Figure 2.12 Scheme of the formation of trapping sites in CaS by the introduction of a X* impurity and a

Z3+ dopant.
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2.5 Calcium Sulfide as a Host and Lanthanide lons as Dopants

Inorganic materials exhibit an energy-band structure composed of a valence and a
conduction band. The valence band is the band made up of the occupied molecular orbitals
whereas the conduction band is the band of orbitals that are high in energy and are
generally empty. The energy difference between the top of the valence band and the bottom
of the conduction of band is known as the bandgap.[®>l The bandgap determines the
electrical conductivity of the material (Figure 2.13). When there is an overlap of the
conduction and valence band or they are in close proximity (< 1 eV), electrons can easily
transfer from the valence to the conduction band, conducting electrical current. Materials
showing this band structure are known as conductors. When the bandgap value is in
between 1 to 3 eV, electrons can be promoted from the valence to the conduction band by
thermal or photo stimulation. These materials are known as semiconductors. When the
bandgap is larger than 3 eV, electrons cannot be promoted from the valence to the
conduction band thus, no electrical conductivity is generated, and the material is

considered an insulator.

Iy

e

> H

. I
- | &
o : | S
g O‘\.rE[Eapping Of “‘ o : %
L bands 1o | @

] - 1

1= I

'R I G I

— § o ¢

VB VB VB
Conductor Semiconductor Insulator

Figure 2.13 A comparison of the bandgaps of conductors, semiconductor and insulator materials. VB
and CB denote valence and conduction band respectively. Figure adapted from reference [67].
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Persistent luminescent materials are based on insulator inorganic materials that

exhibit bandgap values greater than 4 eV.[#0] When an optically active dopant ion (ion

emitting centre) is incorporated in an inorganic host , the energy levels of the dopant ion

are found in the bandgap. Eu2* is one of the most used ion incorporated in insulator

inorganic host to produce materials that exhibit persistent luminescent. Eu?* belongs to the

group of stable divalent lanthanide ions (Yb%* Sm?2* and Tm?2*) that show relatively low

electron affinity and exhibit the intraconfigurational [Xe]4fr — [Xe]4fr15d transitions.

These transitions are characterized by high oscillator strengths, short lifetimes and broad

absorption and emission bands. The positions of the 5d energy levels of Eu?* dopant ion are

strongly affected by the environment provided by the host in which it has been

incorporated. Two important factors influence their location in an insulator host:[?¢]

I1.

The nephelauxetic effect. Jorgensen studied the nephelauxetic effect, the so-called
cloud expansion effect.7l The effect describes the decrease in the interelectronic
repulsion in going from the free ion to the crystalline state. It has been shown that
the expansion of the d electron cloud overlap with the ligand atom orbitals thus
providing paths by which the d electrons can escape to some extent from the metal
ion. In the case of the divalent lanthanides the 5d electron cloud becomes more
delocalized over the surrounding ligands causing a decrease in the energy difference
between the ground state (4f") and the 4fr5d» excited state is decreased (Figure
2.14). Common ligands have been arranged in the order of ability to induce cloud
expansion. The order is generally independent of the metal ion similarly to the
spectrochemical series. The order reflects the ligands capacity to decrease the

energy difference between the 5d and the 4f ground state.[8!

F<0?<Cl<Br<I<§%

The crystal field effect. The 5d orbitals in the free ion are degenerate, however when
the ion is introduced in a host, the surrounding ligands can cause the splitting of the
5d energy levels (xy, xz, yx, x2-y2 and z2). The splitting is determined by the

coordination number, the ion-ligand distance and the charge of the ligand. In highly
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symmetric environments (e.g. octahedral and tetrahedral) the 5d orbitals split into
two groups (eg and tzg) (Figure 2.14), whereas in lower symmetric environments
(e.g. linear and square planar) split into more than two groups. Furthermore, at low
coordination number, small distances have been observed between the ion and the
surrounding ligands favoring a large crystal field splitting. The spectrochemical
series, shown below, arranges the ligands by their capacity to split the d-orbitals, a
large splitting is associated to strong field ligands. The strength of the field increases

from left to right.

03~ <I"<Br <S58 <SCN~ <(Cl"<Nj <F <NCO~ <OH™ <(,0f{ =~ H,0
< NCS™ < CH3CN < NH; < NO; < CN~ ~ CO
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Figure 2.14 The influence of the nephelauxetic effect and the crystal field splitting on the 5d energy
levels of a divalent lanthanide ion.

Most persistent luminescent materials contain Eu?* as the emitting dopant ion in
oxide base hosts. Consequently, most of the persistent luminescent materials exhibit green
and blue emissions due to the nephelauxetic effect and the low crystal field splitting of the
5d energy levels offered by oxygen as the surrounding ligand. A larger crystal field splitting

is offered by the S2- ligand, leading to a significant red-shift of the Eu2* emission compared
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to the free ion transition. Thus, sulfide based host doped with Eu?* ions exhibit persistent

luminescent spanning from the yellow to the red region.

Alkaline earth sulfide hosts such as CaS doped with Eu2*ions exhibit red persistent
luminescence with a maximum at 650 nm. CaS is ionic with a rock-salt structure with a
space group Fm3m and a reported lattice parameter of 5.694 A. Electronic band structure
calculations carried out by Huang using DFT + Hubbard method revealed that bulk CaS has
an indirect bandgap of 5.13 eV.[%8] A value that is in agreement with the experimental
bandgap value of 5.0 eV reported by Ghosh and Pandey.[88 °°] Moreover, Huang calculated a
valence bandwidth of 3.25 eV that is mainly composed of the 3p orbitals of sulfur (from -3.3
eV to 0 eV) while the filled 3p levels of calcium are located at approximate -8 eV relative to
the highest occupied level (0 eV) (Figure 2.15). The conduction band possesses a bandwidth
of 3.69 eV and consists mainly of 3d and 4s orbitals of calcium, and the lowest unoccupied

level is made up of principally the 3d levels of calcium (Figure 2.15).
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Figure 2.15 Band structure and total density of states (TDOS) of bulk CaS. Figure taken from “Native
point defects in CaS: Focus on intrinsic defects and rare earth ion dopant levels for up-converted
persistent luminescence” by Haung. Inorganic Chemistry, 2015, Ref [98].
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The location of the ground and excited states energy of the divalent and trivalent
ions relative to the valence and conduction bands in CaS is fundamental information to
determine the energy required to activate the persistent luminescence as well for the
elucidation of the mechanism behind this phenomenon. A method that accomplishes this
objective was developed by Dorenbos.[840] This method is based on the pattern exhibited by
the ionization energies of an electron in the 4f orbitals in the lanthanide series with
increasing n(number of electrons). Figure 2.16 shows the ionization energy pattern for the
free gaseous divalent (red) and trivalent (blue) lanthanide ions. The ionization energies
provide information on the binding energy of an electron to the atom. The pattern observed
for the trivalent lanthanide ions is similar to the one of divalent ions, however, trivalent

lanthanide ions exhibit larger ionization energies due to their higher ionic charge.
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Figure 2.16 The ionization energies for (a) free gaseous divalent and (b) trivalent lanthanide ions as a
function of the number of 4f electrons. Figure taken from “Lanthanide level location and related
thermoluminescence” by Dorenbos et al. Radiation Measurements, 2008, Ref [100].
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The behavior of the ionization energy of the ion as dopant in a host follows a similar
pattern as the one for the free lanthanide ions. lonization energies can be calculated from
the charge transfer bands (valence band to trivalent lanthanide ion transitions) observed in
the excitation spectra of lanthanide luminescence. Thus, the measurement of these values
provides information on the location of the ground state energy relative to the top of the
valence band of the corresponding divalent lanthanide ions.[101] This information is the
starting point in the construction of a vacuum referred binding energy level scheme
(VRBE), a scheme that summarizes the location of the lanthanide 4f and 5d levels within the
bandgap of inorganic hosts. In Figure 2.17 the ground states of the divalent ions in CaS (red

zigzag) are shown.
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Figure 2.17 Vacuum referred binding energy level (VRBE) scheme showing the location of divalent
(red) and trivalent lanthanide ions (blue) 4f and 5d energy levels in CaS.

The next important parameter to locate the energy levels of the lanthanides in the
CaS host is the Coulomb repulsion energy U(6,A) for Eu. This parameter is defined as the
energy difference between the ground state of Eu2* and Eu3*. In the case of using CaS as the
host, the U(6,A) corresponds to 6.17 eV. This value was obtained from the compilation

reported by Dorenbos.[85] It is important to highlight that the energy difference between the
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ground state of Eu2+ and that of Eu3* has reduced from a value of 18.3 eV for the free ions to
a value of 6.17 eV. The ground state of the Eu?* is brought closer to the ground state of Eu3*.
This decrease in the energy difference, known as redshift is attributed to the crystal field
splitting and the charge distribution of the ion with its chemical environment. From the
identification of the location of the ground state of Eu3+, it is possible to predict the ground
state of the other trivalent lanthanide ions. Figure 2.17 shows the ground states of the
trivalent ions in CaS (blue). Moreover, knowing the ground state energies of divalent and
trivalent ions, it is possible to obtain the 4f excited states. Furthermore, following the
model developed by Dorenbos, it is predicted that the valence band is located at

approximate -3.68 eV from the 4f7 ground state of Euz+.[85]

Experimental data collected for CaS doped with different Ln3+ was used to place the
top of the valence band at -6.0 eV. An excitation band at 2.84 eV in the emission spectrum of
Yb3+* reported by Parmentier et al., has been interpreted as the charge transfer band (see
arrow 1 in Figure 2.17).1102] Yamashita et al., reported a broad excitation in CaS:Sm3+at 3.55
eV assigned to the 4f65d! transition in Sm3+ [103] However, that transition must be at much
higher excitation and it is more likely to be due to the charge transfer to Sm3+. The energy
(see arrow 2 in Figure 2.17) is consistent with that predicted by the VRBE scheme.
Furthermore, experimental data reported by Huang, Yokono et al and Jia et al, was used to
establish the bottom of the conduction band. In spectra reported by both groups the energy
for host exciton creation Eex (see arrow 3 in Figure 2.17) is estimated at 5 eV.[63a 98,104] By
adding an estimated energy of 0.15 eV for the electron-hole binding energy, the bottom of
the conduction band is placed near -0.9 eV. Moreover, arrow 4 in Figure 2.17 shows the
energy for the 4f7 — 4f65d! transition of Eu?*. It defines the location of the lowest 4fr-15d1!
levels for all Ln2* ions in CaS (connected red dots). The ground state of Eu2* is in the
bandgap, therefore the use of a high-energy irradiation such as 254 nm will cause the
excitation of ground state electrons directly to the conduction band. This will be followed

by trapping of electrons in the different available electron trapping sites.
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2.6 Thermoluminescence

Thermoluminescence is defined as the emission of light exhibited by some
semiconductor and insulator materials when they are heated and after being previously
irradiated with a high energy excitation for a period of time.[105] This optical phenomenon is

also known as thermal stimulated luminescence.

This phenomenon was first reported by Robert Boyle in 1663.[106] In his publication,
he describes the luminescence exhibited by diamond while it was heated using a thick piece
of hot iron and when he warmed it up using heat from his body. In 1676, Elsholtz and
Oldeburg discovered that other minerals such as fluorspar (CaF:) exhibited luminescence
upon heating and postulated that heat was being directly converted into light.[107] It was not
until 1735, while Du Fay was studying the luminescent properties of natural quartz, that he
found that the light exhibited by the natural quartz when heated could be reactivated if the
sample was exposed over a period of time to sunlight.[108] Thus, it was stablished that heat

stimulated the emission of light from the material but it was not its cause.

The term ‘thermoluminescence’ was first used in the literature in 1895 by
Wiedemann and Schimidt.[19°] The authors reported the thermoluminescent properties of
synthetically produced phosphors after irradiation with an electron beam. Following this
work, the number of publications on thermoluminescence properties of natural and
synthesized phosphors increased significantly and continues to do so, using different high

energy irradiation such as a-rays, p-rays, y-rays, X-rays, UV light and even visible light.

The persistent luminescent observed by some semiconductor and insulator
materials is a form of thermal stimulated emission that occurs at room temperature. In this
case, after the irradiation of the material, electrons retained in trapping sites located at
<0.58 eV below the conduction band can be released using the thermal energy produced at
room temperature. In general, the closer the position of the trapping sites to the edge of the
conduction band, lower temperatures are required to favour the release of electrons from

the traps to the conduction band. As the trapping sites move further away from the edge of
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the conduction band, higher temperatures are required to release electrons contained

within (Figure 2.18).
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Figure 2.18 Scheme of a distribution of electron trapping sites in an insulator material and the
temperature required to liberate electrons trapped in the different traps after irradiation.

Thermodynamically, the mean time (T ) an electron spends in a trap at a

temperature T is given by equation 2.1,

E
T = s‘le(k_T) (2.1)

where E is the trap depth or energy difference between the electron trapping site and the
edge of the conduction band; k is Boltzmann'’s constant and S is the frequency factor, also

referred as the ‘attempt to escape’ frequency and represents the times per second that a

bound electron interacts with the lattice phonons (10°-101% s1). This exponential
dependency of the temperature and t was first reported by Jablonski in 1935.[110] Using

equation 2.1 the mean time that an electron is trapped in a trap located at 0.58 eV below the
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conduction band at T=298 K and s = 107 s'1, is calculated to be 64 ms. The persistent
luminescence observed at room temperature with an intensity (/) is dependent on the rate

of release of electrons from the trap. This dependency is given by equation 2.2,
n n
() =—C—=C = (2.2)

where c is a proportionality constant and n is the number of electrons trapped in each trap
located at E eV below the conduction band. If it is assumed that once the electron has been
released from this specific trap, the probability of returning to the trap is negligible in
comparison to the probability to recombine with a luminescent centre, then the intensity of
the persistent luminescence decay at constant temperature following the end of the

irradiation is given by equation 2.3,

I1(t) = Ioe(_%) (2.3)

where t is the time and I, is the intensity at t=0. This equation describes a first order decay
and it was first reported by Randall and Wilkins in 1945.11111 However, in reality most of the
intensity as a function of time at a given temperature (7,) cannot be fitted to a single
exponential decay but to two or even more combined exponential decays. This can be
explained by the overlap of electrons released from several traps at different E values that
can be thermally stimulated at temperatures lower than T,. However, it can also be
attributed to the possibility that once an electron is being released from the trapping site, a
retrapping process occurs due to the presence a nearby trapping site. Thus, a non-negligible
probability of having a retrapping process over a recombination process. Randall and
Wilkins also solved equation 2.3 for this latter case and the intensity of the persistent

luminescence second order decay at constant temperature is given by equation 2.4,[111]

I
I(t) = (noat—+1)2 (24)
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where n, is the number of electrons trapped at t, and « is a constant related to the mean

lifetime and the relative probabilities of retrapping and recombination.

When equation 2.1 is used to determine the mean time lifetime of an electron
trapped in a trap located at 1.5 eV below the conduction band at room temperature, a value
of 7.4 x 10° years is obtained. Thus, luminescence from recombination process at room
temperature after the release of an electron from this trap will never be observed in this
lifetime. However, if T is increased, then t decreases. Hence, by heating the material at a
linear rate f=dT/dt, the release of electrons from deeper traps is favoured. Accordingly, the
luminescence intensity exhibited upon heating will increase as the electrons are liberated
from the trapping sites and decrease as the trap becomes depleted. Thus, the luminescence
intensity I(t) as a function of the temperature shows broad bands known as

thermoluminescence glow peaks.[105.112]
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Figure 2.19 Example of a thermoluminescent glow curve. Figure adapted from reference [83].

An example of a thermoluminescence glow curves is shown in Figure 2.19. Each
peak exhibited in the glow curve corresponds to an electron trapping site present in the
host with a trap depth E and a frequency factor s. Thus, the nature of the
thermoluminescent glow peaks gives information about the distribution of traps in the

material. To estimate E and s for each glow curve peak, it is necessary to analyze each peak.
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Following their work on the mathematical description of thermoluminescence, Randall-
Wilkins found the mathematical expression that describes the shape of a

thermoluminescent glow peak (Equation 2.5),

E (Ts —E)
— —e( KT)dT
(T) = n,sel *T °F (2.5)
Based on equation 2.5, several computerized curve-fitting and deconvolution
methods, of the multi-peak structure of the glow curves have been developed. Using the

initial rise method and the peak shape method an estimate of E and s the characteristic

parameters to describe the trapping sites may be obtained.

