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Chapter 1 Introduction

Chapter 1

Introduction

Outline

In this chapter, initially, a brief overview of the discovery of lanthanides and their
optical properties is provided. Later, the mechanisms of upconversion and
downconversion processes in lanthanide ions are summarized. As the present study
deals with the lanthanide ion-doped phosphors, an overview of the dependence of their
luminescence on the dopant-concentration in the host matrices, temperature, time,
particle size, shape, etc., has been given. After a brief review of the different synthetic
approaches along with various applications, the rationale behind choosing the fluoride
as the host and Gd** and Tb®" ions as the dopants are discussed. Finally, the thesis

outline and the scope of the investigation are presented.
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Chapter 1 Introduction

1.1 Luminescence and its origin

Luminescence is the spontaneous emission of electromagnetic radiation (EMR) from
electronically or vibrationally excited species not in thermal equilibrium with its
environment.! This is distinguished from incandescence which is the emission of light
because of heating specific objects such as molten iron, burning wood or coal, a light bulb
with filament, etc. Luminescence is described by the transitions of electrons from the excited
states (ES) of a system; the excitation of these electrons is not associated with the thermal
agitation of the atoms. Thus, the thermal energy (KoT, Ky is Boltzmann constant and T is
temperature) is insufficient to populate the ES of the system. Luminescence occurs when a
material absorbs energy from a source such as EMR, electron beams, electric field, chemical
reactions, etc.? The energy of the primary source lifts the atoms into the ES. The outermost
electrons of the atoms are involved in this excitation process. Then, due to the instability of
ES, the atoms return to their ground state (GS). This absorbed energy is emitted as light.
Matter in any of the states— solids, liquids, and gases, can show luminescence. Nature had
admiring examples of luminescence such as luminous animals (jelly fish, fireflies, and
glowworms), aurora borealis, the glow of the ocean, stones, lightning, phosphorescent wood,
etc.?

The term “luminescence” was coined by German physicist Wiedemann in 1888 to
describe the emission of light not conditioned by a rise in temperature. This word originated
from the Latin word lumen, meaning light.* Luminescent materials have been recognized
since approximately the 10th century in Japan and China as well as since the end of the
Middle Ages in Europe.® The discovery of the Bolognian stone in 1603 by Cascariolo on
Mount Paderno, near Bologna, Italy, and of the element phosphorus in 1669 were milestones
that led to the understanding of the phenomenon linked to the emission of light.® The first
identified inorganic phosphor to show persistent luminescence, the bologna stone emitted

yellow to orange light without any external excitation.” During these times, luminescent
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Chapter 1 Introduction

materials were used only for decorative purposes. The first significant breakthrough

regarding luminescent materials was the realization of gas discharges in evacuated glass

tubes by Geissler and Braun and X-rays discovery by Rontgen at the end of the 19" century.

The visualization of gas discharges, X-rays, and cathode rays represented the earliest

practical uses of luminescent materials.®> Thereafter, the research on finding the luminescent

materials to be used in various applications was stimulated.
There are several types of luminescence distinguished which depends on the excitation
source—

e Chemiluminescence results from some chemical reactions. The best chemical to show
chemiluminescence is luminol which, when oxidized by hydrogen peroxide in the
presence of Fe?* present in hemoglobin, can yield strong blue-green luminescence. This
reaction is used in forensics to trace blood spots at the crime scene.

¢ Photoluminescence is a luminescence caused by exciting electrons to higher energy levels
via photon absorption. The most common examples include organic molecules such as
anthracene, quinolone, naphthalene; semiconductors such as zinc sulfide, barium sulfide;
and lanthanide ions based-phosphors such as Y3AlsO1: Nd®*, LaFs: Ln*, LaPOa4: Ln®,
etc.

e Cathodoluminescence occurs when an electron beam impacts a luminescent material such
as a phosphor. The practical use includes the viewing screen of oscilloscope tubes,
televisions, and electron microscopes.

e Electroluminescence involves the generation of light in response to an electric field
applied to a material. Examples include fluorescent lamps, light-emitting diodes (LEDs),
etc.

e Thermoluminescence is a phenomenon where certain preirradiated crystalline materials
emit light when heated. The electrons and holes are released from the traps by thermal

fluctuations and then are radiatively combined. The process is used in geology,
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Chapter 1 Introduction

archeology, forensics, etc.

¢ Radioluminescence occurs when some materials are exposed to ionizing radiation like o,
B, or y rays from a radioactive substance. Self-luminous paints used in dial marking for
watches owe their behavior to radioluminescence. The paints comprise of radioactive
substances such as tritium and phosphors.

e Mechanoluminescence results from organic or inorganic materials upon any mechanical
stimulus such as sound, stress, and pressure. This type of luminescence can be induced by
rubbing solids or separating two solids in contact.?38

In this thesis, photoluminescence (PL) is utilized to study the luminescent properties
of lanthanide ion-doped nanomaterials. As mentioned above, photoluminescence results
from the absorption of photons leading to the emission of light from electronically ES of
atoms, molecules, and ions.® Photoluminescence is further divided into two phenomena
based on their time delay in de-excitation: fluorescence and phosphorescence. Fluorescence
is spin-allowed transitions between levels of the same multiplicity in molecules or direct
recombination of electrons and holes in crystals. The characteristic emission duration is
usually less than nanoseconds, < 10 s. Talking about phosphorescence, earlier, this term
was used in a very loose way to indicate all kinds of luminescence, particularly that of
phosphorus. With the modern understanding of luminescence, the term became clear. So, it
is a spin-forbidden process; i.e., electronic transitions take place between levels of different

multiplicity in organic molecules. The phenomenon exhibits the decay time greater than 107

s, in some cases lasting for several hours. This is a delayed process because the radiative

transitions from the ES are forbidden by the quantum selection rules.® The situation is far

more complicated in inorganic phosphors. The persistent luminescence (afterglow) in
phosphors was defined by the term phosphorescence. Thus, in modern usage, if the after-
glow is detectable by the human eye even after the cessation of exciting radiation is called

phosphorescence, while the light emission from a substance only when it is exposed to
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Chapter 1 Introduction

radiation is called fluorescence.* In this thesis, the terms fluorescence and phosphorescence
are not used to define photoluminescence. Since the work focuses on lanthanide ion-doped
phosphors, thus the broader term “photoluminescence” or “luminescence” is used
throughout. In the subsequent sections, the discovery and origin of luminescence in
lanthanide ions are discussed in detail.
1.2 Discovery of lanthanides

The lanthanides are electropositive metals that intervene between s and d block
elements. They have electronic configurations of [Xe] 4f" 5d* 6s or [Xe] 4f" 6s where the
inner core belongs to the xenon ion configuration. The lanthanides were earlier called rare
earth elements as the scientists believed these elements were present in Earth’s crust only in
minimal amounts. Thus, the term “lanthanides” was adopted, originating from the first
element of this series, lanthanum. Although, most of the lanthanides are not particularly rare
in Earth’s crust. Today, except for promethium, the lanthanides have abundances
comparable to many other elements in the periodic table. The 15 elements in the lanthanide
series, together with their chemical symbols, atomic numbers, and ionic radii, are
summarized in Table 1.1.°

The lanthanides discovery extended more than 150 years of work, which began in the
late 18" century. Many lanthanides occurred in the same minerals, and separation of the
elements proved a challenge to the scientists due to their similar chemical properties because
of similar ionic radii, same dominant oxidation state (+3), and small differences in complex
formation and solubility.® Nevertheless, significant efforts from scientists worldwide and the
invention of the spectroscope unraveled the lanthanide ions identification.

In 1787, Arrhenius discovered an unusual mineral called ytterite in a quarry in a small
village, Ytterby, Sweden. After seven years, Finnish chemist Johan Gadolin studied and
concluded that ytterite contained yttria (later called yttrium), an impure form of yttrium

oxide. Yttrium was isolated from this ore, although this element was not included in the
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Chapter 1 Introduction

lanthanide series. The mineral ytterite was later named gadolinite in honor of Johan Gadolin
in 1800. Subsequently, nine new elements were extracted from this ore: ytterbium, erbium,
terbium, holmium, thulium, scandium, gadolinium, dysprosium, and lutetium.*°

Talking about the discovery of the elements in the lanthanide series, cerium was the
first lanthanide to be discovered in the latter half of the 18th century from the oxide ore
called ceria. In 1803, Swedish chemists Wilhelm Hisinger and Jacob Berzelius and
independently German chemist Klaproth analyzed the ore and concluded it to be a new
element. It was named after Ceres, an asteroid between Jupiter and Mars discovered in 1801.
The ore was later shown to contain oxides of lanthanum, samarium, neodymium,
praseodymium, and europium. In the 19" century, most of the lanthanides were discovered
from the mineral gadolinite and black rock ceria. Swedish chemist Gustav Mosander
discovered and extracted various lanthanides between 1839 and 1848.

Table 1.1 The lanthanide elements with their chemical symbol and ionic radii.

Atomic Name Symbol Tonic radii of Ln3" (in
No. pm with 6 coordination)

57 Lanthanum La 103
58 Cerium Ce 102
59 Praseodymium Pr 99

60 Neodymium Nd 98.3
61 Promethium Pm 97

62 Samarium Sm 95.8
63 Europium Eu 94.7
64 Gadolinium Gd 93.8
65 Terbium Tb 923
66 Dysprosium Dy 91.2
67 Holmium Ho 90.1
68 Erbium Er 89

69 Thulium Tm 88

70 Ytterbium Yb 86.8
71 Lutetium Lu 86.1
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He first succeeded in extracting the element lanthanum from the black rock, which he named
lanthana from the Greek word lanthanein, which means "to lie hidden." While analyzing an
oxide formed from lanthanum in 1879, French chemist Boisbaudran (1838-1912) concluded
that it contained more than one element, and one was named samarium after the mineral
samarskite.