Garlick and Gibson proposed that for thermoluminescent emissions that follow first
order decay that is thermal glow curves that exhibit a single peak or well defined separate
peaks with a decay profile that can be fitted using a single exponential equation 2.6 may be
applied.[113] This equation only considers the intensities and temperatures of the initial rise
region of the glow peak where the temperature and intensity are significant lower than the

temperature and intensity maxima (7 << T and [ <<Ip),

E
(T = e(_k_T) (2.6)

Thus, by plotting In(I) versus1/T, a linear relationship is observed with a slope equal
to —-E/k. Once the value of E is determined, the frequency factor s can be estimated using

Equation 2.7,

;fTEz = se(_%) (2.7)
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The peak shape method was developed by the contributions of Lushchik, Halperin,
Braner and Chen.[105] As the name of this method implies, it is based on the shape of the
peak, the half width parameters and the symmetry of the peak. It can be used for first and
second decay orders, however it is not recommended when there is a significant overlap of
the thermal glow peaks. In Figure 2.20 and Equations 2.8 to 2.11 the parameters defined

from the shape of the thermal glow peak are given

Intensity (Arb. U.)

Temperature (K)

Figure 2.20 Diagram of the peak parameters used to determine the E and s parameters. Figure adapted
from reference [114].

§=T,—T, (2.8)

t=T,—T, (2.9)

w=T,—T, (2.10)
)

Hy =~ (2.11)

where /44 is known as the geometry factor.
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The trap depth is calculated using the Chen’s equation (Equation 2.12) where 7

represents 6,  and @ The values Cj,and b, are defined by equations 2.14 to 2.19.

E,=C, # — b, (2kTy) (2.12)

_Es+ E. + E, (2.13)

3

C. = 1.51+ 3(u, — 0.42) (2.14)
Cs = 0.976 + 7.3(uy — 0.42) (2.15)
Cp = 2.52+10.2(u, — 0.42) (2.16)
b, = 1.58 + 4.2(p, — 0.42) (2.17)
bs = 0 (2.18)
b, =1 (2.19)

Equation 2.7 and 2.20 are used to estimate the frequency factor s for a first and

second order decay respectively,

k%l = se(_%) (1 + 2 k%) (2.20)

These methods can be easily applied if the thermal glow peaks can be fitted to a
Gaussian distribution and there is no significant overlap among the peaks, or if only one
peak corresponding to one distribution of traps is found. However, most of the
thermoluminescent glow curves do not exhibit these characteristics thus, the peak position
method is the approach most used to estimate the trap depth E as a first approximation. It is

based in the direct relationship between E and Tr found by Urbach and later on supported

by Randall and Wilkins (Equation 2.22),[111]
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E =kT,In (s) (2.21)

if the product of kIn(s) is considered to be constant and the value to be s=109 s'1, then the
trap depth is given by Urbach’s equation (Equation 2.22) postulated in 1930 and widely

used since then.

E=_" (2.22)
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Chapter 3 — Experimental Procedures and Methods
3.1 Synthetic Route for the Preparation of CaS:Eu”"/Dy’"

In order to synthesise CaS:Eu2+/Dy3+ nanophosphors, three steps were necessary: i)
synthesis of CaS nanoparticles via co-precipitation, ii) incorporation of Eu3+ as a dopant and
its reduction to Eu?* and iii) the incorporation of Dy3* as the co-dopant to furnish the

‘trapping’ states.
3.1.1 Synthesis of CaS Nanoparticles via Co-precipitation Method

The co-precipitation method was chosen as the synthetic method to obtain CaS
nanoparticles. CaClz was selected as the calcium source while two sulfide salts, Na:S and

K>S, were evaluated as sulfide precursors.
3.1.1.1 Using Na,S as the Sulfide Precursor

Ethanolic solutions of the calcium and sulfide precursors were prepared by
dissolving 0.62 mmol (0.0918 g) of CaCl2:2H20 in 50 mL of ethanol (99%) and 0.62 mmol
(0.1500 g) of Na2S-9H20 in 50 mL of ethanol (99%). The sulfide solution is sonicated for 30
min, while the calcium solution is placed in a three-neck flask at room temperature under
vigorous stirring and a flow of argon to avoid the formation of calcium carbonate. The
NazS-9H0 solution is injected to the CaCl2-2H20 solution at a rate of 20 mL min-! at room

temperature under a flow of argon and vigorous stirring for 3 h.

CaS nanoparticles were precipitated under reduced pressure followed by a dropwise
addition of 20 mL of tetrahydrofuran and stirred vigorously for 2 h under a flow of argon.
The nanoparticles were recovered by centrifugation, washed three times with ethanol
(99%) and dried under vacuum overnight. Finally, CaS nanoparticles were annealed for 4h

at 700°C under a N2 atmosphere.
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3.1.1.2 Using K,S as the Sulfide Precursor

K>S was used as a second alternative as the sulfide source in the synthesis of CaS
nanoparticles. In this case, an ethanolic solution of K;S was prepared by dissolving 0.62
mmol (0.0690 g) in 50 mL of ethanol (99%). This solution was injected to the CaCl2:2H20
ethanolic solution (0.62 mmol, 50 mL) using the same conditions as described in the section
3.1.1.1. The obtained CaS nanoparticles were precipitated, washed and annealed in the

same manner as previously described.
3.1.2 Synthesis of CaS:Eu’"

In order to synthesize CaS:Eu3* nanoparticles, the same approach as described in
section 3.1.1.1 was followed; Eu(NO3)3-5H20 was introduced as the source of Eu3* to
substitute for Ca%* in the concentration ranging from 0.01 mol% to 1 mol%. Thus, a stock
solution of Eu(NO3)3-5H20 (0.5 mg/mL) in 20 mL ethanol (99%) was prepared and aliquots
of the stock solution were mixed with the CaCl2:2H20 ethanolic solution. Table 3.1
summarizes the quantities of CaClz:2H20 and Na2S-9H20 used as well as the volume of the
Eu(NO3)3-5H20 stock solution used for all the synthesis to give the desired Eu3*

concentration for each sample prepared.
3.1.3 Reduction of Eu’" to Eu*"

A 4-hour annealing treatment was required to improve the crystallinity of the
obtained CaS nanoparticles via the co-precipitation method. This heat treatment was also
used for the reduction of Eu3* to Eu?*. CaS:Eu3* nanoparticles were annealed in the
presence of sulfur powder using a ratio of 1:4 (CaS: sulfur powder by weight) under a N>
atmosphere. A study was carried out to determine the annealing temperature at which the
complete reduction of Eu3* to Eu?* was obtained. Table 3.2 summarizes the experimental

parameters studied.

56



Table 3.1. Amount of salt precursors used for the preparation of CaS:Eu3* nanoparticles varying the Eu3+
dopant concentration from 0.01 mol% to 1 mol%

AMOUNT USED

Eu3+ (mol%) CaCl-2H:0 (g) Na;S-9H0 (g) Eu(NO3)3-5H,02(mL)

0.01 0.0918 0.1500 0.10
0.02 0.0918 0.1500 0.21
0.05 0.0918 0.1500 0.53
0.07 0.0918 0.1500 0.75
0.1 0.0917 0.1499 1.07
0.5 0.0914 0.1493 5.35
0.7 0.0912 0.190 7.50

1 0.0909 0.1486 10.7

aCorresponds to the aliquot volume taken from the Eu(NO3)3-5H,0 stock solution and mixed with the CaCl,
ethanolic solution prior to injection.

Table 3.2. Annealing temperatures studies for the reduction of Eu3+ to Eu?*in Ca$S

Eu3+ (mol%) Annealing Time (h) Annealing Temperature (°C)

600
700
800
900

0.01 4

600
700
800
900
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3.1.4 Synthesis of CaS:Eu®"/Dy’" Nanophosphors

Dy3+ was introduced as a co-dopant to induce the formation of trapping sites in CaS
by the substitution of Ca2* by Dy3+. A stock solution of Dy(NO3)3-H20 (0.25 mg/mL) in 20
mL ethanol (99%) was prepared and an appropriate aliquot was mixed with
Eu(NO3)3:5H20 and CaCl2:2H20 in a three-neck flask under vigorous stirring and a flow of
argon. The concentration of Dy3*was varied from 0.001 mol% to 1 mol%, while maintaining
constant the concentration of Eu3* (0.02 mol%). Next, the Na>S-9H20 solution was injected
to the mixture of Eu(NO3)3-5H20, Dy(NO3)3-H20 and CaCl2-2H20 solution at a rate of 20 mL
min! at room temperature under the flow of argon and vigorously stirred for 16 h. The
synthesised CaS:Eu3*/Dy3* nanoparticles were precipitated and washed in the same
manner as described is section 3.1.1.1 followed by annealing with sulfur powder for 4h at
700°C under N; atmosphere. Table 3.3 summarizes the experimental quantities of
CaCl2:2H20 and Na2S-9H20 used as well the volume of the Eu(NO3)3-5H20 and
Dy(NO03)3-H20 stocks solutions used for all the synthesis.

Table 3.3 Amount of salt precursors used for the preparation of CaS:Eu?*/Dy3* nanoparticles varying the Dy3+
dopant concentration from 0.001 mol% to 1 mol%

AMOUNT USED
CaCl2H,0  Na,S'9H,0  Eu(NO3)s-5H,02 Dy(NO3);-H0b
Dy3+ (mol%)

(8) (8) (mL) (mL)

0.001 0.0918 0.1500 0.21 0.017
0.002 0.0918 0.1500 0.21 0.035
0.005 0.0918 0.1500 0.21 0.087
0.01 0.0918 0.1500 0.21 0.174
0.05 0.0918 0.0918 0.21 0.871
0.1 0.0917 0.1498 0.21 1.75
0.5 0.0914 0.1493 0.21 8.70
0.7 0.0912 0.1490 0.21 12.20
1 0.0910 0.1485 0.21 17.40

ab Corresponds to the aliquots volume taken from the Eu(NO3)3-5H20 and Dy(NO3)3-5H20 stock solutions and
mixed with the CaCl; ethanolic solution prior to injection.
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3.1.5 Synthesis of CaS: Dy”"

In order to have a better understanding of the optical properties of Dy3* ions as a
dopant in the nano-sized sulfide based host, CaS:Dy3* nanoparticles were synthesized. NazS

and K>S were evaluated as the sulfide source.
3.1.5.1 Using Na,S as the Sulfide Precursor

CaS:Dy3* nanoparticles were synthesized using the same precursors and conditions
described in section 3.1.4. The concentration of Dy3* was varied from 0.001 mol% to 1
mol%. Table 3.4 summarizes the experimental quantities of CaClz-2H70, NaS-9H;0 and the

volume of Dy(NO3)3-H20 used from the prepared stock solution.

Table 3.4 Amount of salt precursors used for the preparation of CaS: Dy3* nanoparticles varying the Dy3+
dopant concentration from 0.001 mol% to 0.01 mol%

AMOUNT USED
CaCl2H,0  Na,S-9H.0 Dy(NO3)3H202
Dy3+ (mol%)
(8) (8) (mL)
0.001 0.0918 0.1501 0.017
0.002 0.0918 0.1501 0.035
0.005 0.0918 0.1501 0.087
0.01 0.0918 0.1500 0.174

aCorresponds to the aliquot volume taken from the Dy(N0O3)3-5H,0 stock solutions and mixed with the CaCl,
ethanolic solution prior to injection.

3.1.5.2 Using K,S as the Sulfide Precursor

CaS:Dy3* nanoparticles were synthesized using CaCl2:2H20, Dy(NO3)3-H20 and K>S
as the sulfide source. CaS:Dy3+ nanoparticles were synthesised via the injection of K>S to a
mixture of CaCl2-2H20 and Dy(NO3)3-H20 at a rate of 20 mL min-! at room temperature
under a flow of argon and under vigorous stirring for 16 h. CaS:Dy3* nanoparticles were
precipitated, washed and annealed following the same conditions described in section 3.1.4.
The concentration of Dy3* was varied from 0.001 mol% to 1 mol%. Table 3.5 summarizes

the experimental quantities of CaClz-2H20, K>S and Dy(NO3)3-H20 used in all the synthesis.
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Table 3.5 Amount of salt precursors used for the preparation of CaS: Dy3* nanoparticles varying the Dy3+
dopant concentration from 0.001 mol% to 0.01 mol%

AMOUNT USED
CaCl:2H,0 K.S Dy(NO3)3H202
Dy3+ (mol%)
(8) (8) (mL)
0.001 0.0918 0.0689 0.017
0.002 0.0918 0.0689 0.035
0.005 0.0918 0.0689 0.087
0.01 0.0918 0.0689 0.174

aCorresponds to the aliquot volume taken from the Dy(N0O3)3-5H,0 stock solutions and mixed with the CaCl,
ethanolic solution prior to injection.

3.2 Rendering CatS:Eu2+/Dy3+ Nanophosphors Water Dispersible

The as-synthesized CaS:Eu2*/Dy3+ exhibit a high degree of agglomeration as
consequence of the annealing treatment. Thus, a method was developed to disrupt the

CaS:Eu2+/Dy3* agglomerates before any surface modification were carried out.
3.2.1 Disruption of the Agglomeration

25 mg of the CaS:Eu?*/Dy3+ as-synthesized nanophosphors were ground for 15 min
with a mortar and pestle using 20 pL of ethanol (99%). The final product was dispersed in 2
mL of ethanol (99%) and sonicated for 30 min. The colloidal suspension was centrifuged at
5000 rpm for 10 min. The supernatant was stored and the pellet was re-dispersed in

ethanol and the sonication and centrifugation process were repeated twice.

The supernatants were collected and ultrasonicated using a titanium tip sonicator
probe (30 KHz). A time optimization study was carried out to determine the ideal
conditions that would produce minimum agglomeration and a particle size distribution
within the limits for biological applications. The times of immersion of the sonication probe

in the supernatant studied were 1, 2, 3, 4 and 5 min.
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3.2.2 Surface Modification Strategies

Two “type_add” surface modification strategies were evaluated to provide water
dispersible properties to the CaS:Eu?*/Dy3* nanophosphor: i) conjugation of thiol ligands, ii)
adsorption of polyvinylpyrrolidone (PVP-10) as a polymeric shell and grafting of a silica
shell.

3.2.2.1 Conjugation of a Thiol Ligand

In order to render the CaS:Eu?*/Dy3* nanophosphors water dispersible, the presence
of the sulfide dangling bonds on the surface of the CaS:Eu2*/Dy3* nanophosphor were
exploited. The post-synthesis conjugation of the thiol molecules, 16-mercaptohexadecanoic

acid, to the surface of the nanoparticles was carried out.

The following procedure was used to functionalize the thiol molecules to the surface
of the nanoparticles. Following ultrasonication, the nanophosphors were centrifuged at
10000 rpm for 10 min. 5 mg of the wet pellet was mixed with 2 mL of a 5 mg/mL solution of
the thiol ligand dispersed in methanol. The mixture was stirred at room temperature at 700
rpm for 5 days. The nanophosphors were centrifuged and washed several times with

methanol to remove the remaining non-conjugated thiol ligand.
3.2.2.2 Adsorption of PVP-10

The adsorption of the polyvinylpyrrolidone (Mw = 10000) an amphiphilic polymer
on the surface of CaS:Eu2+*/Dy3* nanophosphors was evaluated as a post-synthetic method
to produce dispersible nanoparticles in polar solvents without affecting the optical

properties of the nanoparticles.

Following ultrasonication, the CaS:Eu2*/Dy3* nanophosphors were centrifuged at
10000 rpm for 10 min. 10 mg of the wet pellet was dispersed in 2 mL of ethanol (99%) and
110 mg of PVP-10 was dissolved in 3.5 mL of ethanol. Both solutions were sonicated for 30
minutes and were mixed and stirred for 24 hours at room temperature. The PVP-
CaS:Eu?*/Dy3* nanophosphors were centrifuged and washed with a water:acetone mixture

(1:10 w/w) three times to remove the non-adsorbed PVP-10 polymer.
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3.2.2.3 Grafting of a Silica Shell

The grafting of a silica shell on the surface of CaS:Eu2*/Dy3* nanophosphors was
evaluated as post-synthetic process to provide water dispersibility and to improve the
isolation of the nano host from the surrounding aqueous media to prevent the hydrolysis of

CaS.