Mosander examined gadolinite in 1842 when he identified three "earths" (oxides):
yttria, erbia, and terbia. Subsequently, erbium was yielded from erbia. He also identified
another element in this ore, terbium; however, Swiss chemist Marignac isolated it in a purer
form in 1886. While analyzing erbia in 1879, Swedish chemist Nilson observed that it
contained two elements named ytterbium and scandium, Sc (Sc is not part of the
lanthanides). Later, Swedish chemist, Cleve concluded that erbia contained two more
elements named thulium and holmium. In 1886, Boisbaudran discovered the element in the
gadolinite ore and proposed it to be called gadolinium. Then, Dysprosium was also
discovered by Boisbaudran, which he isolated after 8 years of repeated separations from the
mineral gadolinite; because of this, he named this new element from the Greek word
dysprositos which means “hard to get”.!!

Nearly at the same time, the element praseodymium was discovered, whose name was
taken from Greek words prasios and didymos, meaning green twin. The element was
isolated from a cerium-containing ore which also contained another element as neodymium
(new twin). In 1901, French chemist Demarcay discovered another element, europium, in
samarskite mineral. The last element in the series was lutetium, which was discovered by
George Urbain in 1907. All the elements of the lanthanides were discovered and isolated,
except the one with atomic no. 61 and thus, the search was intense in the 1920s. It was
during World War II; the element promethium was found in the fission product of uranium.

It was isolated by scientists at the US Atomic Energy Commission's Oak Ridge National

Laboratory in Tennessee.
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1.3 History of lanthanide ion luminescence and its mechanism

The optical properties of trivalent lanthanide ions (Ln**) have been studied in various
domains of physics and biology. Their spectra are described by sharp emission, whose
intensities may vary, but positions do not depend on the surrounding. In 1866, these unusual
sharp features were first observed by Robert Bunsen on “didymium sulfate”. Then, in 1906,
a detailed study was done by J. Becquerel, where he recorded the spectrum of YPOs, which
contained traces of Ce, Th, and Er. However, the spectra’s origin remained a puzzle for a
considerable time. Around 1930, Kramers, Bethe, and Becquerel proposed that the spectral
lines could be because of the electronic transitions within the 4f levels rather than from the
4f shell to the 5d shell. The filled 5s and 5p orbitals shield the 4f electrons, and thus, they do
not take part in the chemical bonding and have a negligible effect on the metal-to-ligand
distance. Consequently, the influence of the matrix or ligands on the electronic transitions of
ions is very small, which results in sharp and narrow spectra which resemble from free ions,
whether in solution or in crystals.°

Although f-f transitions are intraconfigurational and thus are forbidden by the Laporte
selection rule, still they occur. This puzzle was addressed by Van Vleck in 1937, who gave
the quantum mechanical solution for the strength of emission lines due to f-f transitions.!?
He suggested using the simple model that due to the mixture of configurations of odd-parity,
such as 4f" 5d! configurations, f-f transitions become partially allowed as electric dipole
(ED) transitions. Few f-f transitions are allowed as magnetic dipole (MD) transitions with
the same order of magnitude as ED transitions. McCoy provided the first spectroscopic
studies of Eu®* samples in solution. The relative intensities of the absorption lines of Eu®*
were different in different solvents, which was observed by Freed et al.*® Later, Weissman
discovered that the Eu®*-complex with specific ligands were highly luminescent under UV
light.}* During those times, the optical spectra and the electronic energy levels of lanthanide

ions were qualitatively understood; thus, many efforts were taken by research groups to
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calculate and assign the energy levels. In the 1950s, theoretical advancement facilitated
quantitative fits of the energy levels throughout the lanthanides. The sharp emission peaks in
the visible region were assigned to the intraconfigurational 4f transitions, while the more
intense and broader peaks at higher energies were ascribed to parity allowed
interconfiguration 4f" — 4f"! 5d* transitions.

In 1961, the German physicist G. H. Dieke provided the overview of the 4f" energy
levels of all Ln®*ions in the UV, visible, and near-infrared (NIR) region.’® This diagram is
applied to Ln*" ions in any matrix due to the negligible effect of the host matrix on the
energy levels.!® At the same time, Judd and Ofelt worked independently on the theoretical
work for calculating the intensities of the induced ED transitions of the Ln®*" ions.’®” Also,
at the beginning of the 1960s, more studies on Eu* and Th** based p-diketonate complexes
appeared, which explained many concepts still used today for developing lanthanide
complexes.

1.3.1 Electronic structure

Moving from La* to Lu®*, the electrons in 4f orbitals are filled. The GS electronic
configuration of the lanthanide atom possesses a Xe atom configuration with three outer
electrons (4f" 6s? or 4f" 6s®> 5d* where n < 14), with a change in the f electrons. When
lanthanide atoms are ionized, 6s? 5d* electrons are removed, leaving them to be Ln3* ions,
which have the configuration [Xe] 4f". The trivalent state is the most stable ionization state
of the lanthanides.!® The 4f orbitals are shielded due to the larger radial expansion of the
5s25p® subshells outside 4f shells, which act to screen the levels from the influence of the
environment. The electronic configurations of Ln and Ln®* ions with their ground state term

symbols are mentioned in Table 1.2.1

Monika Malik 9



Chapter 1 Introduction

Table 1.2 The electronic configurations of lanthanides and lanthanide ions along with their ground

state term symbols.

Atomic Name, Symbol Electronic Ln3" electronic Ground states term
No. configuration configuration symbol for Ln*"
58 Cerium, Ce [Xe] 41 5d" 652 [Xe] 47! ) LY
59 Praseodymium, Pr [Xe] 47 652 [Xe] 47 3H,
60 Neodymium, Nd [Xe] 4f* 652 [Xe] 4/ s
61 Promethium, Pm [Xe] 4f° 652 [Xe] 47 2
62 Samarium, Sm [Xe] 4/° 652 [Xe] 4F° °Hs),
63 Europium, Eu [Xe] 41" 652 [Xe] 4/ T,
64 Gadolinium, Gd [Xe] 477 5d" 652 [Xe] 47 8S.
65 Terbium, Tb [Xe] 4f° 652 [Xe] 4/° F
66 Dysprosium, Dy [Xe] 4/1° 65> [Xe] 4/ °H,s/
67 Holmium, Ho [Xe] 4/ 652 [Xe] 471 -
68 Erbium, Er [Xe] 4/*? 65> [Xe] 4/ M5
69 Thulium, Tm [Xe] 473 652 [Xe] 4712 3,
70 Ytterbium, Yb [Xe] 4/'* 652 [Xe] 4113 2Fon
71 Lutetium, Lu [Xe] 4117 5d" 65> [Xe] 47

1.3.2 Energy levels

Due to the riveting optical properties, Ln®*" ions have grabbed the attention of the
research world for more than 150 years. As mentioned earlier, the filled 5s? and 5p® shells
shield the 4f electrons of the Ln®" ions, resulting in weak surrounding interaction and
electron-phonon coupling interactions. As a result, the narrow and sharp 4f-4f transition
peaks are exhibited by Ln®" ions. Furthermore, Ln®" ions have the ladder-like structure of the
energy levels allowing for emission in the UV, visible, and NIR regions, with relatively long
lifetimes (usually from ps to ms) of these levels. These versatile properties of Ln®*" ions

allow them to be utilized in diverse fields such as lasing, imaging, and so forth.*®

The emission peaks or positions of Ln' ions are not affected by the external

environment; thus, they can be embedded into various matrices. The spectroscopic
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properties of Ln®* ions are very similar to their corresponding element as the ligand field of
the host has a feeble effect on their electronic cloud. Hence, for a given ion in different host
matrices, the 4f-4f transition energies are relatively the same. The existence of different
energy levels in Ln* ions result from several interactions within the ion. The degeneracy of
the free Ln®" ion levels is removed by Coulombic, spin-orbit, and crystal field interactions
when it is doped in a matrix. The resultant splitting of the 4f" configuration of Eu* ions is
shown in Fig. 1.1. The electron-electron repulsions represented by Coulombic interactions
are the largest among the 4f electronic interactions, which yields 2L levels with a
separation of typically 10* cm™. Next, the interactions of the electronic spin with the
magnetic field created by the electronic motion causes the spin-orbit interactions, which split
each 25*1L term into (2J+1) states, denoted by @S*UL; where 2S+1 is the total spin
multiplicity, L the total orbital angular momentum, and J the total angular momentum of the

4f electrons.

The interactions leading to the different electronic energy levels for the [Xe] 4/° 5d4°
configuration of Ev**
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Figure 1.1 The splitting of the 4f" configuration of Eu®* ions.

Monika Malik 11



Chapter 1 Introduction

The splitting of @S*UL; levels is in the order of 10® cm™, which is relatively large in Ln%*
ions due to their heavy nuclei. Lastly, the 4f electrons interactions with the crystal field of
the surroundings, such as a ligand or crystal, result in a Stark splitting. The term @S*UL; s
further split into (2J+1) terms if 4f electrons are even or (J+1/2) terms if 4f electrons are odd,
denoted by @S*DL;,,. Thus, the term p in the expression @S*UL;, denote the splitting of
@S*DL; term due to the crystal field of ligands. The Stark splitting is typically in the order of
102 cm™ and appears as a fine structure on the individual peaks, which depends on the
spectrometer resolution. Many times, the fine structures are ignored, although they may be
utilized to understand the symmetry of the coordinating environment.