Two procedures were carried out to graft the silica shell on the surface of the
CaS:Eu?*/Dy3* nanophosphors: 5 mg of PVP-CaS:Eu?*/Dy3* nanophosphors were dispersed
in 5 mL of ethanol (99%) and sonicated for 10 minutes to ensure a colloidal dispersion in
the polar solvent. Following the sonication, PVP-CaS:Eu?*/Dy3* nanophosphors were mixed
with 50 uL of concentrated ammonium hydroxide at a rate of 5uL/min under constant
stirring of 700 rpm. The mixture was left under stirring at 700 rpm for 15 min prior the
introduction of tetraethyl orthosilicate (TEOS) in the mixture. Furthermore, 5 pL of TEOS
was introduced to the mixture by addition of 1.25 pL every 10 minutes and under stirring at
700 rpm. Finally, the mixture was stirred at 700 rpm for 24 hours at room temperature. The
nanophosphors were isolated via precipitation with acetone followed by centrifugation. The
isolated TEOS-PVP-CaS:Eu2+/Dy3* nanophosphors were subsequently washed three times

with a water: ethanol mixture (1:10 w/w).

The second approach to graft a silica shell on the surface of the CaS:Eu?*/Dy3+
nanophosphors was carried out in collaboration with Dr. Cyrille Richards at the Institut de
Chemie of the French National Centre for Scientific Research. 2 mg of CaS:Eu?*/Dy3*
nanophosphors were dispersed in 2 mL of ethanol (99%) and sonicated for 5 minutes.
Followed, 222 pL of ethanol, 247 of water and 6.7 uL of TEOS were added in the dispersion
and the mixture was sonicated for 5 minutes to activate the hydrolysis process of the TEOS.
The, 25 pL of aqueous solution of NH4OH were and the reaction is left for 4 days at room
temperature in a rotator. The TEOS-CaS:Eu2*/Dy3* nanophosphors were precipitated via
centrifugation and washed several times with a mixture of water: ethanol. The TEOS-

CaS:Eu2+/Dy3* nanophosphors were stored in ethanol until use.

3.3 Characterization and Experimental Techniques and Methods
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3.3.1 X-Ray Powder Diffraction

The X-Ray powder diffraction patterns were collected at room temperature with the
Ka (45 kV and 40 mA) radiation of Cu using a Scintag XDS-2000 diffractometer equipped
with a Si(Li) Peltier-cooled solid state detector. The 20 scan range was set from 20-90°
with a scanning step size of 0.02° and a counting time of 0.5 s per step. All samples were

measured using a quartz zero background insert disk as the sample holder.
3.3.2 Inductively Coupled Plasma — Mass Spectroscopy (ICP-MS) Analysis

ICP-MS measurements were performed to determine the concentrations of Eu and
Dy in the CaS:Eu?*/Dy3* nanophosphor using an Agilent 7500 instrument. Argon was used
as the carrier gas. The nanophosphors were dissolved in a 5% HNOs3 solution. A calibration
curve of 5 points was established using a SPEX lanthanide multi element standard solution

(10 mg/mL).
3.3.3 Optical Characterization of the Persistent Luminescent Nanophosphors

The excitation spectra of CaS nanoparticles and CaS:Eu2* and CaS:Eu?*/Dy3* were
recorded on a Varian Cary Eclipse Fluorescence spectrophotometer at room temperature

exciting the sample with a xenon flash lamp.

The emission spectra were collected over the 350 - 700 nm range using an UV lamp
emitting at 254 nm as the excitation source with a power of 6W. The measurements were
performed on powder samples placed in quartz capillary tubes. The emissions were
collected from the samples at /2 with respect to the incident beam and then dispersed by
a 1 m Jarrell-Ash Czerny-Turner double monochromator with an optical resolution of
approximate 0.15 nm. A thermoelectrically cooled Hamamatsu R943-02 photomultiplier
tube was used to detect the emissions. The photomultiplier signals were processed by a
preamplifier and transferred to a gated photon-counter model SR400 Standard Research
System data acquisition system. The emission spectra were recorded using the Standard

Research Systems SR465 software.
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Persistent luminescence decay profiles were measured at room temperature on weight
normalized powdered samples in a 1 cm-diameter sample holder. The samples were previously
illuminated with an UV lamp (254 nm, 6W). The emission was detected via an optical fiber using
a Scientific Pixis 100 CCD camera cooled at -65°C coupled with an Acton SpectraPro 2150i

spectrometer for spectral analysis.
3.3.4 Thermal-Stimulated Luminescence

Thermal-stimulated luminescence measurements were performed with a home
assembled measurement set-up. The sample prepared as a thin pressed pellet and silver
glued on the cold finger of a cryostat (10K) and excited across the cryostat quartz window
with an UV lamp (254 nm, 6W). Thermal-stimulated luminescence was detected via an
optical fiber using a Scientific Pixis 100 CCD camera cooled at -65°C coupled with an Acton
SpectraPro 2150i spectrometer for spectral analysis. The samples were heated at a rate of

10 K min-1.
3.3.5 NIR Photostimulated Luminescence

Samples of CaS nanoparticles, CaS:Eu?* and CaS:Eu2*/Dy3* were excited using UV
irradiation (254 nm) for 10 min and the samples were subsequently placed in the dark until
the persistent luminescence subsided. The samples were then excited using a 980 nm laser
diode, with a maximum power density of 4000 mW/cm2. The decrease in intensity of the
NIR photostimulated luminescence was recorded as a function of time. The measurements
were performed on powder samples placed in quartz capillary tubes. The visible emissions
(486 nm and 650 nm) were collected from the samples at /2 with respect to the incident
beam and then dispersed by a 1 m Jarrell-Ash Czerny-Turner double monochromator. A
thermoelectrically cooled Hamamatsu R943-02 photomultiplier tube was used to detect the
visible emissions. The photomultiplier signals were processed by a preamplifier and
transferred to a gated photon-counter model SR400 Stanford Research System data
acquisition system. The excitation power density was varied by using neutral density filters
of different optical densities. The excitation spectrum of CaS:Eu2*/Dy3* nanophosphors

(Aems = 650 nm) was measured using a Ti-Saphire laser (model 3900S from Spectra
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Physiscs, 850-1000 nm wavelength). The spectrum was recorded using the same

experimental set up described above.
3.3.6 Transmission Electron Microscopy (TEM)

TEM was used to characterize the nanophosphors. TEM analysis of the colloidal
dispersion of nanophosphors was performed using a Philips CM200 microscope operating
at 200 kV equipped with a charge-coupled device (CCD) camera (Gatan). Prior to analysis, a
1 mg sample was dispersed in 1 mL of ethanol A drop of the resulting solution was
evaporated on a formvar/carbon film supported on a 300 mesh copper grid (3 mm in

diameter).
3.3.7 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra were measured on a Nicolet iS5 FT-IR spectrometer. All solids were
dried under vacuum for 24 hours prior to analysis. The spectra in transmission mode were
recorded using a wavenumber range of 4000 - 550 cm ! with a 4 cm-! resolution and a scan

count of 64.
3.3.8 Persistent Luminescence Imaging

1 mg/mL of Thiol-CaS:Eu?*/Dy3+, PVP-CaS:Eu?*/Dy3+ and TEOS-CaS:Eu?*/Dy3*
nanophosphors were dispersed in ethanol and in water. The suspensions were excited for 5
min with a UV lamp (254 nm, 6W). The suspensions were placed in imaging wells and
image of the persistent luminescence exhibited were acquired up to 30 minutes. Signal
acquisition was carried out using a photon-counting system based on a cooled GaAs
intensified charge-coupled (ICD) camera (Photon-Imager; Biospace, Paris, France) without
external excitation source. Acquired images processing and ROI drawing were achieved

using Biospace developed software, PhotoVision+.
3.3.9 In vivo systemic injections

0.3 mg of TEOS-CaS:Eu?*/Dy3+* were dispersed in ethanol (99%) and centrifuged. The

supernatant was removed and replaced by 300 pL of 5% sterile glucose solution. The
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suspension was excited ex vivo for 5 min with a UV lamp (254 nm, 6W). Five-week-old
female BALB/c mouse was anaesthetized by intraperitoneal injection of a mixture of
ketamine (85.5 mg kg1, Centravet) and xylazine (3.1 mg Kg1 Bayer) diluted in 150 mM
NaCl. 200 pL of the prior charged suspension were intravenously injected into the animal.
Immediately after the injection, the animal was placed on its back under the photon-
counting device, and the acquisition was performed during 30 minutes. Signal acquisition
was carried out using a photon-counting system based on a cooled GaAs intensified charge-
coupled (ICD) camera (Photon-Imager; Biospace, Paris, France) without external excitation
source. Acquired images processing and ROI drawing were achieved using Biospace
developed software, PhotoVision+. Experiments were conducted following the NIH
recommendations and in agreement with a regional ethic committee for animal

experimentation.
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Chapter 4 — Development of CaS:Eu’*/Dy’" Persistent and NIR Photo-
Stimulated Nanophosphors

4.1 Development of CaS:Eu?"/Dy’"Nanophosphors
4.1.1 Choosing the synthetic route

The low number of hosts that can offer red persistent luminescence suitable for
biological applications such as fluorescence optical imaging, has re-kindled the attraction
for sulfides hosts, such as CaS. Research on persistent luminescent materials has been
oriented in the search of synthetic procedures that will produce CaS with nanoscale
dimensions. Solid state reaction and the flux method followed by a grinding process have
been proposed however, crystals with average particle size in the micrometer range and
high polydispersity are obtained. Wet chemical processes such as sol-gel and solvothermal
could be used for the synthesis of oxysulfide hosts such as Y20:S, however, the aqueous
conditions used in these methods do not favour the precipitation of calcium sulfide since it
is easily hydrolyzed in water. Co-precipitation method is another type of wet chemical
process used to synthesize nanoparticles. It is based on the use of saturated solutions that
induce nucleation followed by the growth of nanocrystals.[115] Although, most of the co-
precipitation procedures make use of water as the solvent, Sun et al., reported for the first
time a co-precipitation method to obtain nano-sized CaS crystals using ethanol (99%) as the
solvent, minimizing the hydrolysis of the alkaline earth sulphide.[116] Thus, this method was
selected as the synthetic procedure for the development of the CaS:Eu2*/Dy3*

nanophosphor.

The first step in the synthesis requires the injection of a sulphide precursor into a
saturated solution of CaClz. Nucleation occurs rapidly after the injection and continues until
the precursors concentration drops below a critical threshold. This is followed by a particle
growth stage via Ostwald ripening that favors the formation of CaS nanoparticles.

Subsequently, CaS nanoparticles are precipitated under reduced pressure followed by a
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dropwise injection of tetrahydrofuran. The nanoparticles are recovered by centrifugation

and dried under vacuum.
4.1.2 Synthesis and characterization of CaS nano host

The first step in the development of the CaS:Eu?*/Dy3* nanophosphors was to
optimize the conditions for the synthesis of CaS nanoparticles using the co-precipitation
method described in section 4.1.1. In Table 4.1 the parameters used for the synthesis of the
undoped CaS nano host are shown. These parameters were established based on the work
of Sun et al, and other reported synthetic procedures of alkaline earth sulfide nano sized

hosts_[116-117]

Table 4.1 Synthetic parameters used in the synthesis of CaS nanoparticles

Synthetic Parameter

Solvent Ethanol 99%
Na,S-9H,0 (0.62 mmol)
Precursors
CaCl;-2H20 (0.62 mmol)
Sulfide injection rate 20 mL/min
Reaction time 3h
Temperature Room temperature

After completion of the synthetic procedure, the white powder product was dried
under vacuum and characterized by X-Ray powder diffraction (XRPD), a technique that
provides information on the crystal phase of the nano host. In Figure 4.1B the XRPD
experimental pattern of the as synthesized CaS nano host is shown. The presence of the
principal diffraction peaks for the cubic phase (2 0 0) and (2 2 0) as well other diffraction
peaks that are in agreement with reported pattern for CaS (JCPDS File No. 750893, Figure

4.1A) confirm the presence of cubic CaS crystallizing with space group Fm3m.
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Figure 4.1 XRPD Patterns of (A) Reference Pattern JCPDS File No. 750893, (B) CaS nanoparticles as
synthesized and (C) CaS nanoparticles after annealing treatment.

Crystallographic information such as the inter-planar spacing (d-spacing) and the
lattice constant (a) of the CaS nanoparticles can be calculated using the XRPD experimental
pattern. d-spacing is defined as the perpendicular distance between adjacent lattice planes

and it can be calculated using equation 4.1,

A
2sin@

(4.1)

where 1 is the wavelength of CuKa (1.543 A) and 6 is the angle of the most intense
diffraction peak which corresponds to the (Il =2, m =0, n =0) reflection. The lattice
constant (a) refers to the physical dimension of the unit cell. CaS shows a cubic crystal
phase therefore, all dimensions of the unit cell are equal (a=b=c). The lattice parameter is

represented by (a), and it is calculated using equation 4.2.
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a = dvVI2 +m? + n2 (4.2)

Table 4.2 summarizes the values obtained for the as synthesized CaS nanoparticles.
The experimental value for the lattice parameter agrees with the reported lattice constant

of 5.694 A (JCPDS File no. 750893).

Table 4.2 Experimental d-spacing and lattice parameter (a) of CaS nanoparticles

Nanoparticle Type dA) £ (A) a (A) = (A)
CaS 2.85+0.02 5.70 £ 0.03
Annealed CaS 2.84 £ 0.02 5.69 £ 0.03

In order to improve the crystallinity of the CaS nanoparticles, the sample was
annealed at 700°C, for 4 hours under a flow of N as reported by Vinay et al./?28] The XRPD
pattern for CaS nanoparticles following the thermal procedure is shown in Figure 4.1C. The
XRPD experimental pattern reveals higher counts per second for the diffraction peaks for
the (2 0 0) and (2 2 0) planes as well for the (111),(222),(400),(331)and (44 2)
planes, confirming the enhancement of the crystallinity of the nanoparticles. Using
equations 4.1 and 4.2, d-spacing and a parameters were calculated for the annealed CaS
nanoparticles and the results are shown in Table 4.2. As it can be seen, the calculated values
of d and a do not change after annealing, suggesting that no changes in the crystal phase

have occurred.

The size of the crystallite (D;;,,) can be calculated from the experimental XRPD

pattern, using the Scherrer equation (Equation 4.3).

KA

D = 4.3
Imn By COSO (4.3)

where Dy, is the crystallite size in the direction perpendicular to the lattice planes, (I, m,
n) are the Miller indices of the main diffraction peak, K is the crystallite-shape factor ( K =

0.9, best approximation in the absence of shape information) and By, is the full width at
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half maximum of the main diffraction peak.[11°1 Thus, from the line broadening of the (2 0 0)
diffraction peak of the annealed CaS nanoparticles (Figure 4.1C) a crystallite size (D, ) of

76 nm = 10 nm was calculated.

Excitation kem5= 410 nm

— Emission kexc =254 nm
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Figure 4.2 Excitation (blue) and emission (red) spectra of CaS nanoparticles.