As mentioned in the section above, the calculation of the energy levels of the 4f"
configurations of Ln®* ions was first carried out by Dieke and co-workers, and the data was
summarized in his book, which was published posthumously in 1968.2° The “Dieke
diagram” is referred to the energy level diagram for Ln®* ions. The results presented became
the reference to approximate the energy levels of the @S*UL; multiplet. Detailed work by
Carnall et al. was the study of the spectra of Ln®" ions in LaFs.?! In 1989, the report by
Carnall et al. provided a thorough study of the energy levels of the entire series of Ln%" in a
host lattice, as shown in Fig. 1.2.

1.3.3 Radiative transitions

The three types of electronic transitions which involve Ln®" ions are sharp 4f—4f
transitions, broad 4f-5d transitions, and broad charge-transfer transitions.8

The energy from the incoming photon is transferred to an electron, which then reaches
a higher energy state. The excitation is promoted by operators linked to the nature of light by
the odd-parity ED operator, the even-parity MD, and electric quadrupole (EQ) operators.
Laporte selection rule states that the energy levels with the same parity are not connected by
ED transitions; as a result, f—f transitions are not allowed by the ED mechanism. However,

as mentioned earlier, when Ln*" ion is surrounded by crystal or ligand, the opposite parity
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electronic states mix with 4f wavefunctions due to the non-centrosymmetric interactions of
the field. This slightly relaxes the selection rules, and the transitions become partially
allowed to yield an induced ED transition. In Ln*" ions, even-parity MD transitions are
allowed with weak intensities; however, their intensities often are of the same order of
magnitude as induced ED transitions. Quadrupolar transitions (EQ) are also parity-allowed
transitions with much weaker intensities than MD transitions. So far, the quadrupole

transitions have no experimental evidence for their occurrence in Ln3*.
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Figure 1.2 The energy levels 4f" configurations of lanthanide ions (Ln®*).*
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However, some hypersensitive transitions are considered to be induced EQ transitions or
pseudo-quadrupolar transitions as they obey the ED selection rules.®® It should be noted that
the terms “forbidden” and “allowed” transitions are not proper as the selection rules are
derived under several hypotheses. In other words, an allowed transition has a high
probability of occurring, whereas the forbidden transition has a low probability.
¢ Induced ED f-f transitions: Judd-Ofelt theory

In 1962, Judd and Ofelt independently reported their studies on the theory called Judd-
Ofelt (JO) theory for the 4f-4f transition intensities for Ln®" ions both in solutions and
solids.!®'” It only considers intraconfigurational transitions, so, 4f"—4f"! 5d!
interconfigurational interactions are neglected. The probability of radiative transitions and
lifetimes of ES can be calculated using JO analysis.'® The basic idea in this theory is that f-f
transitions are allowed due to the mixture of odd-parity configurations, such as 4f"* 5d or
4f™1 g states to 4f" states in the presence of odd-parity crystal field. In general, the JO theory
can give good agreement between experimental and calculated oscillator strengths.
However, this theory has not been used to give an explanation for the hypersensitive
transitions.
o f-d transitions and charge-transfer spectra

The transition of a 4f electron into a 5d subshell is a parity-allowed transition that is
comparatively broader than the f-f transition and occurs at higher energy. Their spectral peak
positions depend primarily on the Ln surrounding as their 5d orbitals are expanded
outwards, interacting directly with the ligand orbitals. The 4f-5d transitions are commonly
observed in Pr3*, Ce3*, and Tb®" ions.

Ligand-to-metal, LMCT, and metal-to-ligand, MLCT charge-transfer transitions, are
allowed transitions with high energies in the case of Ln®* ions. These are intense, broad and
generally appear in the UV region at nearly 250 nm. The LMCT transitions are widespread

for d-elements, although are commonly observed in Ln®*" ions as well. The ions Eu®*, Yb®",
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Sm*", and Tm3* show LMCT in ordinary solvents.

1.4 Different types of lanthanide ion-based materials

The compelling interest in lanthanide ion-based materials is stimulated due to the
continuous demand for advanced luminescent materials. The research for these materials is
constantly and rapidly expanding, connecting diverse research communities with their
specific subjects and approaches. Lanthanide ion-activated compounds include lanthanide
complexes, glasses, semiconductors, inorganic phosphors, ceramics, polymers, metal-
organic frameworks (MOFs), etc.

1.4.1 Lanthanide complexes

For many years, most of the studies of lanthanide ions were limited to molecular
lanthanide complexes. The Ln®* ions complexes are formed by coordinating Ln®* ions with
organic molecules, as shown in Fig. 1.3. The lanthanide complexes were developed to
protect the luminescence of Ln®* ions from quenching due to the presence of molecular
vibrations, hydroxide ions, water molecules, etc. These complexes also increase the overall
light absorption of the Ln" ions.?? Ln®*" ions possess large ionic radii and a large range of
coordination numbers (3-12), with 8 and 9 as most frequently observed. Thus, they strongly
bind to the ligands, which help minimize the nonradiative decay from Ln*' ions. The
lanthanide complexes can be formed with many types of ligands, such as calixarenes,
podands, cryptates, S-diketones, terphenyl ligands, heteroaryl ligands, carboxylic acid
derivatives, pyridines, etc.

It was S. I. Weissman who discovered the metal-centered luminescence in complexes
of europium in 1942 for the first time.'* He observed that the strong emission from Ln** ions
appeared when the organic ligand was excited in its absorption band. In this process, firstly,
the organic ligands absorbed the incident energy, and then this excitation energy was
transferred to lanthanide ions by an intramolecular energy transfer mechanism. This

phenomenon was described for Eu®* complexes of salicylaldehyde, dibenzoyl methane,
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meta-nitrobenzoyl acetone, and benzoyl acetone. However, it was in the 1960s that the Eu®*
and Tb3*-based complexes were explored in detail.?*?* They possessed long luminescent
lifetimes in comparison to conventional organic molecules, which exhibit lifetimes in ns
(nanoseconds). These properties of lanthanide complexes make them relevant as imaging
agents.”® They also have shown many advantages for the past 30 years in organic light-
emitting diodes (OLEDs), optical fibers, lasers, (Fluorescence resonance energy transfer)
FRET-based sensing, time-resolved fluoroimmuno assays, etc.

Furthermore, based on the published reports, Eu®*" and Th*'-based complexes are
attractive as visible emitters in OLEDs, while Nd** and Yb®*"-based complexes are more

promising NIR emitters.?’
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Figure 1.3 The structures of lanthanide complexes formed with various ligands.?

1.4.2 Lanthanide ion-doped glasses
Glasses play a significant role in optoelectronics and photonics as they have

transparency in the spectral region required in laser and optical amplifier applications.?®
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They have applications as both active (switches, amplifiers) and passive devices (fibers,
lenses). Lanthanide ions-doped glasses are of extreme importance due to their intriguing
optical properties. Nearly all glass lasers use Ln as the active ions because their diverse
energy level of 4f shells are suitable for laser action. Lanthanide ions-doped glasses offer a
variety of applications such as sensor devices, environmental monitoring, fluorescent
display devices, and solid-state lighting applications, etc.?® When compared to crystals, more
amount of Ln3* can be integrated with glasses either through doping or by being an integral
part of their composition. The ES lifetimes of Ln®* ions in glasses can be in the range of
milliseconds and can have high luminescence efficiencies. The host glass material should
have a high refractive index with good thermal and chemical stability to be useful in
industries. It was observed quite early that the sharpness of the optical lines of Ln®*" vanishes
in glasses, and the peaks are inhomogeneously broadened. Due to this lower symmetry,
induced ED transitions become feasible, and thus, luminescence is observed in Ln**-doped
glasses. The oxide glasses are the most preferred host materials for Ln®* ions as they are
chemically and thermally stable and optically transparent at the lasing wavelengths. Various
lanthanide ions like Eu*, Y%, Th®", Pr¥*, Tm3*, Nd**, Sm3* etc. have been doped in glass
matrices such as in oxides, fluorides, phosphates, fluorophosphates, zinc tellurites, zinc
borates, aluminates,®*32 and so forth; some of the examples include Eu®*,Dy3*: SrAl,O4
glass,® Tb®*: oxynitride glass,® Eu®* and Th®" co-doped metaphosphate glass,® Tb®* and
Dy®* doped borosilicate glass,®” Th** and Dy** co-doped borate glass,®® Er®*,Yb®": TeO,-
WO; glasses,® etc.
1.4.3 Inorganic crystals/phosphors

Historically, solid materials which emit light upon the exposure of radiation or an
electron beam were termed “phosphors”. Ln**-doped phosphors comprise an inorganic host
and Ln% ions as emitters incorporated in the host lattice. Intensive studies on the

luminescence characteristics of phosphors have been started since 1950. Barium sulfide was
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probably the first phosphor synthesized with very low luminescence efficiency. It was
observed that the sulfide phosphors do not emit in a chemically pure state; instead, they emit
when small quantities of an activator ion are present. The localized energy levels are
generated in the forbidden band when an activator ion is incorporated into a crystalline
material. Thus, characteristic and non-characteristic luminescence are differentiated
depending on the involved energy levels in the process. In the former process, the energy
levels of activator atoms are involved. In this type, the activator atom absorbs the incident
energy, and then electronic transition occurs from one level to another. While in the latter
case, a charge-transfer process takes place through the lattice involving the host energy
levels modified because of activator atoms. Since the activator ions are embedded in the
host, which forms luminescent centers, thus, their luminescent properties are strongly
dependent on the symmetry of neighboring ions present. This is proved by the shift in peak
positions in some phosphors activated with Ln®" ions.

Earlier, phosphors were only used for display and lasers applications. During the last
two decades, the introduction of lanthanide ions-doped phosphors in fluorescent lamps has
improved the color rendering index and light output drastically.*® Till 1990, bulk or single
crystals of phosphor material were explored; however, with the advancement in
nanotechnology after 1990, nanophosphors were explored, forming different shapes and
sizes. Later, applications of lanthanide ions-based nanoparticles (NPs) were primarily
investigated in the medical sciences, such as bioimaging, biosensing, biomedical
diagnostics, etc.? A variety of host matrices with different combinations of Ln®* ions have
been presented by different research groups, such as NaYFs: Gd,Tb,** NaGdF4: Yb,Er,*
LaFs: Yb,Ho,*® GdPO4: Nd,* Y3Als012: Ce, etc.

1.4.4 Polymers
Integration of inorganic and organic constituents into the same material can lead to a

range of advanced materials with superior properties. The incorporation of polymers makes
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the flexible matrix for Ln** ion-doped fibers and films. The ease of polymer processing and
film-forming with Ln** ions was demonstrated in various reports.*® In a study by Wong et
al., Er¥* and Yb®" co-doped in epoxy Novolak resin polymer was studied for applications in
an optical amplifier.*” To enhance the optical properties, lanthanide complexes are also
incorporated into organic polymers such as polymethylmethacrylate (PMMA).*349 In one
approach, narrow bandwidth emitting lanthanide ion-doped OLED was fabricated using the
poly(N-vinylcarbazole) host matrix doped with Eu®*-based p-diketonate complex.®® In
another study, PMMA-based thin films of Eu®* and Tb3* p-diketonate complexes were
fabricated, and their photoluminescence studies were done. The system was shown to have
improved photostability.>!

Lanthanide ion-doped phosphors were also incorporated in the polymer matrix for
various applications. In a study by Wang and group,>® oleic acid capped LaFs: Yb,Er NPs
were prepared, which were dispersed in PMMA matrix to be utilized as a promising material
for optical waveguide amplifiers. In another work by Tan et al., upconverting nanoparticles
(UCNPs) and polyvinyl alcohol composite films were fabricated using an aqueous solution
casting method. The as-prepared films were utilized for anti-counterfeiting applications.>® A
range of other materials with polymer for different applications have been reported by
various research groups, for e.g., LiYFs Eu,CeTb nanophosphors with
poly(dimethylsiloxane) for display devices,®* NaYF4: Yb,Er with PMMA,* BaGd»ZnOs: Er

with PMMA,%¢ and so forth.

1.5 Energy transfer mechanism

Energy levels of lanthanide ions provide various energy transfer potentials to the
materials. Mainly, three energy transfer mechanisms are downshifting (DS); quantum
cutting (QC), also known as downconversion (DC), and quantum splitting (QS); and
upconversion (UC) emissions, as shown in Fig 1.4. When one photon is emitted per

absorbed photon, the process is known as downshifting emission, restricting the quantum
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efficiency to less than 100 %.°"°8 There are numerous studies reported for lanthanide ions to
show DS mechanism for applications in bioimaging,>® temperature sensing,®

anticounterfeiting,%! etc.
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Figure 1.4 The schematic representation of the mechanism in lanthanide ion-doped phosphors

showing (a) downshifting (DS), (b) downconversion (DC), and (c) upconversion (UC) luminescence.
e Downconversion process
Luminescent materials whose quantum efficiency is greater than unity demonstrate a
downconversion (DC) or quantum cutting (QC) mechanism and offer the prospect of
providing improved energy efficiency in many applications. DC or QC phosphors generate
two or more lower energy photons for every higher energy photon, with quantum
efficiency well over 100 %.%2 DC was first theoretically suggested by Dexter® in 1953 and
experimentally reported in YFs: Pr¥* in which two visible photons were generated from
one UV photon.%* In this case, a quantum vyield of 140 % was achieved at 185 nm
excitation. Lanthanide ions such as Pr¥*, Gd®", Tm®", Ho®*", and Er®* are capable of cascade
emission; therefore, they can show DC even when they are singly doped.
Recent progress has been made to the dual ion showing DC mechanism, for e.g., Gd**-
Eudt, and Gd**-Tb®*, Pr¥*-Er®*, Pr¥*-Eu®*, Pr¥*-Cr3, Pr3*-Mn?* dual ion combination. Eu®*
doped LiGdFs; was employed by Meijerink et al. using two Ln®* ions to cut vacuum UV
photon into two visible photons.%® An efficient two-step energy transfer from Gd** to Eu®*

took place with nearly 200 % quantum efficiency. In another study, BaF> with a very high
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band gap of 10.9 eV, doped with Gd** and Eu®* ions, showed DC mechanism with quantum
efficiency up to 194 %.% The experimental evidence for the cooperative energy transfer
from Th*" ion to two Yb®* ions in (Y,Yb)PO4: Th*" phosphor was reported by Vergeer et
al.” A quantum efficiency of 188 % was observed in this report. There have been many
reports in the literature using Ln®" ions as spectral converters for applications in solar
cells.%8-70

The concept of DC is depicted in Fig 1.5, with two types of ions exhibiting
hypothetical energy levels. lon 1 is a type of ion in which the emission can take place from a
high energy level, while in the case of ion 2 energy transfer process takes place from ion 1.
Evaluation of the energy levels from the Dieke diagram reveals that possible type 1 ions are
Pr3*, Th®, Nd**, Er¥*, Ho®*", and Tm**. As shown in Fig. 1.5a for a single ion, the DC
process occurs by the sequential emission of two visible photons. When the ion is excited to
the higher metastable level with only one photon, in this case, level Ez, then two visible
photons are emitted sequentially from levels E2 and E:. In the schematic, the solid blue line

shows the excitation while the solid red lines depict the emission in the visible region.

In the second mechanism demonstrated in Fig 1.5b, a two-step energy transfer process occurs
between two types of ions to yield emission. Firstly, when the excitation energy from the
source is matched with the energy of the transition from level G to the excited energy level
E>, then the energy is absorbed, and the transition takes place to E> level. Then, in the first
step of the energy transfer process, a part of the energy is transferred to ion 2 by cross-
relaxation, as depicted in the purple dashed line. lon 2 then comes back to the G state by
emitting one photon of visible light, while ion 1 is still at E; level; and thus, can transfer its
remaining energy to the second ion of the type 2 ion as shown in the green dashed line.
Consequently, this ion also emits a photon in the visible region of the spectrum, as shown in
solid red lines. In the remaining two mechanisms (Fig. 1.5¢,d), only one energy transfer step

is involved, as depicted in dotted green line, which is sufficient to obtain DC mechanism.®®
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Figure 1.5 The schematic representation related to the energy transfer mechanism in the
downconversion process; (a) emission involving only one ion, (b-d) emission process involving two

ions where energy transfer from one to another takes place.
e Upconversion process

Upconversion is a process where one photon with higher energy is converted from two
photons. Generally, a combination of two ions such as Yb3**-Tm3*/Er¥*/Ho®" shows an
upconversion mechanism and has been studied extensively.” The upconversion mechanism
has been discussed in detail in the following section.

Low energy light can be converted into higher energy photons via different
mechanisms. Second-harmonic generation (SHG) and two-photon absorption (TPA) are
well-known mechanisms to perform anti-Stokes emission, as shown in Fig 1.6. The major
constraints associated with these two methods are the use of expensive pulsed lasers (usually
a femtosecond laser). Only high-density photon flux can be converted into higher energy
photons in these processes, as they involve the non-stationary quantum states. At the same
time, photon upconversion (UC) is the conversion of NIR light to visible light, which is a

promising alternative method performed by incoherent low power excitation sources, such
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as continuous-wave lasers. Moreover, the UC process takes place through physically
existing intermediary ES, so it allows efficient conversion without the need for coherent

light sources.”™
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Figure 1.6 The schematic representation showing (a) second harmonic generation (SHG), (b) two-
photon absorption (TPA), and (c) upconversion (UC) processes.

To date, two processes are explained for achieving UC emission, namely triplet-triplet
annihilation (TTA)-based UC, which relies on the triplet states of organic chromophores and
UC luminescence from Ln** ions such as Er**, Tm®*, Ho*, etc., having abundant energy
levels required for excitation/emission studies. The photon UC on Ln*" ions was first
reported by Auzel and co-workers in 1966 from Er®*, Yb** in a glass matrix. The detailed
UC mechanism in the lanthanide ions is discussed below.