The optical properties of annealed CaS nanoparticles were characterized by
luminescence spectroscopy. Figure 4.2 shows the excitation spectrum (blue) of the nano-
sized host material. This excitation spectrum exhibits two broad bands with maxima at 248
nm and 294 nm. The intense excitation peak (248 nm) corresponds to the transition from
the valence band to the edge of the indirect band gap of the nano host. Thus, the
experimental CaS indirect band gap obtained is 5 eV (Figure 4.3). This value is in agreement

with results reported by Pandey et al and Stepanyuk et al. [120]
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Conduction Band (CBM)

Valence Band (VBM)

Figure 4.3 Scheme of the VBM — CBM transition in CaS nanocrystals

The second excitation peak at 297 nm (=4.17 eV) is attributed to intrinsic point
defect, such as sulfur vacancies (Vs) in the CaS nanocrystals. These defects form as a
consequence of the synthetic method chosen and the post-synthetic heat treatment carried
out. The crystal growth of CaS via the co-precipitation method leads to the production of a
poor crystalline material with localized charge build up in the crystal lattice. During the
annealing treatment, Vs defects are readily created in order to neutralize the charge
accumulation.[88] These type of defects lead to the formation of ‘meta-stable’ energy levels
that are usually localized below the conduction band and can trap electrons excited from

the valance band (Figure 4.4).
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Conduction Band (CBM)

Valence Band (VBM)

Figure 4.4 Scheme of the VBM — CBM and VBM — V; transition in CaS nanocrystals

The band gap energy difference of 5 eV and the location of the sulfur vacancies at
4.17 eV from the VBM in the nano host have been confirmed by computational studies
carried out by Huang after publication of our results.[?8IThe author used the DFT + Hubbard
U method to calculate the band gap and the defect formation energies of different types of
intrinsic defect points and their probabilities to be found in CaS. Computational results
revealed an indirect band gap difference of 5.13 eV. In addition, it confirmed that the Vj
defects are located 4.21 eV from the valence band, and it is the most probable intrinsic

point defect in the CaS nanocrystal, which minimizes the charge build up.
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Ca?* (100 pm)

Figure 4.5 Formation of intrinsic defects in the CaS lattice due to the presence of Na* impurities.

Following the characterization of the optical properties of the nano host, the
emission spectrum of the CaS nanoparticles was measured upon 254 nm irradiation was
measured. The emission spectrum is shown in Figure 4.2 (red). It exhibits two broad bands
in the range 350 nm to 550 nm attributed to Na* ions, optically active impurities,
incorporated in the host lattice during the synthesis and annealing treatment. These
impurities are intrinsic defects that act as luminescent centres responsible for the blue
emission by the host.[88] The presence of Na* impurities in the CaS nanocrystals is a result of
the use of NazS as the sulfide precursor. The incorporation of Na* ions (ionic radius of 102
pm) in the Ca?* (ionic radius of 100 pm) cationic sites of the crystal is facilitated since their
ionic radii are very similar. The introduction of a Na* ion in Ca?* site induces a +1 charge
imbalance that can be neutralized via the formation of a Vs defect with one electron trapped

(Vs*). Thus, acting as electron storage centers (Figure 4.5).
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Figure 4.6 Emission spectra of CaS nanoparticles using two different sulphide precursors: Na,S and K-S
(Aexc = 254 nm)

To further confirm the introduction of the Na* ions as impurities, CaS nanoparticles
were synthesized using K>S as the sulphide precursor. The resulting nanoparticles do not
exhibit any luminescence upon UV irradiation. The emission spectrum of these
nanoparticles is shown in Figure 4.6 which shows the absence of the broad bands in the
blue-green region. This is attributed to the fact that the ionic radius of the K* ion (138 pm)
is significantly larger than that of CaZ* ion (ionic radius of 100 pm). Since the presence of
Na* induces the formation of electron trapping sites that may have an effect in the

lengthening of the persistent luminescence, it was decided to maintain NazS as the sulphide

source.
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4.1.3 Introduction of Eu?" as the emitting centre

From the different materials that have been studied as persistent luminescent hosts,
alkaline earth sulfides draw attention as hosts that offer the largest crystal field splitting of
the Eu2* emitting centres favouring red persistent luminescence emission. The most
common oxidation state of europium is +3, and there are not Eu2+ salt precursors that are
soluble in ethanol, which can be introduced in the proposed synthetic procedure. However,
Eu3* can be easily reduced to the divalent state in a reducing atmosphere, thus
Eu(NO3)3-5H20 was used as the source to introduce Eu3+ as the dopant ion to replace the
Ca2+*ions, producing CaS:Eu3* nanoparticles. The introduction of an Eu3* ion in Ca2* site will
translate in the formation of more lattice defects as consequence of the charge imbalance.
Annealing the product using sulfur powder in a reducing atmosphere produces Eu?2*.
Furthermore, the Eu2* ions are more stable than the trivalent form in alkaline earth sulfides
since Eu?* minimizes some of the local charge imbalance produced in the introduction of

Eu3+*ions.[121]

To determine the effect of the annealing temperature on reducing the Eu3+* to Eu?* in
CaS, 10 mg batches were annealed at different temperatures (600°C, 700°C, 800°C and
900°C) for 4 hours with sulfur powder under a flow N2. The obtained products were

characterized by emission spectroscopy (Figure 4.7).

The electronic configuration of Eu3* is [Xe] 4f7 5s2 5p®, showing that the 4f orbitals
are shielded by the 5s and 5p orbitals. Thus, the Eu3+ electronic transitions are observed as
narrow lines since there is very little effect from the surrounding ions. In the case of the
divalent oxidation state of europium, the electronic configuration is [Xe] 4f7 5s2 5p® 5d. In
this case the 6s electrons are lost, leaving the 5d electrons exposed and more susceptible to
be influenced by the surrounding ions, hence broad band emission is expected.[*21] The
difference in the band shape and broadness was used to ascertain the two oxidation states

and the temperature at which complete reduction of the Eu3* to Eu?* was obtained.
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Figure 4.7 Emission spectra obtained after the annealing of CaS:Eu3+ (1 mol%) nanoparticles as a
function of the temperature (Aexc = 254 nm).

The product obtained after annealing at 600°C is a mixture of white and pink
powders. The pink powder is characteristic of the color for Eu2* in CaS whereas the white
powder is the unreacted CaS:Eu3*. The emission spectrum (Figure 4.7) reveals both, sharp
and broad band peaks. The narrow peaks at 573 nm and 619 nm are attributed to the D, —
’F1 and °Do — 7F2 transitions of Eu3* respectively, while the broad band peak with a
maximum at 650 nm corresponds to the Laporte allowed transition from the 4f65d to the
4f7 levels of EuZ* (Figure 4.7).[9% 122] At all other annealing temperatures evaluated, a fine
pink powder was obtained and their corresponding emission spectra exhibit only the broad
band peak of Eu?*. However, the maximum intensity of the emission was obtained at an
annealing temperature of 700°C. Thus, the complete reduction of Eu3* (1 mol% dopant) to

Eu2* to produce CaS:Eu?* nanoparticles was achieved via annealing for 4 hours at 700°C

using sulfur powder under a flow of nitrogen.

77



Luminescence intensity is dependent on the dopant concentration. Therefore, a
study was carried out to optimize the Eu2* emission centres in CaS. This involved the
synthesis of CaS:Eu3* with different concentrations of Eu3* in the range of 0.01 mol% to 1
mol%, each sample was annealed using the conditions described above. The luminescence
spectra of each sample are shown in Figure 4.8. At all concentrations, the spectra exhibit the
characteristic broadband emission of Eu2+ (4f¢5d! —4f7). The shape and the band position
were found to be independent of the Eu?* concentration. However, the absolute intensity of
the band is concentration dependent. The maximum intensity was observed for a
concentration of 0.02 mol% of Eu?*. In addition, as the Eu?* concentration increases, the

intensity of the band decreases. This is attributed to concentration quenching.

— 1 mol%
— 0.7 mol%
— 0.5 mol%
0.1 mol%
0.07 mol%
— 0.05 mol%
—0.02 mol%
0.01 mol%

Intensity (Arb. U.)

Wavelength (nm)

Figure 4.8 Emission spectra of CaS:Eu2+* (Aexc = 254 nm). The mol% concentrations are based on the
addition of Eu3+ precursor in the synthesis reaction.
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Figure 4.9 Excitation spectrum of CaS:Eu?* (Aems=650 nm).

The excitation spectrum of the sample with the maximum emission intensity
(CaS:Eu?+* 0.02 mol%) is shown in Figure 4.9. The peak at 248 nm corresponds to the energy
bandgap transition of the nano host CaS. A broad excitation band is observed between 400
to 600 nm related to the 4f’— 4f65d! transition of Eu?*. The shape of the broad excitation
band is in excellent agreement with the results reported by Yamashita et al.[123] The sharp

lines observed on this broad band arise from the use of the Xe lamp as the excitation source.

From the results obtained from the emission and excitation spectra, it can be
established that the energy levels of the Eu?* ions are located within the band gap of the
nano-host. Under 254 nm excitation, it is possible to activate these luminescent centres by
exciting electrons from the ground state of Eu2* to the conduction band, followed by a non-
radiative decay to the 4f65d! excited state and a subsequent red radiative emission (4f65d1

—4f7) (Figure 4.10).
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Figure 4.10 Scheme of the luminescence mechanism observed in CaS:Eu2+ nanoparticles upon 254 nm
irradiation.
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Figure 4.11 XRPD patterns of (A) reference pattern JCPDS File No. 750893, (B) CaS:Eu3+ (0.02 mol%)
and (C) CaS:Eu?* nanoparticles.

80



XRPD was used to characterize the crystal phase and crystallinity of CaS:Eu3+ (0.02
mol%) nanoparticles and CaS:Eu?* nanophosphors obtained after the annealing treatment.
The patterns are shown in Figure 4.11. The XRPD patterns of both CaS:Eu3* and CaS:Eu?+
confirm the nanoparticles to be of the cubic phase. The XRPD pattern of CaS:Eu?* (after the
annealing treatment), exhibits higher crystallinity than the CaS:Eu3* nanoparticles. The
lattice parameters (a) of CaS:Eu3* and CaS:Eu?* were calculated using equation 4.2, with
the 0 values of the (2 0 0) reflections. In addition, from the line broadening of the same
reflection and using equation 4.3, the average crystalline size of each of the samples was

calculated and the values are shown in Table 4.3.

Table 4.3 Experimental lattice parameter (a) and particle size (D,,,,) of CaS:Eu3+* and CaS:Eu?+

nanoparticles
Nanoparticle Type a (A) £ () Dy (nm) £ (nm)
CaS:Eu3+ 5.62+0.04 72+10
CaS:Euz+ 5.68 £0.04 80+£10

The calculated lattice constant of CaS:Eu3* is slightly smaller than the reported lattice
constant of 5.694 A. This decrease is due to the replacement of Ca2* (ionic radius: 100 pm)
with Eu3* ions which have a smaller ionic radius (ionic radius: 94.7 pm).[124] In the sample
CaS:Eu?+, the Eu?* ion (ionic radius: 117 pm) is occupying the Ca2* sites, which is reflected

by an increase in the value of the lattice constant from 5.62 A+ 0.04 A to 5.68 A+ 0.04 A.

To evaluate the efficiency of doping with Eu3* into the CaS nano host and to
determine the final concentration of Eu?* in CaS after the annealing treatment, inductively
coupled plasma mass spectrometry (ICP-MS) was used to obtain the concentration of 153Eu.
A calibration curve of 5 points was stablished using a SPEX lanthanide multi element
standard solution (10 mg/mL) (Figure 4.12). A final concentration of 1.910 ppm of 153Eu
was detected which corresponds to 0.018 mol% of 133Eu. Thus, the introduction of Eu3+ as a
dopant and the annealing treatment are considered to be efficient with a minimal loss of

europium.
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Figure 4.12 ICP-MS Calibration curve for the detection of 3.

4.1.4 Formation of Trapping Sites: Introduction of Dy>"

Trivalent lanthanide ions have been used as co-dopants to extent the duration of the
afterglow in hosts showing persistent luminescent. In the development of a CaS based red
persistent luminescent material suitable for optical imaging, Dy3* was chosen as the ion to
provide the trapping states in the nano host by the substitution of Dy3*ions into Ca2* sites.

Three advantages arise from the selection of Dy3* ion as a co-dopant:

I. A Dy3*ion can occupy a Ca?* site. Dy3* has an ionic radius of 91.2 pm thus it can be
accommodated in a Ca2* site (ionic radius of 100 pm) due to its smaller size but still
cause a disruption in the charge balance.[124] This results in the formation of trapping
sites in order to maintain the charge neutrality.

Il. It induces the formation of shallow and deeper trapping sites. The vacuum referred
binding energy level scheme constructed for lanthanide doped CaS (Figure 2.17)
reveals that Dy3* exhibits energy levels located near the conduction band that could

generate shallow traps that can lengthen the persistent luminescence. In addition, it
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reveals the presence of energy levels at approximately 1.3 eV below the conduction
band. These levels may form trapping sites which can release electrons upon 980 nm
photostimulation.

. Dy?*ions are not generated. The annealing conditions used to reduce Eu3* to Eu?* do
not reduce Dy3* to Dy?* since the third oxidation energy for europium is higher than

that of dysprosium thus favouring the 3+ oxidation state of dysprosium.

Dy?* — Dy3*t + e~ AE = 2200 k] mol™!

Eu?t - Eu3t + e~ AE = 2400 k] mol™?

Based on the aforementioned advantages, Dy3* ions were introduced as co-dopants
using the same synthetic conditions described for the synthesis of CaS and CaS:Eu?*
nanoparticles. Albeit that the exchange of Ca2* by Eu3* and Dy3* is viable due to their
comparable ionic radii, it is not energetically favorable because of the difference in the
oxidation state. This introduce an additional energy cost related to the formation of defects
to neutralize the charge difference. Thus, it was necessary to optimize the reaction time to
successfully introduce both trivalent lanthanide ions in the nano host, CaS. In Figure 4.13
the XRPD patterns of CaS:Eu3* /Dy3* as a function of reaction time are shown. After three
hours of reaction, diffraction peaks of the cubic crystal phase CaS are observed, however
two peaks are present that do not correlate to the reference pattern of CaS (JCPDS File No.
750893). These peaks were attributed to unreacted Dy(NOz)s. As the time of reaction is
increased the signal of the unreacted Dy(NO3)3 decreases. A reaction time of 16 hours was

found to be the optimum time required to obtain CaS:Eu3*/Dy3* nanoparticles.
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Figure 4.13 XRPD patterns of the CaS:Eu3+ (0.02 mol%)/Dy3+ (0.002 mol%) nanoparticles as a function
of the reaction time.

Following the synthesis, the nanoparticles were annealed at 700°C for 4 hours in the
presence of sulfur powder. The XRPD pattern of CaS:Eu?*/Dy3+ is shown in Figure 4.14C). It
confirms the cubic crystal phase of the product that shows improved crystallinity over the
as-synthesized CaS:Eu3*/Dy3* nanoparticles (Figure 4.14B). Using equation 4.2 and 4.3 the
lattice parameter (a) and the average crystalline size using the 0 values of the (2 0 0)
reflections were calculated. The values are shown in Table 4.4. The lattice parameter (5.61
A +0.03 A) of CaS:Eu3*/Dy3+ is smaller due to the smaller ionic radii of the dopant ions.
After the reduction of Eu3* to Eu?*, the calculated lattice parameter of 5.65 A +£0.03 A which
is in excellent agreement with the lattice parameter reported for the cubic CaS (5.694 A).
The calculation of the Dy,;,,, from the line broadening of CaS:Eu3*/Dy3* and CaS:Eu2*/Dy3+
reveals a particle size of 78 nm £ 15 nm and 85 + 15 nm respectively. No significant change

in the size of the nanocrystals are observed because of the annealing process.
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Figure 4.14 XRPD patterns of (A) reference pattern JCPDS File No. 750893, (B) CaS:Eu3* (0.02
mol%)/Dy3* (0.002 mol%) nanoparticles and (C) CaS:Eu?* (0.02 mol%)/Dy3+ (0.002 mol%)
nanophosphors.

Table 4.4 Experimental lattice parameter (a) and particle size (D,,,,) of CaS:Eu3+/Dy3*nanoparticles
and CaS:Eu?*/Dy3+* nanophosphors

Nanoparticle Type a (A) £ () Dy (nm) £ (nm)
CaS:Eus+/Dy3+ 5.61 +0.03 78+ 15
CaS:Eu2+/Dy3+ 5.65 + 0.03 85+ 15

The optimum concentration of Dy3+ that would favor a strong emission of red light at
650 nm and the release of trapped electrons at room temperature conditions was
established by carrying out a study of the emission intensity as a function of the
concentration of Dy3* in the range of 0.001 mol% to 1 mol% and using a constant
concentration of 0.02 mol% of Eu2+ which is the concentration that shows the maximum

luminescence intensity (Figure 4.8). The emission spectra of the CaS:Eu2+/Dy3*
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nanophosphor doped at different concentrations of Dy3+ excited upon UV irradiation are

shown in Figure 4.15.

—0.001 mol%
= (0.002 mol%
— (0.005 mol%
0.01 mol%
(.05 mol%
e 0.1 mol%
= (0.5 mol%
e (0.7 MOI%
— 1 mol%

Intensity (arb. u.)

Wavelength (nm)
Figure 4.15 Emission spectra for CaS:Eu?+ (0.02 mol%)/Dy3* (X mol%) upon 254 nm excitation.

The spectra of these samples exhibit four distinct emission bands (Figure 4.15). The
red emission broad band with a maximum at 650 nm corresponds to the 4f65d1 — 4f7
transition of Eu?*. The broad band in the blue region at 486 nm corresponds to the emission
from the intrinsic defects created in CaS as a result of using NazS in the synthesis procedure.
This was discussed in section 4.1.2 and shown in Figure 4.6. The other two bands observed
at 580 nm and the narrow peak at 756 nm are assigned to the *F9;2 — ®H13,2 and the 4Fq9,2 —
6Hg/> respectively, in agreement with the assignments reported for Dy3+.[125] The maximum
emission intensity is observed at a Dy3* concentration of 0.002 mol%. At higher

concentrations of Dy3* ions, a significant quenching of the red emission occurs, because of
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the significantly higher number of Dy3+* ions as emission centers than the Eu2+* ions. This
translates in a higher probability of radiative de-excitations occurring from the Dy3* energy

levels than from the 4f65d?! of Eu2+*ions.
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Figure 4.16 Emission spectra for CaS: Dy3* upon 254 nm excitation using Na;S as the sulfide precursor
(Dy3* mol% varied from 0.001 to 0.01 mol%).

CaS:Eu?* (0.02 mol%)/Dy3+(0.5 mol%) exhibits white luminescence upon 254 nm
irradiation that persist after the excitation has been switched off. This emission is
consequence of the combination of red, green and blue emissions. In the blue-green region
there is an overlap of the emission peaks that originate from the intrinsic defects and Dy3+
ions. In order to clearly identify the emission peaks of the Dy3* ion in this region, CaS:Dy3+
nanoparticles were synthesized using Na:S and K>S sulfide precursors, and varying the

concentration of Dy3* from 0.001 mol% to 0.01 mol%. In Figure 4.16 the emission spectra
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of the CaS:Dy3* nanoparticles synthesized using Na;S as the sulfide precursor are shown.
The spectra exhibit a broad band in the blue-green region attributed to the Na* ions
introduced in the nano host as a consequence of the favored Na* — Ca?* exchange during
the synthesis procedure. In the yellow region, the transition, 4Fg;2 — ©H13/2 of Dy3* is
observed. On the contrary, when K>S precursor is used and the cation exchange is not
favored, the intrinsic defect emission band is not observed, however the 4F9,2 — ®His,2
transition of Dy3* is clearly observed (Figure 4.17). Thus, the overlapping of emission peaks
from the intrinsic defects and Dy3* ions contribute to the total emission of blue light that
combine with the yellow transition of Dy3* and the red emission of Eu?* produce white

persistent luminescence.
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Figure 4.17 Emission spectra for CaS: Dy3+ upon 254 nm excitation using K-S as the sulfide precursor

(Dy3* mol% varied from 0.001 to 0.01 mol%).
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The strong red emission of the CaS:Eu2*(0.02 mol%)/Dy3*(0.002 mol%) sample was
one of the important characteristics that was key to choosing this sample as the potential
candidate for optical imaging applications. The excitation spectrum shown in Figure 4.18
does not show any significant changes from the one reported above for the CaS:Eu?+
nanoparticles. It exhibits the peak at 248 nm that corresponds to the energy bandgap
transition of CaS and the broad excitation band in the region 400 to 600 nm related to the

4f7 54f65d! transition of Eu?+.
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Figure 4.18 Excitation spectrum of CaS:Eu?* (0.02 mol%)/Dy3*+ (0.002 mol%) nanophosphors (Aems =
650 nm).
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In addition, ICP-MS was used to determine the doping concentration of 153Eu and
163Dy in the CaS nanoparticles. Using calibration curves for concentration of 1°3Eu (Figure
4.12) and 163Dy (Figure 4.19), final concentrations of 1.634 ppm of 1>3Eu and 0.191 ppm of
163Dy were detected which corresponds to 0.017 mol% and 0.0016 mol% respectively.

These results agree with the initial concentration used in the mixture.

10L ° 1630y
Linear Fit

Equation y=a+b*x
2 = Adj. R-Square 0.99988
Value
a Intercept 3335
O - b Slope 9.08241E7

1 I 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0

Concentration (ppm)

Figure 4.19 ICP-MS Calibration curve for the detection of 163Dy.
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300 nm

Figure 4.20 TEM of CaS:Eu?* (0.02 mol%)/Dy3+(0.002 mol%) nanophosphors (scale bar: 300 nm).

A consequence of the annealing process required for the reduction of Eu3* ions is the
a high degree of agglomeration exhibited by the CaS:Eu?*/Dy3* nanophosphors due to the
high temperature and the annealing time required.[2¢] Figure 4.20 shows a TEM image of
CaS:Eu?*/Dy3* after the annealing treatment. Proposed post-synthetic alternatives to
disrupt the agglomeration of nanoparticles are rotor stator mixers, piston homogenizers,
wet milling and direct ultrasonication using sonication probes. Among the alternatives,
ultrasonication is the most used technique to de-agglomerate and disperse nanoparticles in
a liquid media as it can be used from low to high viscosity media and in a large range of
volumes.[1271 Nanoparticles that show agglomeration require application of a high stress
process in order to overcome the adhesion forces. The stress needed can be provided by
ultrasonic vibrating waves with a fixed amplitude propagating through a liquid medium. As
the waves propagate, alternating compression (high-pressure) and rarefaction (low-
pressure) cycles are generated. During the rarefaction cycle, the average distance between

agglomerates decreases below a critical distance generating the formation of cavities
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(bubbles). When the pressures increases, the distance between agglomerates decreases,
forcing the cavities to collapse.[127] The collapse of bubbles, also known as cavitation, causes
the release of a large amount of energy that generates a mechanical stirring effect with

shock waves and micro-jets that cause the disruption of agglomerates.[128]

Direct ultrasonication was carried out by inserting a sonication probe directly into
the liquid media where the nanophosphors were suspended. Using a frequency of 30 KHz,
different ultrasonication times were investigated (1 min to 5 min) in dispersions of
CaS:Eu?*/Dy3* nanophosphors in ethanol at an approximate concentration of 0.5 mg/mL.
TEM images after ultrasonication process and the particle size distribution of the
CaS:Eu2+/Dy3* nanophosphors obtained from the counting of 100 nanoparticles are shown
in Figure 4.21. The TEM images revealed that the agglomeration exhibited by the
nanophosphors was disrupted, producing individual nanoparticles. The average sizes after
1, 2 and 3 min of ultrasonication are 150 nm + 28 nm, 108 nm + 32 nm and 82 nm + 32 nm
respectively. Although a broad size distribution is still observed, a significant decrease in
the average size is obtained because of the disruption of the large agglomeration of
nanophosphors. After 3 minutes of ultrasonication, it was observed that the highest
population of nanoparticles (75%) was below 100 nm in comparison to the other studied
ultrasonication times. On the other hand, a significant increase in the average size at
ultrasonication times higher than 3 min is observed. Average sizes of 109 nm + 34 nm and
161 nm + 50 nm was measured after 4 and 5 min of ultrasonication respectively. This
increase in the average size is attributed to an Ostwald ripening process. The nanoparticles
with particle sizes below 40 nm obtained after 3 min of ultrasonication are no longer
observed after 5 min of ultrasonication. Thus, dissolution of the small nanocrystal followed
by the deposition of the material to the larger nanophosphors may be occurring increasing

the average size.
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Figure 4.21. TEM and particle size distribution of CaS:Eu2+/Dy3+ nanophosphor after (A-B) 1, (C-D) 2,
(E-F) 3, (G-H) 4 and (I-]) 5 min of ultrasonication at 30 KHz.
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Furthermore, ultrasonication at 30 KHz for 3 minutes was carried out in CaS
nanoparticles, CaS:Eu?* and CaS:Eu?*/Dy3* nanophosphors dispersed in ethanol. The
nanocrystals were precipitated and analyzed by XRPD, and it was found that all
experimental patterns measured agree with the pattern reported in the literature,
confirming that the ultrasonication process do not modify or alter the crystal phase and

crystallinity of the nanocrystals (Figure 4.22).
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Figure 4.22. XRPD Patterns of (A) Reference Pattern JCPDS File No. 750893, (B) CaS nanoparticles, (C)
CaS:Eu?+ (0.02 mol%) and (D) CaS:Eu2+/Dy3* (0.02 mol%/0.002 mol%). All XRPD patters were
measured after ultrasonication (3 min, 30 KHz).
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4.2 Persistent an NIR Photostimulated Red Luminescence of CaS:Eu?’/Dy’"

Nanophosphors

Upon 254 nm irradiation CaS nanoparticles, CaS:Eu?* and CaS:Eu?*/Dy3*
nanophosphors exhibit a characteristic and common luminescent property, persistent
luminescence. The generation and duration of a persistent luminescent emission exhibited
by the CaS nano host and the CaS:Eu?* and CaS:Eu2*/Dy3* nanophosphors originates in the
trapping centres found within. As it has been discussed, trapping centres are readily
created to neutralize local charge build up due to the presence of intrinsic defects such as

anionic vacancies or the introduction of impurities or dopant ions in the crystal lattice.
4.2.1 Persistent Luminescence and Thermoluminescence Studies

In order to characterize the trapping centres and elucidate the trapping mechanism
of the persistent luminescence exhibited by CaS nanoparticles, CaS:Eu?* and CaS:Eu?*/Dy3+
nanophosphors, wavelength-resolved thermoluminescence studies were carried out. To
determine the location of the trapping centres with respect to the conduction band (trap

depths), the Urbach empirical formula (Equation 2.22) was used.
4.2.1.1 CaS Nano Host

The characterization of the trapping centres formed in the CaS nano host and
responsible for the blue persistent luminescence was carried out by measurement of its
thermal glow curve. CaS nanoparticles were cooled down to 10 K and irradiated with UV
light (254 nm for 10 min). The irradiation was switched off and the nanoparticles were
heated at a constant heating rate of 10 K min! from 10 K to 650 K and the thermal-

stimulated luminescence was recorded as a function of the temperature.
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Figure 4.23 (A) Thermal glow curve and (B) thermally stimulated emission spectrum of CaS
nanoparticles.

The thermal glow curve for CaS nanoparticles is shown in Figure 4.23A. The glow
curve exhibits a fast decay at low temperatures in the range of 10 to 100 K attributed to a
fast athermal tunneling recombination process occurring in the proximity of the conduction
band, most likely related to electrons being released from shallow traps. A thermal peak is
observed with a temperature maximum (7;,,) at 558 K that corresponds to intrinsic
trapping sites found in the nano host. Using equation 4.4, it was established that these
intrinsic trapping sites are located at 1.1 eV below the conduction band. The thermal
stimulated emission spectra of each of the identified traps in the thermal glow curve of CaS
nanoparticles is shown in Figure 4.23B. At 10 K and 558 K emission in the blue-green and
blue region are observed respectively. The emission features at 10K are similar to those
observed in the emission spectrum obtained under 254 nm excitation (Figure 4.2);
however, a difference in the emission intensity for two bands is observed. The spectrum
collected upon UV irradiation represents the intensity of the complete trap distribution (10
to 100 K) whereas the thermally stimulated spectrum collects only the thermal-stimulated

luminescence generated a 10 K.
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Figure 4.24 Scheme of the electron trapping - detrapping mechanism for CaS nanoparticles.

The generation of the blue-green persistent luminescence at low temperatures is
related to the presence of a shallow trap distribution in the range of 0.02 to 0.2 eV (10 to
100K) below the conduction band. At room temperature conditions, a fast release of
electrons occur from this trap distribution to the conduction band followed by a rapid
recombination in the Na*ions emission centers (Figure 4.24). This fast detrapping process
translates in a persistent luminescence time of 1.2 min + 0.4 min shown by the persistent

luminescence decay profile (Figure 4.29).
4.2.1.2 CaS:Eu*" Nanophosphors

The thermal glow curve for CaS:Eu?* was recorded using the same linear heating rate
and charging time described for the CaS nanoparticle. However, two different charging
excitation wavelengths, 254 and 482 nm were used. The thermal glow curves are shown in
Figure 4.25A. Both thermal glow curves show two peaks at 120 and 210 K and a fast decay
at low temperatures in the range of 10 to 100 K. The latter corresponds to the athermal
tunneling recombination observed in the CaS nanoparticles. The most intense peak at 210 K

corresponds to the presence of shallow traps at approximately 0.4 eV below the conduction
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band. A lower intensity peak at 120 K reveals the presence of other shallow traps located at
0.2 eV below the conduction band. The trapping sites located 120 K and 210 K are shallow
traps formed by the introduction of Eu3* as a dopant ion followed by its reduction to Eu2*
during the annealing treatment. The generation of the red persistent luminescence
exhibited by the CaS:Eu2* nanophosphors arises from the Eu?* 4f65d1 (Tg) — 4f7 (8S7,2)
transition. At 120 and 210K, the trapped electrons move into the conduction band and
nonradiatively decay to the Eu?* emitting level. The thermal stimulated emission spectra is

shown in Figure 4.25B.

Intrinsic traps at higher temperatures (400 to 600 K) are only observed following
irradiation of the nanophosphors using 254 nm light. Using 482 nm irradiation to charge
the nanophosphors, the deeper traps are no longer observed. The absence of these traps is
related to the energy required to excite electrons up to the conduction band and non-
radiatively decaying into the trapping sites. Using 482 nm excitation, electrons of the
ground state are excited to the 4f65d! energy levels of Eu?* from where they can migrate, to
a lesser degree, to the shallow traps located in the vicinity. Once the excitation period is
terminated, electrons can rapidly migrate back to the 4f65d! energy levels follow by the

radiative emission to the 4f7 (8S7,2) ground state.[129]
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Figure 4.25 (A) Thermal glow curve and (B) thermally stimulated emission spectrum (corresponding
to the thermal glow curve after 254 nm irradiation) of CaS:Eu2+ (0.02 mol%) nanophosphors.
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When the CaS:Eu?* nanophosphors are irradiated with 254 nm light, electrons are
promoted from the occupied 4f7 levels (8S7,2 ground state) to the conduction band followed
by the trapping of electrons in all of the identified shallow traps (Figure 4.26). At room
temperature, these electrons can be released to the conduction band or a retrapping
process can occur by a trap closer in proximity to the conduction band. This generates a
trapping-detrapping process that translates in the lengthening of the persistent
luminescence to 8 min + 2 min as it is shown in the persistent luminescence decay profile
(Figure 4.29). Once the electrons reach the conduction band, a nonradiative decay to the 5d
orbitals of Eu2+ occurs followed by a radiative decay to produce a red persistent emission

(Figure 4.26).
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Figure 4.26 Scheme of the electron trapping - de-trapping mechanism for CaS:Eu2+ nanophosphors.

99



4.2.1.3 CaS:Eu®"/Dy’" Nanophosphors

The thermal glow curve for CaS:Eu2* (0.02 mol%)/Dy3+* (0.002 mol%) is shown in
Figure 4.27A. The thermal glow curve exhibits three thermal peaks at 100, 194 and 305 K
that correspond to traps located at 0.2, 0.4 and 0.6 eV below the conduction band,
respectively. The shallow traps at 0.2 eV and 0.4 eV correspond to the previously identified
traps. The trap at 0.6 eV is formed upon the introduction of Dy3* as a codopant. This third
trap is classified as an intermediate trap, which favors the lengthening of the red persistent

luminescent time of CaS:Eu?*/Dy3+.
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Figure 4.27 (A) Thermal glow curve and (B) thermally stimulated emission spectrum of CaS:Euz* (0.02
mol%)/Dy3* (0.002 mol%) nanophosphors.