As already explained, the UC mechanism is a nonlinear optical process that converts
two or more lower-energy photons to a higher-energy photon. It is an anti-Stokes process,
which was first predicted by Bloembergen in 1959’4 and noticed independently by Auzel,
Feofilov and Ovsyankin in 1966.” Several mechanisms have been identified in the UC
process, including excited-state absorption (ESA), energy transfer upconversion (ETU),
photon avalanche (PA), and energy migration-mediated upconversion (EMU). UC emissions
are generated by Ln*" ions, which have long-lived and metastable intermediate energy levels
giving the possibility for various energy transfer pathways. To facilitate the sequential

photon adsorption and energy transfer process, the energy differences between three or more
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subsequent energy levels should be close enough. For this purpose, Er¥*, Ho**, and Tm3*
ions are the most commonly used activators, exhibiting ladder-like energy levels facilitating
the successive absorption of photon and energy transfer in the process. In order to generate
enhanced UC emission efficiency, Yb3* ions exhibiting sufficient absorption cross-section at
980 nm compared to other lanthanide ions are used along with activators. Also, the energy
separation between the GS and the ES of Yb** is resonant with the energy differences in
Er¥*/Ho*/Tm®" ions, allowing efficient resonant energy transfer from Yb** to these activator
ions. All the mechanisms of the UC process are discussed thoroughly in the section below.

Excited-state absorption (ESA) is for singly-doped phosphors involving successive
absorption of two photons. When the incident energy is matched with the transition from G
level to the metastable E1 level, as shown in Fig. 1.7a, then the system absorbs another
photon in E: level with an energy matched with the transition from this state to Eo.
Consequently, the emission will take place from the E> level to the G level. A large
absorption cross-section of the Ln®" ion and high pump power density facilitates ESA
processes. In order to get high efficiency, a low active concentration of the ions is required
to avoid cross-relaxation energy losses between the luminescent centers.2"

Energy transfer processes (ETU) involve two ions, sensitizer and activator. It
employs sequential absorption of two photons to populate the ES of the ions; the emission is
realized via energy transfer between two neighboring ions rather than sequential absorption
in a single ion. In the first step, the two ions are excited to their respective metastable levels
via the absorption of photons. This step is followed by a nonradiative energy transfer to the
activator from the sensitizer so that the activator ion is promoted to E> level. The sensitizer
ion simultaneously relaxes to GS, which is then followed by the emission of light from the
E> level of the activator. The ETU process takes advantage of the large absorption cross-

section of a sensitizer.
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Four types of ETU processes are discussed schematically in Fig. 1.7(b-e), including
energy transfer (ET) followed by ESA, successive energy transfer, cross-relaxation, and
cooperative sensitization upconversion.”>’ In energy transfer followed by ESA, firstly
sensitizer absorbs one photon and goes from G level to E; level, it then successively
transfers its energy to the activator, promoting the activator to the metastable E; level. The
sensitizer returns to G level, and finally, ESA takes place to generate the E> state from which
the emission takes place. If only the sensitizer ion absorbs photons, then a successive
energy-transfer process occurs. The activator is promoted to its Ex and E> levels by two
processes of energy transfer giving rise to UC emission (Fig. 1.7c).%?

Cross-relaxation (CR) upconversion takes place from ion-ion interactions due to the
similar nature of sensitizer and activator ion. Here, in the first step, both the sensitizer and
the activator absorb the incoming energy. Then, an energy transfer process excites the
activator to its E> level while the sensitizer comes back to G level. CR is the main reason for
the “concentration quenching mechanism” of emission. The last ETU process, cooperative
sensitization (CSU) (Fig. 1.7e), involves a cooperative effect as more than one center takes
part in the process. In this process, one photon each is absorbed by ions 1 and 2 to generate
their respective excited levels. The contained energy is then cooperatively transferred to ion
3, which is elevated to the higher ES. The excited ion 3 can relax back to its GS by emitting
a photon of higher energy. The CSU efficiency is generally lower than ETU and ESA
process, as it involves the quasi-virtual energy levels during the transitions, since the
activator ions do not have sufficient long-lived intermediate energy levels compatible with

the sensitizers.

Cooperative sensitization-based studies have focused mainly on bulk materials,
glasses, and polymers. A few reports have proven the feasibility of this process in

nanomaterials, for e.g., Yb**/Pr*, Yb3*/Tb®", and Yb3*/Eu®* ion pairs.5?
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Figure 1.7 The schematic representation related to the energy transfer mechanism in the
upconversion process; (a) excited state absorption, ESA, (b) energy transfer followed by ESA, (c)
successive energy transfer, (d) cross-relaxation upconversion, (CR), and (e) cooperative

sensitization, (CSU).

In conclusion, the average distance between the neighboring sensitizer-activator ions
decides the UC efficiency of an ETU process, which is determined by the concentrations of
dopant ions. Generally, Yb®* ions are co-doped into the host lattice in high concentrations
(below 30 mol%) without evoking deleterious cross-relaxations. Also, the content of
activators is kept below 10 mol% to avoid a quenching effect.”

Photon avalanche (PA) generates the UC process above a certain threshold of
excitation power, increasing the photoluminescence intensity by orders of magnitude. This
mechanism was explained in Pr¥*-based IR quantum counter by Chivian et al. in 1979 for
the first time.”” The energy of the incoming photon does not match with the energy gap

(Fig. 1.8a) between the GS and intermediate levels. Initially, the ion 2 is excited to populate
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its E1 level by non-resonant weak absorption, and then the ESA process excites ion 2 to the
emitting E> level to start the looping process. Thereafter, cross-relaxation process of E»
(ion2) + G (ion 1) — E1 (ion 2) + E1 (ion 1) between ion 1 and ion 2 occurs. Lastly, ion 2
populates its E1 level after getting energy from ion 1, which then completes the loop. The
net effect is that one ion at the E1 level generates two ions at this state. The repetitions of
such processes exponentially populate the metastable levels above the excitation threshold.
In this way, two ions at the E; state will generate four; four will generate eight, evoking an
avalanche effect for the PA process.” This process relies on the power density of the pump
photons and cross-relaxation within the doped ions. Due to the certain number of required
cycles of cross-relaxation and ESA processes, the looping process produces feedback that
delays the response to pumps limiting their extensive applications.’®

Liu and his group suggested an energy transfer pathway, energy migration-mediated
upconversion (EMU), as shown in Fig. 1.8b, to enhance the efficiency of UC emissions.
This process was first suggested in NaGdFs: Yb,Tm@NaGdF4: Ln (Ln = Sm, Th, Eu, and
Dy) core-shell nanostructures. In this process, four types of luminescent centers (sensitizer
(type 1), an accumulator (type I1), a migrator (type I11), and an activator (type 1V)) are added
into different layers with defined concentrations. In the first step of the process, the
sensitizer extracts incident energy promoting the neighboring accumulator ion to its ES via
an ETU process. This absorbed energy migrates from the accumulator ion to the migrator,
followed by random energy transfer through the interface of the core-shell. Finally, the
energy is trapped by the neighboring activator ion.” To minimize the cross-relaxation
between the ions, the sensitizer/accumulator and the activator are confined in different layers
of the core-shell structure, while a migrator is needed at the interface of the core-shell to
bridge the energy transfer from the accumulator to the activator ion. The core-shell layout
allows us to modulate the composition and concentration of activator ions, minimizing

luminescence quenching. Therefore, multicolor UC luminescence from the activators
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without long-lived intermediate energy levels can be realized. This widens the applications
of Ln®" ion-doped UCNPs. The UC process is fascinating as low-energy NIR can penetrate
tissues and is non-phototoxic and non-cytotoxic, which gives the opportunity to be used in
biomedical sciences. It should be mentioned that the commonly used excitation wavelength

is 980 nm due to the high absorption coefficient of transitions of Yb®* in this region.t®
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Figure 1.8 The schematic demonstrates (a) photon avalanche (PA) and (b) energy migration-

mediated upconversion (EMU) processes.

1.6 Phosphors: concept of host and dopant

A crystalline host and a dopant make an inorganic phosphor. The dopant provides
luminescent centers, while the host matrix provides a lattice to bring these centers into
optimal positions. Lanthanide ion-doped phosphors can be prepared by doping Ln**ions into
numerous host matrices, such as metal oxides, aluminates, vanadates, fluorides, nitrides,
sulfides, phosphates, etc. To obtain efficient luminescence, the selection of the right dopant
combination and host material is crucial. The section below contains a discussion on the
criteria to choose suitable hosts and dopants for superior properties.
1.6.1 Host lattice

The selection of the host decides their relative spatial position, the distance between

them, coordination numbers, and coordinating ion’s type. Thus, the appropriate host lattice
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selection is important in the synthesis of Ln** ion-doped phosphors to obtain favorable
optical properties. The ES dynamics of the Ln®" ions and their interactions with the host
lattice determine the luminescence efficiency of phosphors.”* The ideal host matrices should
exhibit low phonon energies as they suppress the multiphonon relaxation process of the
emissive states, thereby minimizing nonradiative loss and maximizing radiative emission.
Additionally, the host material should be chemically stable and should require a lattice
match with the dopant ions. Since Ln®* ions exhibit similar ionic radii and chemical
properties, thus compound containing them are best suited as host matrices. In addition,
metals like Ca?*, Ba?*, Sr?*, and Na* and some transition metals such as Ti*" and Zr** also
show close ionic sizes to Ln®" ions. Thus, host materials containing these ions are also
utilized.®

The fluoride compounds seem to be an ideal host to prepare highly luminescent
materials as they have low lattice phonon energy, typically ~350 cm™. Although heavy
halides exhibit lattice phonon energy usually less than 300 cm™, but they are moisture
sensitive, thus, are of less use. However, oxides overcome this problem as they are
chemically stable, but they possess high lattice phonon energy (>500 cm™) due to stretching
vibrations of the host lattice. The low phonon energies of the fluoride host minimize
potential phonon-mediated, nonradiative de-activation process, thus are commonly used
lattices. Moreover, the fluoride compounds can be reliably synthesized by various
approaches to yield NPs with a narrow size distribution, well-defined morphology, and
crystal phase® Among the fluorides, NaYF4 is the most efficient host matrix known to date,
which exists in two phases, viz. cubic and hexagonal. The UC efficiency in a hexagonal
phase of NaYF; is greater than that of the cubic phase of NaYFa. For instance, the hexagonal
phase of NaYFs4: Er,Yb exhibit about an order of magnitude enhancement of luminescence
efficiency as compared to cubic phase counterparts as reported by Heer et al.8* The variation

of the crystal structure in the host also influences the optical properties, which is ascribed to
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the change in the crystal field around the Ln" ions in the matrix of various symmetries.’*®
1.6.2 Activator

The multiple long-lived metastable ES required for DC/UC makes the Ln** ions well-
suited for these processes. As mentioned earlier, the lanthanide ions essentially exist as
trivalent ions (Ln%") as their most stable oxidation state. The luminescent centers doped in
the host matrix are called activators or emitters. The activator creates a center that absorbs
excitation energy and converts it into visible radiation. With the exception of Lu®*, Yb*",
Ce**, and La*, all other lanthanide ions have more than one excited 4f energy level; hence
can be used as activators. Lanthanide ions such as Ho®*, Tm®", and Er®* possess ladder-like
energy levels, thus are mostly used as activators for the UC process, while ions such as Th*",
Eu®*, Pr3* are frequently used as activators for the DC process.