The thermal stimulated emission spectra of CaS:Eu?*/Dy3* nanophosphors is shown
in Figure 4.27B. A red emission band with a maximum at 650 nm is attributed to the 4f65d!
(T2¢) — 4f7 (8S7,2) transition of Eu?* and observed for the three temperatures. In addition, at
100 K two broad peaks in the range of 400 to 625 nm are observed. These peaks are
attributed to a recombination followed by a radiative process occurring in the intrinsic
defects and Dy3* emission centers. Upon 254 nm irradiation of the CaS:Eu2*/Dy3+
nanophosphors electrons are promoted from the occupied 4f7 levels (8S7,2 ground state) to
the conduction band followed by the trapping of electrons in all the identified shallow and
intermediate traps (Figure 4.28). The presence of the intermediate trap favors a

detrapping-retrapping process over direct release to the conduction band. Electrons

trapped in the intermediate trap cannot be released directly to the conduction band,
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however, they can be released to and re-trapped by a nearby shallow trap in closer
proximity to the conduction band. This process may continue until the electron reaches the
conduction band, nonradiative decay to the 5d orbitals of Eu?* and finally a radiative decay
to produce a red persistent emission (Figure 4.28). The generation of the shallow trap at 0.6
eV results in the further lengthening of the persistent luminescence time to 300 min + 15

min (Figure 4.29).
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Figure 4.28 Scheme of the electron trapping - de-trapping mechanism for CaS:Eu2+/Dy3+
nanophosphors.
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Figure 4.29 Persistent luminescence decay profile for CaS nanoparticles (red dots), CaS:Eu?+ (0.02
mol%) (blue dots) and CaS:Eu?+ (0.02 mol%)/Dy3+ (0.002 mol%) (green dots) nanophosphors.

4.2.2 NIR Photostimulated Luminescence

As shown from the thermal-stimulated luminescence studies, the electrons trapped
in the intrinsic traps in CaS and CaS:Eu?2+ are released at temperatures in the range of 400 K
to 650 K, that corresponds to a distribution of deeper traps located in the range 0.8 eV to
1.3 eV below the conduction band. Using light of an appropriate energy may also trigger the

detrapping of electron from these deeper traps.

CaS nanoparticles were excited using UV irradiation (254 nm) for 10 minutes and
were subsequently placed in the dark until the blue persistent luminescence subsided.
Subsequently, the nanoparticles were irradiated using 980 nm light (=1.3 eV) with a power
density of 4000 mW/cm?. A decrease in intensity of the 486 nm band was observed as a
function of time. The blue emission persisted for 7 s + 2 s and it is known as
photostimulated emission. In addition, the power density of the 980 nm irradiation was

varied from 4000 mW/cm?2 to 980 mW/cm?2. The photostimulated emission profiles as a
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function of the time for the CaS nanoparticles using the maximum and minimum power
densities are shown in Figure 4.30, and the photostimulated emission times obtained are

shown in Table 4.5.
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Figure 4.30 NIR Photo-stimulated luminescence decay profile for CaS nanoparticles using a power
density of 4000 mW/cm? (red dots) and 980 mW/cm? (blue dots) (Aems = 486 nm).

Table 4.5 Photostimulated emission times of CaS nanoparticles as a function of the power density
using 980 nm excitation.

Power Density Photostimulated Time
(mW/cm?) (s)x2s
4000 7
3300 10
1100 12
980 15
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Using the same experimental parameters the NIR photo-stimulation of the 650 nm
emission of CaS:Eu?* nanophosphor was evaluated. Using a power density of 4000 mW /cm?2
a photostimulated emission time of 10 s £+ 3 s. was obtained. Moreover, the power density of
the 980 nm irradiation was varied from 4000 mW/cm2 to 300 mW/cm2 The
photostimulated emission profiles as a function of time for the CaS:Eu?* nanophosphors
using the maximum and minimum power densities are shown in Figure 4.31 and the

photostimulated emission times obtained are shown in Table 4.6.
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Figure 4.31 NIR Photostimulated luminescence decay profile for CaS:Eu?* nanoparticles using a power
density of 4000 mW/cm? (red dots) and 300 mW/cm? (blue dots) (Aems = 650 nm).
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Table 4.6 Photostimulated emission times of CaS:Eu?* nanophosphors as a function of the power
density using 980 nm excitation.

Power Density Photostimulated Time
(mW/cm?) (s)t3s
4000 10
3300 15
1100 20
400 25
300 30

From the photostimulated experiments carried out on the CaS nanoparticles and the
CaS:Eu?* nanophosphors, we observe that, as the power density decreased, the
photostimulated emission times are longer. The increase in the photostimulated emission
times is attributed to the decrease in the number of photons per area per time, also known
as photon flux. This results in less photons impinging on the sample consequently, trapped

electrons are released at a lower rate.

Introducing Dy3* ion as a codopant, not only lengthens the time of persistent
luminescence by the presence of the intermediate trap, but it could also form deeper traps
that are found at approximately 1.3 eV below the conduction band, as it was shown in the
VRBE diagram, and that corresponds to an energy excitation of 980 nm. Electrons excited
into the conduction band using 254 nm can also be trapped in these deeper traps. At room
temperature, the energy provided is not sufficient for the electrons to escape, however 980
nm excitation can promote the release of deeper trapped electrons followed by the Euz*
characteristic red emission at 650 nm. After charging the CaS:Eu?*/Dy3* nanophosphors
using 254 nm light, and once the persistent luminescence has subsided, the codoped
nanophosphors exhibit a  NIR photostimulated red emission. Studies on the NIR
photostimulated red emission duration as a function of the power density were carried out
and the profiles are shown in Figure 4.32 and the photostimulated emission times are
summarized in Table 4.7 As in the case of the CaS nanoparticles and the CaS:Eu?*
nanophosphors, as the power density of the 980 irradiation is decreased, the

photostimulated emission times exhibited by the CaS:Eu?* /Dy3+ increases, confirming the
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possibility to control the rate of release of the electrons by tuning the power density of the

980 irradiation.
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Figure 4.32 NIR Photostimulated luminescence decay profile for CaS:Eu2+/Dy3+ nanophosphors as a
function of the power density of the 980 nm irradiation (Aems = 650 nm).

Table 4.7 Photo-stimulated emission times of CaS:Eu2*/Dy3* nanophosphors as a function of the power
density using 980 nm excitation.

Power Density Photostimulated Time
(mW/cm?) (s)x60s
4000 300
3300 500
1100 800
400 900
300 1000
250 1100
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Furthermore, the presence of deeper traps was also resolved by measuring the
excitation spectrum of the CaS:Eu?*/Dy3* nanophosphors using a Ti-Sapphire laser after
charging the sample with UV light and allowing the persistent luminescence to subside.
Two bands are observed at 950 nm and 900 nm that are attributed to deeper traps that
belong to a distribution of traps located between 1.1 at 1.4 eV below the conduction band
(Figure 4.33) formed as consequence of the charge unbalance generated by the intrinsic
defects and the introduction of Dy3* as codopant. Conveniently for the use of this
nanophosphors in fluorescence optical imaging, NIR excitation can be used to release
electrons trapped in this distribution of traps back to the conduction band, non radiatively
decaying to the 4f65d! energy levels of Eu?* and finally radiative decay to the 4f7 ground
state of Eu?* (Figure 4.34). The presence of the deeper traps provides the possibility of

releasing the stored energy at any time after the persistent luminescence has subsided.
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Figure 4.33 Excitation spectra of CaS:Eu2+ (0.02 mol%)/Dy3+ (X mol%) (Aems = 650 nm).
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Figure 4.34 Scheme of the electron trapping and detrapping via thermal and photo-stimulation for
CaS:Eu?+/Dy3+.

4.3 Rendering CaS:Eu®"/Dy’" Nanophosphors Water Dispersible
4.3.1 Surface Modification Strategy [: Conjugation of a Thiol Ligand

Two main drawbacks arise from the requirement of an annealing treatment to
obtain CaS:Eu2*/Dy3* nanophosphors: aggregation accompanied by broad size distribution
and the rendering of nanocrystals without a capping ligand. The capping ligand is required
to produce nanocrystals that are water dispersible and show colloidal stability.
Ultrasonication was implemented to minimize the aggregation and the post-synthetic
conjugation of 16-mercaptohexadecanoic acid as a capping ligand was proposed to
overcome the absence of capping ligand. The high surface energy exhibited by the

nanophosphors due to the presence of sulfide dangling bonds could potentially favor the
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formation of sulfide-sulfide bonds between the thiol moiety of the capping ligand and the

surficial sulfide ions (Figure 4.35).

Figure 4.35 (A) Chemical formula of 16-mercaptohexadecanoic acid and (B) graphic representation of
the thiolate modified CaS:Eu2+/Dy3* nanophosphor.

The conjugation of the thiol ligand was attempted by dispersing the ultrasonicated
nanophosphors and 16-mercaptohexadecanoic acid in methanol. The mixture was left
under stirring at 700 rpm and the stirring time was varied from 1 to 7 days. FTIR was used
to confirm the presence of the thiolate ligand conjugated to the surface of the CaS:Eu?*/Dy3+
nanophosphors obtained after 1 day of reaction and compared with the FTIR spectra of
16-mercaptohexadecanoic acid and the unmodified CaS:Eu?*/Dy3* (Figure 4.35). The FTIR
spectrum of 16-mercaptohexadecanoic acid exhibits two peaks at 2926 cm-1 and 2853 cm-1
that correspond to the asymmetric and symmetric -CHz- stretching respectively.
Furthermore, it exhibits a band at 1710 cm-! and 1465 cm-! that correspond to the C=0
stretching vibration and -CH;- bend vibration. Moreover, a broad week band is observed in
the region from 2700 cm-! to 2800 cm-! that corresponds to the -SH stretch. The FTIR
spectrum characteristic of the vacuum dried CaS:Eu2*/Dy3* nanocrystal exhibit two broad

bands at 1240 cm? and 650 cml. The thiolate modified CaS:Eu2*/Dy3* shows the
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vibrational frequencies characteristic of the CaS:Eu2*/Dy3* nanophosphors as well the
corresponding -CH2- symmetric and asymmetric stretching and -CHz- band of the alkane
chain. The band of the C=0 stretch vibration is also present whereas the broad band of the -
SH stretching is absent. This provides preliminary insights of the possible formation of a S-S
bond. The FTIR spectra of the surface modified nanophosphors obtained after the different

reaction times show the same distinct features.
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Figure 4.36 FTIR spectra of (black) 16-mercaptohexadecanoic acid, (red) CaS:Eu2+/Dy3* and (blue)
CaS:Eu?+/Dy3+*/16-mercapto nanophosphors obtained after 1 day of reaction.

The emission spectrum of the CaS:Eu?*/Dy3+*/16-mercaptohexadecanoic acid
nanophosphors in the solid state was measured upon 254 nm irradiation and compared
with the unmodified CaS:Eu2*/Dy3* nanophosphors (Figure 4.37). Both spectra exhibit the
red emission broad band with a maximum at 650 nm corresponds to the 4f65d1 — 4f7
transition of Eu?* and the broad band in the blue region at 486 nm that corresponds to the
emission from the intrinsic defects. No significant differences in the shape and band

position are observed when comparing both spectra. The difference in intensity is

110



attributed to a lower number of CaS:Eu2+/Dy3*/16-mercaptohexadecanoic acid
nanophosphors in the measured sample in comparison to the unmodified CaS:Euz*Dy3*

nanophosphors.
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Figure 4.37 Emission spectra of (black) CaS:Eu?*/Dy3*+ and (red) CaS:Eu?+/Dy3+/16-mercapto
nanophosphors (Aexc = 254 nm).

The  persistent luminescent  properties of the  CaS:Eu2t/Dy3*/16-
mercaptohexadecanoic acid nanoparticles obtained at the different reaction times were
evaluated in the solid state (1 mg) using a persistent luminescence imaging set up.
Unmodified CaS:Eu?*/Dy3* nanophosphors in solid state were used as the control sample. In
Figure 4.38 the persistent luminescence images as a function of the reaction time are
shown. The images were acquired 25 minutes after UV irradiation using no external
excitation. It can be observed that as the reaction time is increased, the area exhibiting
persistent luminescence from the CaS:Eu2*/Dy3*/16-mercaptohexadecanoic acid
nanophosphors is significantly smaller in comparison to that exhibited by the unmodified
CaS:Eu2+/Dy3* nanophosphors. Thus, as the reaction time is increased the duration of the

persistent luminescence is considerably decreased.
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Moreover, the NIR photo-stimulated red luminescence of the CaS:Eu2*/Dy3+*/16-
mercaptohexadecanoic acid nanophosphors obtained after 1 day of reaction was evaluated
by using 980 nm irradiation with a power density of 4000 mW/cm2. The NIR photo-
stimulated luminescence decay is shown in Figure 4.39. A NIR photo-stimulated
luminescence duration of 30 s + 5 s was obtained. The total duration of this luminescent
process is reduced by a 90% in comparison to the NIR photo-stimulated luminescence

exhibited by the unmodified CaS:Eu?+/Dy3* nanophosphors (See Table 4.7).
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Figure 4.38 Imaging of the persistent luminescence exhibited by CaS:Eu?*/Dy3+/16-Mercapto as a
function of the reaction time. Images acquired after 25 minutes of irradiation with 254 nm light.
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Figure 4.39 NIR Photostimulated luminescence decay profile for CaS:Eu2+/Dy3+/16-mercapto
nanophosphors using 980 nm irradiation and a power density of 4000 mW cm2 (Aems = 650 nm).

The results of the persistent luminescence imaging and NIR-photo-stimulated
luminescence decay led to hypothesize that the conjugation of the thiol ligand affects the
optical properties of the CaS:Eu2*/Dy3* nanophosphors. We postulated that the thiolate
ligand could potentially bond to the surficial sulfide dangling bonds forming sulfide-sulfide
bonds. However, the presence of sulfur vacancies in the surface of the nanophosphor can
lead to occupancy of the vacancy by the thiolate ligand. As consequence, decreasing the
number of trapping sites, which translates in short persistent and photo-stimulated
emissions duration times (Figure 4.40). The significant effect on the optical properties by
the conjugation of a thiolate ligand on the surface of the CaS:Eu?*/Dy3+* was the main reason

to propose a different surface modification strategy.
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Figure 4.40 Thiolate ligand fills the sulfur vacancy eliminating an electron trapping site.

4.3.2 Surface Modification Strategy II: Polymer Encapsulation and Grafting of a
Silica Shell

4.3.2.1 Adsorption of Poly(vinylpyrrolidone)

Polymer encapsulation of nanoparticles has become a commonly used alternative to
provide colloidal stability and prevention of aggregation processes.[130] It involves the
coating of nanoparticles with amphiphilic polymers through an adsorption process.[131]
Poly(vinylpyrrolidone) is an amphiphilic non-ionic polymer that adsorbs readily to broad
range of different types of nanomaterials such as metallic nanoparticles, quantum dots, iron
oxide and lanthanide based upconverting nanoparticles.[132] [ts amphiphilic character arises
from the polar amide group within the pyrrolidone ring and the apolar methylene and
methane groups in the ring and its carbon backbone chain (Figure 4.41A).[1331 When the
CaS:Eu?*/Dy3* nanophosphors are dispersed in a polar medium such as ethanol, the
hydrophobic portion is adsorbed on the nanoparticles surface leaving the hydrophilic

portion exposed to the polar medium (Figure 4.41B).
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Figure 4.41 (A) Chemical formula of Poly(vinylpyrrolidone) and (B) graphic representation of the PVP
polymer adsorbed on the surface of the CaS:Eu?*/Dy3* nanophosphor.