The energy difference between the excited level and its next lower-lying level should
be close enough for the ease of absorption of photons and the energy transfer process.”* The
population of intermediate and emitting levels is decided by the nonradiative multiphonon
relaxation rate between these energy levels, which ultimately determines the overall
efficiency. The multiphonon relaxation rate constant Ky for 4f levels is defined by the

equation:

Knr X exp (_ﬁ )

Nwmax
where, B is an empirical constant of the host matrix, homax is the highest energy vibrational
mode of the host matrix, and AE is the energy gap between the populated level and next
lower-lying energy level of Ln3* ion. This energy gap law signifies that Knr decreases
exponentially with increasing energy gap between levels;’* thus, if the gap is large, then
there are low probabilities of nonradiative transitions. Keeping with the above-mentioned

law, ions Er¥* and Tm3* are the most efficient activators for the UC mechanism.
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1.6.3 Sensitizer

In singly doped NPs, the distance between two neighboring activator ions and the
absorption cross-section of the ions affects the emission process. Higher doping
concentration can cause deleterious cross-relaxation, which results in quenching; therefore,
to avoid the quenching process, activator ion concentration should be kept low and precisely
adjusted. Moreover, most Ln** activators ions exhibit low absorption cross-sections, which
leads to low emission efficiency. Hence, to effectively increase the luminescence efficiency,
a sensitizer is chosen doped along with the activator ion. The process schematically depicted
in Fig. 1.9 shows direct and indirect excitation from activator and sensitizer ion.

The sensitizer is a dopant ion that can transfer its energy to the neighboring activator
ion. Typically, Yb®" possesses a simple energy level with only one ES 4f level 2Fs/,. At 980
nm, Yb® ions have large absorption cross-section (102° cm?) than other Ln®*" ions.®
Additionally, this transition of Yb®" ion is well resonant with many f-f transitions of
activators ions like Ho**, Tm®*, and Er®*, hence facilitate efficient energy transfer. Apart
from Yb®*", Ce* and Gd** are commonly used UV sensitizers. Generally, the sensitizer
content is kept high (> 20 mol %) while the activator concentration is kept relatively low (<3

mol %) to minimize the cross-relaxation energy loss in the system

o Emission o
Excitation Excitation

/ Emission

Ep

~
Host . Host *

A: Activator
(a) S: Sensitizer (b)
ET: Energy transfer

Figure 1.9 The schematic diagram showing (a) direct excitation of the activator ion and (b) indirect

excitation followed by energy transfer from the sensitizer to the activator.
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1.7 Synthesis methods

The development of a simple, efficient synthesis process for NPs with well-controlled
size, shape, phase, and chemical composition is essential to explore the relationship between
their structure and properties. For this, the optimization of the synthesis is very critical, as
this tailor the optical properties of the phosphors. A variety of chemical techniques have
been mentioned in the literature to prepare Ln** ion-doped DC/UC nanocrystals which
include thermal decomposition, co-precipitation, hydro/solvothermal synthesis, sol-gel
processing, flame synthesis, and combustion synthesis, etc. This section introduces various
reported synthesis techniques to prepare well dispersed, pure phase nanocrystals.
1.7.1 Thermal decomposition

This method involves the decomposition of the organometallic precursors in a high-
boiling organic solvent like 1-octadecence (ODE, boiling point ~ 315 °C) under thermal
treatment into desired compounds in an inert atmosphere. Organometallic precursors such as
acetates, trifluoroacetates are used as lanthanide ion-based organic salts, which at high
temperature break down, initializing the nucleation process to form nanoparticles. Generally,
oleyl amine (OM), oleic acid (OA), and trioctylphosphine are used as the capping agent to
control the size and shape of the crystals by selectively binding to specific facets. Here, OA
acts as a solvent as well as a passivating ligand that prevents the agglomeration of NPs. Size
and morphology can be tuned by altering the synthesis parameters such as temperature,
heating rate, time, concentration of precursors, etc. Nanoparticles synthesized through the
thermal decomposition method are highly monodispersed and possess uniform
morphology®*.

This method was developed by Yan et al. to prepare monodispersed LaFz nanocrystals
(Fig. 1.10a).2> This approach was extended by many groups to synthesize UC
nanocrystals,”8® such as NaYF4: Yb, Tm/Er NPs. This group further extended the method to

prepare oxides, oxyfluorides (Fig. 1.10b), oxychlorides (Fig. 1.10c), fluorides like NaLnFa4,
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Li(K)LnF4, NaMFs (M = Mg, Ni, Co, Mn), and LiMAIFe (M = Sr, Ca). Uniform CeO2 NPs
were also obtained using this method with cubic and star-like morphology from the
decomposition of (NH4)2Ce(NOz3)s (Fig. 1.10(k-1)). Various studies are reported in literature
using the thermal decomposition approach such as BaGdF4,8” NaGdF4,% GdOF,®° LiYF4,%

etc.
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Figure 1.10 TEM images of (a) LaFs, (b) LaOF: Eu*, (c) LaOCl, (d) a-NaYF4, (e) B-NaYF4, (f) B-
NaYFs: Y% Er¥, (g) KPrFs, (h) LiErFs, (i) DyFs, (j) TbFs, (k-1) CeO. nanoparticles synthesized by

the thermal decomposition method.®
1.7.2 Co-precipitation

Co-precipitation is used for preparing Ln®*" ion-doped NPs with narrow size
distribution. In comparison with other methods, there is no need for costly equipment and
stringent reaction conditions, subsequently saving time. However, the crystallinity of the
NPs synthesized by the above method is relatively low, and therefore post-synthesis heat
treatment is required to improve the crystallinity of the as-prepared NPs.”

In some rare cases, NPs having good crystallinity were prepared directly by the co-
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precipitation method, eliminating the need for a calcination step. In general, lanthanide ion-
based oleates, nitrates, acetates, and chlorides are used as a precursor for Ln®* ions, whereas
NH4F, NaOH, and NaF are used to provide F~ ions to synthesize phosphor NPs. One of the
earliest works was done by van Veggel et al. to produce lanthanide (Ln®*") doped LaFs NPs
with Ln® (Ln = Nd, Er, Eu, and Ho) with co-precipitation method in a mixed solvent
(ethanol and water) using NaF and Ln(NOs)s as the precursors.®! In another study, Yi et al.
synthesized the LaFs nanoparticles using the same procedure, taking LnCls and NaF as
precursors. Ammonium di-n-octadecyldithioposhate was added during the synthesis to
control the growth of NPs and adjusted the precipitation rate of different Ln** ions*®. During
the same period, Haase et al. synthesized lanthanide ion-doped NaYF4 nanoparticles using
LnCls, NH4F, and sodium alkoxide as precursors and N-(2-hydroxyethyl)ethylenediamine as
a high boiling organic solvent.8%? In 2009, LaFs: Eu®* and GdFs: Eu®* NPs were
synthesized by Lis and co-workers using the same method®. In another study, Ln**-based
oleates and NaF in ODE and OA were used to synthesize NaGdFs-based NPs. Higher
temperature favored the formation of hexagonal phase while lower temperature tended to
make cubic phase®. In further studies, ethylenediamine tetraacetic acid (EDTA) was used as
a chelating agent and prevented the agglomeration of the particles by shielding the Ln®*
ions, and particles size were tuned by adjusting the molar ratio of Ln®* ions to EDTA.%®
1.7.3 Hydrothermal/solvothermal

The hydro/solvothermal method uses a solvent above its critical point to increase the
solubility of the solid and to speed up the reaction between the solids in autoclaves. The
autoclaves usually are steel containers for carrying out the chemical reactions under high
pressure and temperature for prolonged periods of time®. In this method, the solvent allows
modulating the growth dynamics and prevents agglomeration. Parameters such as
temperature, time, and concentration of precursors can be tuned to maintain a high

nucleation rate and good crystallization. The crystallinity of the prepared NPs using this
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method is usually very good; however, the disadvantages include the need for autoclaves
and the impossibility of observing the growth of nanocrystal.

The synthesis of NPs using the hydrothermal method was demonstrated by Su et al.*®,
who prepared hexagonal NaYFs: Yb,Ln (Ln = Tm or Er). Later, Li and group developed a
method to synthesize UCNPs of varied shapes, sizes, and crystal phases.®” Lin et al.
demonstrated the synthesis of Y.Os:Eu®*" microspheres (Fig 1.11a) through the solvothermal
route.®® Ln®*-doped YFs nanospindles (Fig. 1.11b) were synthesized as reported by Qian and
group, where EDTA was used to control the growth of the nanospindles.®® LaFs:Yb*"/Er®*
(Tm®*, Ho*") nanoplates (Fig. 1.11c) with multicolor UC luminescence were prepared via
thermal decomposition/solvothermal method.!® Zhao et al. utilized an OA-mediated method
to prepare UC NaYF4 nanorods, nanotubes, and flower-like nanodisks (Fig. 1.11d).2* They
further reported the synthesis of carboxyl-functionalized UCNPs (Fig. 1.11(f-g)) using

binary acid, such as oxalic acid, succinic acid, malonic acid, and tartaric acid, as the capping

Figure 1.11 Electron microscopy images of (a) Y20s:Eu ¥, (b) YFs: Eu**, (c) LaFs:Yb**/Er**, (d) s-
NaYF, nanodisks, () f-NaYF. rods, (f-g) carboxylic acid capped NaYF.:Yb/Er, (h) LaFs:Yb/Er
using oleic acid and 6-aminohexanoic acid as binary coordinating ligands, (i-k) NaYF4Tb
nanoparticles at pH = 3, 7, and 11 respectively, synthesized by the hydrothermal method.
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agents.%? In 2011, Li and group prepared water-dispersible surface-functionalized UCNPs
using binary cooperative ligands, (Fig. 1.11h) hydrophilic 6-aminohexanoic acid and
hydrophobic OA to control nuclei and growth of small NPs.2%® In 2014, our group also
demonstrated the use of binary capping agent trisodium citrate (TSC) and
cetyltrimethylammonium bromide (CTAB) on the crystal growth of NaYF4: 5 % Tb through
hydrothermal route at different reaction temperatures and pH of the solution.** The resultant
morphologies are shown in Fig. 1.11(i-k).
1.7.4 Sol-gel processing

The sol-gel technique is a wet chemical method to prepare NPs without requiring
complicated synthetic procedures or instruments. This process involves the inorganic
precursor, usually metal salts and alkoxides, which upon reaction with water, undergo
hydrolysis and polycondensation, which lead to the formation of 3D network followed by
annealing at a high temperature for a few hours.!® Annealing removes the solvent from the
gel and increases the crystallinity of the NPs, which is directly associated with the
luminescence efficiency. The quality of the synthesized material using this method is
significantly dependent on the annealing temperature and time of the reaction. The most
well-known example is the fabrication of colloidal silica spheres using the Stéber method in
1968.1% Advantages of using silica are that it is easily functionalized with several groups
such as carboxyl, thiols or amines, which enables the connection of other molecules. In an
interesting work, Hu et al. demonstrated that UCNPs coated with silica integrated with other
functionalities such as Au and CuS NPs used for the applications in CT imaging*®” and
photothermal therapy, respectively.® Furthermore, the Stober process was utilized to coat
the NPs with mesoporous silica giving them high porosity, good compatibility, and
controllability of the release of restricted NPs. Apart from this, the sol-gel method was also
used to prepare various nanocrystals with metal oxides as host materials which include

BaTiOs,'® TiOz: Er,® BaTiOs: Er'' BaTiOs: Eu,'? LusGasOi2: Er garnets,'t®
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SiO.@YVOs: Eu,t** and YVO4: Nd.1°

Despite intensive work in this area, the derived particles from this method are of
irregular shapes and sizes; also, considerable aggregation and water insolubility limit their
use as luminescent probes for biological assays. Yet, this method is still applied for the
synthesis of NPs on a large scale.
1.7.5 Other synthetic procedures

In contrast to hydrothermal, sol-gel methods, and thermal decomposition, combustion
synthesis provides high throughput of producing NPs within a very short period. A mixture
of oxidizers (metal nitrates) and a reducing agent (fuel) is selected to release maximum
energy during the reaction time. A series of explosions occur in the process, raising the
temperature typically from 500 to 3000 °C in the form of a combustion wave that propagates
through the reaction precursors in a self-sufficient condition without requiring any extra heat
for the total reaction. Generally, this method is one of the attractive techniques for the
synthesis of oxide and oxysulfide nanocrystals. Reports have been found on the synthesis of
Ln-doped Y203 16117 |La,0,S,'8 Gd,03,11%12% and CeThMgAl11019*? as reported by various
groups. This process is a relatively milder, scalable, time and energy-saving process which
can be extended for industrial uses.

Another time-saving technique is flame synthesis, which proceeds in a single step and
is easily scalable. Synthesis of Y20s: Yb,Er nanocrystals was reported by Ju et al. in 2010.12?
There are some other synthetic strategies that have been attempted by other groups such as
cation exchange,''?* microwave-assisted synthesis®>?" and ionic-liquid based
synthesis'?® to fabricate lanthanide doped luminescent nanoparticles with different shapes
and sizes.

It should be noted here that in some cases, more than one method can be used to
synthesize NPs to obtain narrow size distribution and high aqueous stability. The advantages

and disadvantages of the methods adopted are listed in Table 1.3. Among these approaches,
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hydro/solvothermal and thermal decomposition are the most popular and effective in
preparing high-quality NPs. In this thesis, the hydrothermal method has been used to
synthesize Ln**-doped NaYF. crystals— the resulting NPs exhibit good crystallinity,

beneficial for efficient luminescence.

Table 1.3 A list of advantages and disadvantages of typical synthetic methods used for Ln** ion-

doped phosphors.

Method Examples Advantages Disadvantages
Thermal LaF;, NaYF,, High quality and High working reaction temperature,
decomposition GdOEF, CeO, monodispersed exceeding 300 °C, use of expensive
nanoparticles, and air sensitive precursors, toxic by-
smaller size particles  products, need of inert atmosphere,
can be obtained need of surface modification after
synthesis
Co-precipitation LaF;, GdF;,  Fast synthesis, low Require post heat treatment, require
NaYE,, cost, does not require  high temperature calcination, lack of
NaGdF,, costly setup or severe particle size control, not applicable
LuPO,, reaction conditions for large-scale synthesis
YbPO,
Hydro/solvothermal LaF;, NaYF,, High quality crystals = Not able to observe the nanocrystal
YVO,, Y,0; with controllable growth process, require specialized
particle size, shape autoclaves to carry out the reaction
and phase, reaction
temperature is much
lower
Sol-gel Z10,, TiO,, Cheap precursor, can  Post heat treatment is required,
BaTiO; be used for large- considerable particle agglomeration,
YVO, scale synthesis broad particle size distribution,
irregular morphologies
Combustion Y,0;, Gd,O;  Scalable process Considerable particle aggregation,
La,0,8 lack of shape control

1.8 Surface modification

Surface modification of the NPs is one of the extensive areas of research in the field of

material and biomedical sciences. The surface modification of Ln** ion-doped NPs not only
improves photostability but also provides a potential platform for linking macromolecules
for numerous biomedical applications. It also endows hydrophilicity to the NPs, which is a
crucial step for their biological applications. Surface modification preserves the original

photophysical properties of the NPs, and they retain their size as well. Several methods have
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been developed to produce water-soluble NPs, which are discussed in the subsequent
section.
1.8.1 Surface passivation

The luminescent efficiency of the lanthanide ion-doped NPs is usually less than the
bulk counterparts, owing to their larger surface-to-volume ratio. Also, these NPs have less
quantum efficiency than other luminescent materials like organic fluorophores and quantum
dots (QDs) due to their less molar absorption coefficient. The presence of ligands on the
surface with high-energy vibrational modes such as hydroxyl (OH) and amine (NHz) can
lead to the quenching of the ES of the Ln*' ions present in the host lattice due to
multiphonon relaxation processes.*?*** Increasing the dopant ion concentrations also do not
solve the problem. Furthermore, high-quality NPs prepared by the techniques described
above, especially thermal decomposition, are in organic solvents giving rise to hydrophobic
capping, which is not suitable for biological applications. To reduce the losses, the general
strategy adopted is to coat the surface of the NPs with appropriate shell material to get the
core-shell structures. In such structures, all the dopant ions are confined in the interior of
the NPs, which suppresses the energy transfer to the surface of the crystal, thereby
increasing the UC intensity. The interface between the core and shell of the NPs should be
of high quality and with similar lattice constants to avoid defect formation to decrease the
quenching. The shell should not allow any kind of energy transfer from the core to the outer
environment.”® Recently, many groups have adopted this synthetic route to design
lanthanide ion-doped nanoparticles for upconversion luminescence. In most of the cases, the
shell is inert, whose main role is to increase the emission intensity of the core particle. The
shell mostly has the same composition as the NPs host. The formation of passivating shells
on phosphors such as LaFs, NaYFs, KYF4, and NaGdFs and their undoped counterparts
have been published by several authors. An enhancement of 30 times was observed by 1.5

nm thick shell of undoped S-NaYF4:Yb/Er NPs as demonstrated by Chow et al. in 2007.1%
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Some  other  examples include  LaFs:Eu**@LaF3?  CeFs:Tb**@LaFs,'*
NaYbFsTm@CaF2,*** and NaYF4:Yb,Er@NaYFa,%5'% etc.