Poly(vinylpyrrolidone) (Mw=10000) (PVP-10) was chosen as the amphiphilic
polymer stabilizer to be adsorbed on the surface of CaS:Eu2+/Dy3* after the ultrasonication
process in order to provide the nanophosphor colloidal stability in a polar medium as well
to prevent further aggregation due to the repulsion between the polar amide groups. To
carry out the adsorption of the amphiphilic polymer, the CaS:Eu2*/Dy3* nanophosphors and
PVP-10 are dispersed in ethanol and left under stirring at 700 rpm for 24 hours. The PVP-
CaS:Eu2+/Dy3* nanophosphors are precipitated via centrifugation and washed several times
to remove all the non-adsorbed amphiphilic polymer. FTIR was used to confirm the
presence of PVP-10 adsorbed to the surface of the CaS:Eu2*/Dy3* nanophosphors. Figure
4.42 shows the FTIR spectra of PVP-10, the unmodified CaS:Eu?*/Dy3* and the PVP-
CaS:Eu?*/Dy3* nanophosphors. The FTIR spectrum of PVP-10 exhibits a broad -OH
absorption at 3400 cm 1 The hydrophobic portion of the hydrophobic chain is characterized
by the presence of two absorbing peaks at 2928 cm-! and 2855 cm-! that correspond to the
asymmetric and symmetric -CHz- stretching respectively and a peak at 1463 cm
attributed to the -CHz bending. The polar portion is represented by the C=0 stretching at
1685 cm! and the -CN stretching and bending of the amide bond at 1402 cm-1and 620 cm!
respectively. The FTIR spectrum of the vacuum dried CaS:Eu?*/Dy3* nanocrystal exhibit the
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characteristic vibrations at 1240 cm!

nanophosphors show the vibrational

and 650

frequencies

cml,

The PVP-CaS:Eu?*/Dy3+
characteristic of CaS:Eu2+/Dy3*

nanophosphors and the corresponding hydrophobic backbone vibrations and the

hydrophilic vibrations of the C=0 stretch vibration and -CN stretching and bending of the

PVP-10.
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Figure 4.42 FTIR spectra of (black) Poly(vinylpyrrolidone) (Mw=10000), (red) CaS:Eu?*/Dy3+ and
(blue) PVP- CaS:Eu2*/Dy3* nanophosphors
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Figure 4.43 (A) Emission spectra of CaS:Eu2+/Dy3+ and PVP-CaS:Eu?*/Dy3* nanophosphors in solid state
upon 254 nm excitation. (B) Emission spectrum and picture of PVP-CaS:Euz*/Dy3* nanophosphors
dispersed in ethanol (1 mg/mL) upon 254 nm excitation.

The luminescence properties of the PVP-CaS:Eu2*/Dy3* were measured upon 254
nm excitation. Figure 4.43A shows the emission spectra of the CaS:Eu2*/Dy3* and the PVP-
CaS:Eu2+/Dy3* nanophosphors in solid state. Both spectra exhibit the characteristic red
emission broad band with a maximum at 650 nm corresponds to the 4f65d! — 4f7 transition
of Eu2*and the broad band in the blue region that corresponds to the emission from the
intrinsic defects. Furthermore, the polymer coated nanophosphors were easily dispersed in
ethanol (1 mg/mL) and the emission spectrum was measured using upon 254 nm
irradiation (Figure 4.43B). No significant changes in the optical properties were observed
thus, the adsorption of the amphiphilic PVP polymer does not affect the Eu?* luminescent

centres.
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Figure 4.44 Imaging of the persistent luminescence exhibited by CaS:Eu?*/Dy3+ and PVP- CaS:Eu?+/Dy3+
nanophosphors in (A) solid state (1 mg) and (B) dispersed in ethanol (1 mg/mL). Images acquired
under no excitation 30 min after being charging process with 254 nm light.

The persistent luminescent properties of the PVP-CaS:Eu?*/Dy3* nanophosphors
were evaluated in solid state (1 mg) and dispersed in ethanol (1 mg/mL) using a persistent
luminescence imaging set up (Figure 4.44). Unmodified CaS:Eu?*/Dy3* nanophosphors and
polymer coated PVP- CaS:Eu?*/Dy3* nanophosphors in solid state were charged using 254
nm irradiation. The persistent luminescence red emission of both nanophosphors was
imaged 30 minutes after the irradiation was terminated (Figure 4.44A). Both samples

exhibit similar intensity indicating similar persistent luminescence decay profiles.

Furthermore, once the red persistent luminescence subsided, both samples were
dispersed in ethanol and re-charged using 254 nm irradiation. The dispersed
nanophosphors in the polar solvent exhibit similar intensities in the red persistent

luminescence as it is confirmed by the images acquired after 30 minutes in the absence of
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external excitation (Figure 4.44B). The similarity in the intensity observed on the solid state
and in dispersion lead to postulate that the adsorption of the PVP polymer in the surface
does not have an effect in the shallow and intermediate traps responsible of the red

persistent luminescence.

Moreover, the NIR photo-stimulated properties of the PVP-CaS:Eu?*/Dy3*
nanophosphors in solid state were evaluated using the same experimental parameters
reported for the CaS:Eu?*/Dy3* nanophosphors. The polymer coated nanophosphors
exhibits a NIR photo-stimulated red emission with a duration of 250 s + 60 s at the
maximum power density of 4000 mW/cm? (Figure 4.45). A study of the NIR photo-
stimulated time as a function of the power density was also undertaken and the results are
shown in Table 4.8. The photo-stimulated emission times measured are in the same range
of the values obtained for the unmodified CaS:Eu2*/Dy3* nanophosphors. Thus, the
adsorption of the PVP polymer on the surface does not have an effect in deeper traps

present in the nano-sized red persistent luminescent CaS:Eu2+/Dy3+.
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Figure 4.45 NIR Photostimulated luminescence decay profile for PVP-CaS:Eu?+/Dy3 nanophosphors
using 980 nm irradiation and a power density of 4000 mW cm2 (Aems = 650 nm).

Table 4.8 NIR photo-stimulated emission times of CaS:Eu2+/Dy3+ and PVP- CaS:Eu?+/Dy3+
nanophosphors as a function of the power density using 980 nm excitation.

CaS:Euz*/Dy3+ PVP-CaS:Eu?+/Dy3+
Power Density . . . .
Photostimulated Time Photostimulated Time
(mW/cm?)
(s)x60s (s)x60s
4000 300 250
3300 500 480
1100 800 740
400 900 850
300 1000 980
250 1100 1080

4.3.2.2 Grafting of a Silica Shell

Grafting of a silica shell on the surface of nano-sized materials is one of the surface

modification methods used to achieve water dispersibility, colloidal stability and facilitate

120



the decoration of the surface with ligands of biological interest by taking advantage of the

surficial Si-OH moieties.

The formation of silica micro-sized particles was first reported by Stéber et al in
1968.11341 The authors proposed a method to produce a monodisperse suspension of silica
spheres in the size range between 0.05 um to 2 pm. The method was based on results
reported by Kolbe in 1954 that describe the formation of silica particles as consequence of a
chemical reaction between tetraalkyl silicate with water in alcoholic medium using a base
as a catalyst.[135] Stober et al, found that the formation of silica particles was not always
achieved and in most of the cases the synthesis resulted in the formation of a gel like
structure. As consequence, the authors carried out a rigours systematic study to determine
the experimental conditions to obtain silica particles. The authors found that the reaction of
tetraethyl orhtosilicate (TEOS) undergoes trough an hydrolization followed by a
condensation reaction in the presence of concentrated ammonium hydroxide as catalyst
and ethanol as solvent resulting in the formation of ‘sphere-like’ silica particles (Figure

4.46).
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Figure 4.46 Representation of the hydrolysis and condensation of TEOS
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The Stober method has been modified to achieve the formation of a silica shell
around the core of different types of nanoparticles,[3 136 including CaS:Fe2*
nanoparticles.[137] Wu et al., reported the formation of the silica shell on the surface of
CaS:Fe?* nanoparticles using PVP as stabilizing agent and ethanol as the solvent medium.
The authors postulate that PVP adsorbs on the surface of CaS:Fe2* nanoparticles forming a
polymeric shell that provides stability, prevents aggregation and the hydrophilic part of the
of the PVP would act as a nucleation sites for further silica shell growth. The authors
reported that after stabilizing the CaS:Fe?* nanoparticles with PVP, the PVP-CaS:Fe2+
nanoparticles may be dispersed in ethanol and 1 mL of a solution of ammonium hydroxide
is added dropwise to the dispersion. Immediately following this step, 100 pL of TEOS are
added and stirred for 24 hours. The nanoparticles are precipitated via centrifugation and

washed several times with ethanol.

The silica coating procedure reported by Wu et al, was carried out on the PVP-
CaS:Eu?*/Dy3* nanophosphors. The products obtained were characterized by TEM and the
images are shown in Figure 4.47. TEM results revealed that silica nanoparticles with an
average size of 147 nm * 10 nm main are formed. However, a significantly lower number of
TEOS-PVP-CaS:Eu?*/Dy3* nanophosphors were found. This is can be attributed to an
incomplete coverage of the surface of the nanophosphor by the PVP polymeric shell. This
results in the hydrolysis of the CaS host by the excess of water molecules, that are not
involved in the hydrolysis of TEOS, and additionally in the absence of the smaller in size
PVP-CaS:Eu2*/Dy3* nanophosphors and a low number of the larger in size PVP-
CaS:Eu2+/Dy3* nanophosphors. Moreover, the lower number of cores lost to the hydrolysis

reaction and the excess of TEOS favours the formation of silica nanoparticles.
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Figure 4.47 TEM images of the obtained products (1 mg/mL in water) following the silica coating
procedure reported by Wu et al. (A) TEOS-PVP-CaS:Eu?*/Dy3+ nanophosphors and silica nanoparticles
and (B) silica nanoparticles (Scale bar: 200 nm).

In order to avoid the hydrolysis of the PVP-CaS:Eu?*/Dy3* nanophosphors, the
amount of the aqueous ammonium hydroxide and TEOS was reduced to 50 pL and 5 uL
respectively. As well, the aliquots of reactants were added using a constant rate and
constant stirring. Figure 4.48 shows the TEM images of the TEOS-PVP-CaS:Eu?*/Dy3*
nanophosphors and the corresponding energy-dispersive X-ray spectroscopy (EDS)
pattern. Despite that the silica coated nanophosphors obtained do not show an
homogeneous coating with a narrow size distribution, the coating procedure followed
allowed for formation of a shell around the nanophosphors and minimized the generation
of silica nanoparticles. From EDS analysis (Figure 4.48C) Ca, S, O and Si were found on the
surface of the TEOS-PVP-CaS:Eu?+/Dy3+, in agreement with the expected composition of the
nanophosphors. The concentrations of the Eu and Dy species are below the detection limit

of the instrument used.
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Figure 4.48 TEM images of TEOS-PVP-CaS:Eu?*/Dy3* nanophosphors (1 mg/mL in water) (A) scale bar:
250 nm, (B) scale bar: 100 nm and (C) corresponding EDS pattern taken from region imaged in figure
B.

The presence of the silica shell allows for a better dispersion of the nanophosphors
in polar solvents such as ethanol and water. The nanophosphors were first dispersed in
ethanol 99% and the emission spectrum was measured upon 254 nm irradiation and
shown in Figure 4.49. The spectrum exhibits the same characteristic optical properties
exhibited by the PVP-CaS:Eu?+/Dy3* . Hence, the grafting of the silica shell on the surface of
PVP-CaS:Eu?*/Dy3* nanophosphors does not have an effect on the crystal field splitting of
the 5d excited energy levels of Eu?* or in the environment of the intrinsic defects.
Furthermore, the emission the emission spectrum (Figure 4.49) of the TEOS-PVP-
CaS:Eu?*/Dy3* nanophosphors dispersed in water (0.5 mg/mL) was measured using 254
nm irradiation. As shown in the Figure 4.49 using an aqueous medium does not induce
changes in the optical properties of the nanophosphors since no variations in the shape or

band positions were found.

In order to compare the intensity of the luminescence of the TEOS-PVP-
CaS:Eu?*/Dy3* nanophosphors in the different solvents, the emission spectrum of the
nanophosphors in water was normalized with respect to the maximum intensity at 650 nm
of the nanophosphors in ethanol. A slight decrease in the intensity is observed for TEOS-
PVP-CaS:Eu2*/Dy3* nanophosphors in water. Initially, the same weight (0.5 mg) of
nanophosphors was used to prepare the two different solutions. However, uncoated PVP-

CaS:Eu2+/Dy3* nanophosphors present in the sample can be hydrolyzed when dispersed in
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water. Thus, the minor decrease in intensity is attributed to a slight lower number of

emitting nanophosphors in comparison with the present in the ethanolic solution.
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Figure 4.49 Emission spectra of TEOS-PVP-CaS:Eu2*/Dy3* nanophosphors dispersed in (red) ethanol
99% and (blue) water measured upon 254 nm irradiation.

A second procedure to graft a silica shell on the surface was proposed by Dr.
Richards (Institut de Chemie of the French National Centre for Scientific Research) to obtain
TEOS-CaS:Eu2*/Dy3* nanophosphors. This procedure avoids the adsorption of the PVP
polymeric shell. To a solution of CaS:Eu2*/Dy3* nanophosphors dispersed in ethanol (2
mg/mL) 222 uL of ethanol, 247 of water and 6.7 uL of TEOS are added and the mixture is
sonicated for 5 minutes to activate the hydrolysis process of the TEOS. After, 25 uL of
aqueous solution of NH4OH are added to catalyze the hydrolysis and condensation reactions
on the surface of the nanophosphors. The reaction is left for 4 days at room temperature in
a rotator. The TEOS-CaS:Eu?+/Dy3* nanophosphors are precipitated via centrifugation and
washed several times with a mixture of water:ethanol. The TEOS-CaS:Eu?*/Dy3+*
nanophosphors were characterized by TEM (Figure 4.50). Images of the TEOS-
CaS:Eu?*/Dy3* and the TEOS-PVP-CaS:Eu?*/Dy3* nanophosphors show that the silica coating

is not distributed equally on the surface.
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Figure 4.50. TEM images of TEOS-CaS:Eu2+/Dy3+ nanophosphors (1 mg/mL in water) (A) scale bar: 500
nm and (B) scale bar: 50 nn.
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Figure 4.51(A) Emission spectra of TEOS-CaS:Eu2+/Dy3+ nanophosphors dispersed in (red) ethanol
99% and (blue) water measured upon 254 nm irradiation. Concentration: 0.5 mg/mL. (B) and (C)
Pictures of the luminescence exhibited by TEOS-CaS:Eu2+/Dy3+ nanophosphors dispersed in ethanol
99% and water measured upon 254 nm irradiation respectively.
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Likewise, the optical properties of the TEOS-CaS:Eu2*/Dy3* nanophosphors upon 254
nm excitation dispersed in the ethanol and in water did not show different features than
those observed for the TEOS-PVP-CaS:Eu?*/Dy3* nanophosphors (Figure 4.51A). The direct
grafting of the silica shell onto the unmodified surface of the CaS:Eu2*/Dy3* nanophosphors
does not affect the environment of the ion emitting centres located in the surface, which
would be characterised by a shift in the peak position of the bands of the CaS:Eu?*/Dy3+
nanophosphors. Under UV light the TEOS-CaS:Eu?*/Dy3* nanophosphors dispersed in

ethanol and in water exhibit similar luminescence intensities (Figure 4.51B,C).

The persistent luminescent properties of the TEOS-CaS:Eu?*/Dy3+ nanophosphors
dispersed in water (0.5 mg/mL) were evaluated using a persistent luminescence imaging
set up (Figure 4.52). Unmodified CaS:Eu?*/Dy3* nanophosphors were selected as the
control sample as it provides information on the decay of the intensity of the signal as
consequence of the hydrolysis of the nano-host. Unmodified CaS:Eu?*/Dy3* and TEOS-
CaS:Eu?*/Dy3* nanophosphors dispersed in water nanophosphors were irradiated for a
period of 2 minutes with 254 nm light. Images of the red persistent luminescence in the
absence of external excitation were acquired after 5, 30 and 60 minutes. The shorter
irradiation time employed allowed the acquisition of the persistent luminescence exhibited
by the unmodified CaS:Eu2+/Dy3* nanophosphors after 5 minutes of the charging process.
After 30 minutes of being irradiated, no red persistent luminescence is detected as it was
expected due to hygroscopic character of the CaS nano-host. Contrarily, the red persistent
luminescence exhibited by TEOS-CaS:Eu2*/Dy3* nanophosphors was detected during the
time frame of the experiment. Thus, the direct grafting of the silica shell on the surface of
the nanophosphors does not influence the shallow traps responsible of the persistent

luminescence.

The grafting of a silica shell on the surface of the CaS:Eu2*/Dy3* nanophosphors
allowed the dispersion of the nanocrystals in aqueous environment maintaining its
persistent luminescence properties. The TEOS-PVP-CaS:Eu?*/Dy3+* and TEOS-CaS:Eu?*/Dy3+
nanophosphors are water dispersible nanocrystals that exhibit red persistent luminescence

in solution (650 nm), an emission in the NIR-I biological window. The red persistent
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luminescence of the TEOS-CaS:Eu?*/Dy3* nanophosphors has a duration of at least an 1

hour after being charged with UV light for 2 min.

Intensity (Arb. U.)

CaS:Eu?*/Dy3* | TEOS-CaS:Eu?*/Dy3*

Time: 5 min

Time: 30 min

Time: 60 min

Figure 4.52 Imaging of the persistent luminescence exhibited by CaS:Eu?+/Dy3+ and TEOS-
CaS:Eu?+/Dy3+ nanophosphors dispersed in water (0.5 mg/mL). Images were acquired under no
excitation 5, 30 and 60 min after being irradiated with 254 nm light for 2 min.
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4.4 Exploratory study of In Vivo Imaging using TEOS- CaS:Eu*'/Dy’"

nanophosphors

The promising optical properties exhibited by the TEOS-CaS:Eu2*/Dy3+
nanophosphors could potentially avoid some of the difficulties currently faced by other
nanoparticles based luminescent probes in the acquisition of in vivo images. These
nanophosphors can be optically excited before in vivo local or systemic injection; thus, the
excitation of the nanophosphor of is not limited by the penetration of the excitation light
through the skin and tissues. Moreover, the red persistent luminescence exhibited TEOS-
CaS:Eu?*/Dy3+ after being charged can be used to monitor the biodistribution of the
nanophosphors in real time for at least one hour without the need of any external
illumination source. This also could translate in a significant improvement of the signal-to-
noise ratio and allowing the detection in rather deep organs.[801 However, effective use of
these nanophosphors as luminescent probes for biomedical applications require elaborate

studies involving the biodistribution, clearance and biocompatibility.

The fate of the nanoparticle-based luminescent probes once introduced in an small
animal is dictated by its physicochemical properties such as morphology, size, surface
charge, and hydrophobic/hydrophilic character. These properties will primarily determine
the interaction with the different bio-entities in the body and finally the effectiveness of the
nanoparticle in biomedical applications. The morphology of the nanoparticle play a role in
the efficiency of their circulation in the body. Sphere-like shapes favor the circulation in the
center of blood vessels due to the distribution of the hydrodynamic forces, causing less
damage to the surrounding tissues. The size and the degree of polydispersity have a role in
the biodistribution and clearance from the body. Surface properties will also dictate in
these latter aspects. While circulating through the blood stream, nanoparticles can suffer of
nonspecific adsorption of proteins (opsonins) at the surface that leads to particle
accumulation and clearance via the reticular-endothelial system, also known as the

macrophage system.[24 138]
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Figure 4.53 (A) TEOS-CaS:Eu2+/Dy3* dispersed in glucose solution (5%) under 254 nm irradiation for 5
min, after finishing of the charging process, (B) an aliquot of 200 pL is taken,(C) injected via
intravenous tail injection and (D) in vivo image obtained 30 min after injection without external
excitation.

An exploratory study was undertaken to attempt the acquisition of in vivo images of
a Balc mouse using the red persistent luminescence of TEOS-CaS:Eu?*/Dy3* and to gain
preliminary insights on the fate of TEOS-CaS:Eu?+*/Dy3+ after being injected. To acquire in
vivo images using the red persistent luminescence of TEOS-CaS:Eu2*/Dy3+, the
nanophosphors were dispersed in a aqueous glucose solution (5 wt%). The suspension was
irradiated with 254 nm light for 5 minutes. Subsequently, 200 pL of the suspension were
injected into a five-week-old female BALB/c mouse via intravenous tail injection and an in
vivo image of the TEOS-CaS:Eu?*/Dy3* nanophosphors was taken after 30 min of the
injection. Figure 4.53 shows an scheme of the procedure followed and the in vivo image
acquired by using the red persistent luminescence exhibited by the injected TEOS-
CaS:Eu?*/Dy3* nanophosphors. The in vivo image reveals that the nanophosphors
accumulate in the liver, where the highest signal intensity is observed. This accumulation in
the liver, detected as well using other nanoparticle based luminescent probes, can result
from a rapid opsonisation and an uptake by endothelial and Kupffer cells of the reticular-
endothelial system.[7> 80, 1391 The result of this exploratory study confirms that red
persistent luminescence of TEOS-CaS:Eu?*/Dy3* can be used to acquire in vivo images and
suggests that future work should be oriented in the exploitation of the surface chemistry

offered by the silica shell.
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Chapter S — Conclusions

Persistent luminescence nanophosphors have drawn the attention of the scientific
community dedicated to the development of novel luminescent probes for biomedical
applications such as in vivo fluorescence optical imaging. The capacity of the persistent
luminescence nanophosphors to store energy followed by the release of energy in the form
of luminescence at room temperature for a period of time makes them feasible alternatives
over other type of nanoparticle based luminescent probes. As in vivo luminescent probes,
the persistent luminescence nanophosphors are excited ex situ and external excitation is
not required during the acquisition of in vivo images thus, the generation of
autofluorescence of tissue is eliminated. This result in the much-desired higher signal to
noise ratio. Moreover, nanophosphors that exhibit high intensity and long persistent
luminescence duration can be used for in vivo real time monitoring of biodistribution and
accumulation studies as their emission can be detected using a sensitive camera outside the
body. Nevertheless, the limitations in the exploitation of this type of nanomaterials as
luminescent probes in biomedical applications are related to the low number of hosts that
can offer the generation of persistent luminescence emissions found in the biological optical
transparency window, synthetic methods that render particles in the micrometer scale,

chemical instability and short duration of the persistent luminescence.

Sulfide based hosts, are probably the oldest well-known type of materials with the
capacity to generate orange-red persistent luminescent materials. Calcium sulfide is a host
that when doped with Eu?* ions, can generate red persistent luminescence, which is
required for efficient luminescent probes for applications in bioimaging. However, due to
the size distribution in the micrometer range, its hygroscopic character and short persistent
luminescence this host had been not considered as a potential material for bioimaging.
Nonetheless, currently known synthesis and post-synthetic surface modification strategies
inspired us to develop CaS:Eu?*/Dy3+ as a red persistent luminescent material in the nano

size regime for potential bioimaging applications.
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The development of the CaS:Eu?*/Dy3* nanophosphors was initiated by the synthesis
of CaS nanoparticles, followed by the introduction of the Eu2* ions (emitting centres) and
ultimately the incorporation of Dy3* ions, responsible for the lengthening of the duration
time of the red persistent luminescence. The co-precipitation method was found to be a
convenient synthetic approach to produce nano-sized CaS, CaS:Eu3* and CaS:Eu3+*/Dy3+
nanoparticles. An annealing treatment was used to improve the crystallinity of the
nanoparticles and in the case of the single doped and codoped nanophosphors to reduce
Eu3* ions to their divalent form, producing CaS:Eu?* and CaS:Eu2*/Dy3* red persistent
luminescence nanophosphors. A drawback of the use of the heat treatment on nanoparticles
is the formation of agglomerates. Direct ultrasonication was found to be an useful technique

to disrupt the agglomeration exhibited by the nanophosphors.

The substitution of Ca2* ions by Dy3* leads to the creation of defects that cause a
disruption in the charge balance. These defects act as electron trapping sites that favour the
lengthening of the red persistent luminescence and the storage of energy in deep traps that
can only be released via NIR excitation. The nature of the traps responsible for the red
persistent and NIR photo-stimulated luminescence were studied by Iuminescence
spectroscopy and wavelength-resolved thermoluminescent measurements. A mechanism
for the electron trapping after UV irradiation, and for persistent and NIR photo-stimulated
luminescence for CaS nanoparticles, CaS:Eu?* (0.02 mol%) and CaS:Eu?* (0.02 mol%)/Dy3*
(0.002 mol%) nanophosphors was elucidated. The presence of electron trapping sites is
observed in the bandgap of CaS nanoparticles. Intrinsic traps, consequence of the
incorporation of Na* ions as impurities, are formed during the synthesis of CaS, and are
located at 0.02 eV (shallow traps) and 1.1 eV (deeper traps) below the conduction band.
Under 254 nm irradiation, electrons are trapped in both type of intrinsic traps. Electrons
trapped in the shallow traps can be released at room temperature generating a blue
persistent luminescence whereas electrons trapped in the deeper traps require
temperatures higher than 400K or 980 nm excitation to reverse the trapping process and
recombine to generate photo-stimulated luminescence. Introducing Eu3+ as a dopant in CaS
followed by the reduction to Eu?+, creates two shallow traps (0.2 eV, 0.4 eV) below the

conduction band. At room temperature, electrons in these shallow traps induce delayed and
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persistent red emission from the 4f¢5d! energy levels of Eu?* with a duration of
approximately 8 minutes. Moreover, the incorporation of the codopant ion, Dy3+, induces
the formation of intermediate traps at approximately 0.6 eV below the conduction band. At
room temperature, electrons captured in these intermediate traps can be released and
retrapped by nearby shallow traps and promoted back to the conduction band, followed by
a non-radiative decay to the 4f65d! energy levels of Eu2* and subsequent radiative decay to
the 4f{7 ground state. This trapping-detrapping process translates in a red persistent
luminescence with a duration of approximate 5 hours. Furthermore, the introduction of
Dy3+* ions also generates the formation of deeper traps at approximately 1.3 eV below the
conduction band. The electrons captured by these deeper traps can also be released via
continuous NIR irradiation. This provides the possibility of releasing the stored energy at

any time after the persistent luminescence has subsided.

To exploit the persistent luminescence properties exhibited by the CaS:Eu?*/Dy3*
nanophosphors to acquire in vivo images, surface modification of the nanophosphors was
necessary to achieve water dispersibility and avoid hydrolysis. This was accomplished
through the modification of the surface of the nanophosphors via adsorption of a PVP
polymer followed by the addition of a silica shell and via direct grafting of the silica shell on
the “bare” surface of the CaS:Eu?*/Dy3* nanophosphors. Both strategies achieve the goal to
disperse the nanocrystals in an aqueous environment since the silica shells prevents the
hydrolization of the CaS core. In addition, the presence of the silica shell does not affect the

optical properties of the nanophosphors.

An exploratory in vivo imaging experiment using a healthy Balc mouse and TEOS-
CaS:Eu2+/Dy3* nanophosphors as luminescent probes was carried out. TEOS-CaS:Eu2+/Dy3+*
nanophosphors dispersed in a aqueous glucose solution (5 wt%) were charged with UV
light and then injected intravenously to the animal. The red persistent luminescence
exhibited was detected using an exterior camera, facilitating the in vivo monitoring of the
fate of the nanophosphors inside the animal. In vivo images acquired after 30 minutes of the
injection revealed accumulation of the TEOS-CaS:Eu?*/Dy3* nanophosphors in the liver. This
accumulation is expected since this is the first response of the immune system of a healthy

individual. The development of TEOS-CaS:Eu?*/Dy3* nanophosphors and the possibility to
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generate in vivo images with them as luminescent probes contradicts the idea to discard
sulfide based hosts in biological applications. Further research needs to be carried out with
the aim of continuing improving the nanophosphors through the exploitation of the surface

chemistry offered by the silica shell.

The work presented here aimed at developing a red persistent and NIR-photo
stimulated nanophosphors suitable as an alternative to the current available nanoparticle
based luminescent probes. Additionally, it offers a basic understanding of the persistent
luminescence mechanism, primordial knowledge in the development of new nano-sized
photonic materials. Furthermore, it establishes the base for the investigation on surface
modification methods that can lead to the production of nanophosphors with active

targeting capabilities.
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Chapter 6 — Future Work

“If we knew all the answers, there will be no research” - Lailah Gifty Akita

Although the objectives established for the investigation and presentation of this
thesis have been achieved, there are several lines of research arising from this work that

should be pursued. This chapter presents some of these directions.

With respect to the characterization of the red persistent and NIR photo-stimulated
luminescence duration time, the results were obtained at room temperature conditions.
However, it should be kept in mind that after the introduction of the nanophosphor in a
living species, the temperature is higher. As the release of electrons from the trapping sites
is a temperature dependent process, characterization of the duration of the persistent and
NIR photo-stimulated luminescence the CaS:Eu?*/Dy3* nanophosphors should be carried
out as a function of temperature. It is suggested to study the release of the electrons from
shallow traps and from deeper traps using NIR irradiation at a physiological temperature

and conditions of hyperthermia.

Exploratory in vivo experiments revealed that the red persistent luminescence
exhibited by the TEOS-CaS:Eu2*/Dy3+ nanophosphors can be exploited in the acquisition of
in vivo images. In addition, preliminary information on the fate of the TEOS-CaS:Eu2+*/Dy3+
nanophosphor was obtained. It was observed that the nanophosphors accumulate in the
liver thus, a short circulation time is observed through the body before the nanophosphors
are detected by the immune system. This has also been observed for other persistent
luminescence nanoparticles with comparable size distribution and surficial chemical
composition.[8% In order to exploit the red persistent luminescence for the in vivo imaging
of specific diseases, targeting properties combined with longer times are required.
Functionalization of nanoparticles with polyethylene glycol (PEG) has been reported to
render charge-neutral particles that delay the uptake by liver and spleen.l141l Thus, it is
suggested to explore the development of a surface modification strategy that leads to the

formation of a silica shell that exhibits a mixture of terminal PEG chains and -NH; groups. It
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is proposed to use a mixture of methoxy-PEG-silane and 3-(aminopropyl)-trimethoxysilane
as precursors to produce a silica shell on the surface of the CaS:Eu2*/Dy3* nanophosphors.
Whereas the PEG terminal chains may lengthen the circulation time of the red persistent
luminescent nanophosphors, the terminal amino moieties can be exploited for the
conjugation of targeting ligands of biomedical interest. It is important to emphasize that a
complete study on the biodistribution, clearance and toxicity must be carried out for all

proposed in vivo experiments.

The energy storage capacity of the TEOS-CaS:Eu?*/Dy3* nanophosphors and the
possibility of releasing the stored energy via continuous NIR excitation should be explored
for the acquisition of in vivo images. This optical property could be potentially used once the
red persistent luminescence has subsided. However, it is important to emphasize that the
possibility of liberating electrons trapped in the deeper traps of the TEOS-CaS:Eu?*/Dy3* via
NIR photo-stimulation will be limited by the tissue penetration of the NIR excitation used.
As well, the dependency of the photo-stimulated luminescence duration as a function of the
power density of the NIR excitation must be taken into consideration for the application of

NIR photo-stimulation of the TEOS-CaS:Eu?*/Dy3* nanophosphors in in vivo imaging.

Another ambitious step could be potentially taken to bring forth the use of this red
persistent luminescence nanophosphor in other biomedical applications. Nanoscience has
offered the opportunity to envision the combination of diagnosis and therapy through the
design of nanoplatforms that simultaneously delivery therapeutic and imaging functions.
Lin and collaborators reported the synthesis of TEOS-PVP-CaS:Fe nanoparticles that
showed satisfactory heating efficiency.[137]1 The authors injected twelve female Balb/c mice
injected with colon cancer cells (CT-26) and allowed tumors to grow to a size of 10 mm?.
TEOS-PVP-CaS:Fe3* nanoparticles were injected in the localized tumors and the animals
were immediately exposed to an oscillating magnetic field (750 Hz). Results were compared
with infected animals that were not treated with TEOS-CaS:Fe3* nanoparticles. The authors
reported that localized tumor hyperthermia was achieved after exposure to the magnetic
field reducing the size of the tumors while the tumors of the non-treated animals continue
to grow in spite to be exposed to the same oscillating magnetic field. We have shown the

possibility to carry out in vivo imaging using TEOS-CaS:Eu?*/Dy3+thus we propose the
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synthesis of CaS:Eu2*/Fe3*/Dy3* nanophosphors and carry out an study of the optical and

magnetic properties exhibited to evaluate its potential as a theranostic nanoplatform.
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