Years after 2008, different groups reported the fabrication of core-shell NPs in which
shell also contained luminescent centers, laying an effort to achieve multicolor tunability
and enhancement of the UC luminescence. The active shell protects the Ln®*" ions
luminescence from the nonradiative transitions and transfers NIR-absorbed energy to the
luminescent core. Different core-shell type structures were fabricated such as NaGdFa:
Yb,Er@NaGdFs: Ag,*® NaGdFs: Yb,Er@NaGdFs: Yb@NaGdFs: Nd,*¥"  LaPOs:
Er@LaPOs: Yb,'*® NaGdFs: Yb* Err*@NaGdFs: Nd**@sodium gluconate,® etc. The
formation of core-shell architectures can be inferred from X-ray diffraction (XRD),
transmission electron microscopy (TEM), and energy-dispersive X-ray spectroscopy (EDS)
directly. The quality of the NPs can also be investigated by X-ray photoelectron
spectroscopy (XPS) measurements that provide the evidence of the core-shell structures.

UCNPs were also coated with amorphous silica shells to obtain high luminescence
efficiency by minimizing the surface defects. There is a report by Lu et al., who showed the
synthesis of Y20s: Yb,Tm NPs by coating them with SiO; or TiO, shell.}*® The
upconversion intensity was varied by adjusting the thickness of the coated shell. In the core-
shell consisting of NPs and SiO., image contrast was seen in the TEM, thereby showing the
thickness of the shell directly. Their quality was also investigated by XPS measurements.
1.8.2 Surface functionalization

Most phosphors NPs synthesized using routes, as described in Section 1.7 have no or
less aqueous solubility. Moreover, they lack functional moieties in their structures, resulting
in the insolubility of the nanoparticles, which limits their applications in biological sciences.
Therefore, surface functionalization with hydrophilic ligands is required prior to the
chemical attachment of biomolecules so that they can be homogeneously dispersed and

stable in the aqueous environment and biological buffers, showing a high affinity to
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biological targets.”® To this end, a variety of strategies such as ligand attraction, ligand
oxidation, ligand exchange, layer-by-layer assembly, and surface silanization® as illustrated
in Fig. 1.12, have been currently investigated by several research groups to provide the NPs
both solubility and functionality for better alternatives in biological applications and will be
briefly discussed in the following section.

1.8.2.1 Ligand exchange involves the displacement of hydrophobic ligands anchored on the
surface like OM, OA by bifunctional molecules, which can provide a hydrophilic surface to
the nanoparticles. Such bifunctionality provides a hydrophilic functional group at one end to
disperse the NPs in aqueous media and other functional groups which is capable of binding
to the nanoparticle surface. The hydrophilic end to the NP can be further functionalized. In
this regard, various ligands such as polyethylene glycol-phosphate,'114? 6-aminohexanoic
acid,**® polyacrylic acid,*3! and polylysine,'® 3-mercaptopropionic acid,** etc., have been

used.

_Hooc \AVAVVWVW

NH,; HCI

(, OOH

‘ c VAVAV, Lemieux-von
‘ Rudloff reagent

(©) - uooc COOH (d)

Figure 1.12 The mechanism of surface modification of hanophosphors involving (a) ligand

exchange, (b) ligand attraction, (c) ligand oxidation and (d) ligand assembly.
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This approach can be applied to metals, metal oxides, dielectrics, semiconductors
regardless of their composition. This method modifies the hydrophobic NPs surface without
affecting their shape and composition.
1.8.2.2 Ligand oxidation involves oxidation of the unsaturated carbon-carbon bond of the
ligand like OA to generate carboxylic acid groups for providing them the dispersibility by
Lemieux-von Rudloff reagent. Using this, Li et al. studied the conversion of OA-capped
hydrophobic NaYFa4: Yb,Er nanocrystals’* into water-dispersible NPs, preserving their
morphology and luminescence properties. Yan and group*® reported the OA oxidation into
an azelaic aldehyde or azelaic acid through ozonolysis on the NaYF4: Yb,Er NPs surface.
Although the method is simple for the modification of hydrophobic NPs, but it is only
applicable to a few ligands having a carbon-carbon double bond.
1.8.2.3 Ligand attraction involves the absorption of an amphiphilic block copolymer onto
the NP surface. The original ligand and the hydrocarbon chain of the polymer are connected
through the hydrophobic-hydrophobic van der Waals interactions. The hydrophilic portion
of the polymer faces outwards, and this outer block permits aqueous dispersion and further
bioconjugation to the NPs. The most commonly used polymers are poly(L-lysine),**’
polyacrylic acid, 48 6-aminohexanoic acid, 1% poly(ethyleneglycol)-block-
poly(caprolactone),'*° etc.
1.8.2.4 Layer-by-layer assembly takes advantage of the electrostatic attraction between the
oppositely charged species to achieve surface modification. The layer thickness can be
controlled precisely. In one of the earliest reports, Li et al. successfully modified NaYFa:
YDb,Er NPs with positively charged poly(allylamine hydrochloride) and negatively charged
poly(sodium 4-styrenesulfonate) which were sequentially adsorbed onto the NP surface.'®
Although this method allows preparing water-soluble NPs with uniform layers with
controllable thickness, but the significant increase in the size and time-consuming procedure

limits the use.
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1.8.2.5 Surface silanization (silica coating) involves the coating of amorphous silica on the
NPs. It is the only inorganic surface treatment to fabricate NPs with the silica surface.!®! van
Veggel and group have prepared LaFs: Ln®* UCNPs via Stober process.>? Further amino or
carboxylic group can be functionalized for bioconjugation with diverse biomolecules by
reacting it with 3-aminopropyltrimethoxysilane as discussed by Shan and Ju.!®® The

presence of these groups ensures the solubility of the NPs in an aqueous solvent.

1.9 Morphology tuning

The arrangement of atoms in NP and bulk crystal has a vital role as it changes the
physical and chemical properties by changing the surface-to-volume ratio. It has been
realized over the last two decades that the design and synthesis of inorganic crystals with
well-defined shapes and tunable size are of high interest as the precise control over
morphology and size allows manipulation of the properties of the nanocrystals as
desired.1941541% To examine the relationship between shapes, sizes, and properties, control
over the synthesis, thus over morphology is essential, which is usually governed by reaction
conditions. During the synthesis process, size, morphology, and crystal phase of the NPs can
be controlled by tuning various parameters as reaction time, temperature, concentration of
precursor, different dopants, capping agents, etc.
1.9.1 Effect of reaction temperature and time

The temperature and time of the reaction play a crucial role in controlling the crystal
phase and morphology of the products. Wang et al. prepared monodispersed NaYF4
nanorods, nanoplates, and NPs, where they showed that the aspect ratio of the as-
synthesized nanorods decreased at higher temperature and less reaction time resulted in only
small NPs instead of nanorods.®” In contrast to this, there are also some reports indicating an
increase in size with increasing temperature. Hu et al. reported that the edge and thickness of
hexagonal nanoplates increased with an increase in the hydrothermal temperature.®

Temperature and time also have a notable effect on the phase of the crystal. At low reaction
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temperature, NaYF4 exist in the cubic («) phase, and as the temperature increases, the a-
phase transforms to the hexagonal () phase.’®®*®" Even at the higher temperature, in short
reaction time, NaYF4 existed in a-phase and a longer time duration a-phase transformed to
S-phase NaYF; crystal.>® Ma et al. also reported a change in the morphology with change in
the temperature;'®’ they demonstrated that the NaYF4 sample consisted of a large number of
cubes with an average size of 150 nm at 160 °C. When the reaction temperature increased to
180 °C, nanowire bundles with a small amount of NPs were observed. With further increase
in temperature till 190 °C, the ratio of NPs to nanowire bundles decreased, while at 195 °C,
the NPs disappeared completely, and a single nanowire appeared from nanowire bundles.
1.9.2 Concentration of precursors

Multiple kinds of precursors have been used by different groups. The commonly used
precursors are lanthanide nitrates, chlorides, vanadates, etc. The lower the Ln®*" ion precursor
concentration, the smaller the average size of the products. Lanthanide concentration affects
not only the morphology but also the luminescence intensity of the samples.'® Nunez et al.
reported the variation in morphology with change in the type of precursor.’®® They
compared and observed changes in the shape and size using different precursors as
lanthanide nitrate, acetate, acetylacetonate. The increase in the particle size with a decrease
in reactant concentration was also observed.
1.9.3 Effect of different dopants and concentration

Doping is a widely used process involving the incorporation of appropriate ions into
host matrices to yield materials with desirable properties. Wang et al. prepared NaYFs
nanocrystals where doping affected the growth process controlling the size, crystal phase,
and optical properties of the NPs.*! They showed that NPs could be tuned in size (down to
10 nm), phase (hexagonal or cubic), and emission color (green to blue) using Ln®" ions
introduced at defined concentrations. Li et al. reported the effect of Eu®" dopant

concentration on NaYF4: Eu®* crystals. They demonstrated that with the increase in the Eu®*
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concentration®’, the size of the as-synthesized nanorods decreased. Also, the length of the
nanorods rapidly elongated with the decrease in Eu®* concentration. It was also
demonstrated in the study that upon reaching the Eu®* concentration at 71.4%, S-NaYF4
changed to f-NaEuFa.
1.9.4 Effect of capping agents/ligands

The nanocrystals growth can also be controlled through the addition of a ligand that
binds to the surface of the growing NPs. The addition of a ligand often makes the NPs
soluble in either polar or nonpolar solvents. The commonly used organic ligands for the
fabrication of Ln®" ion-doped phosphors are OA, %2163 EDTA, 164165 CTAB,141%6 citric
acid,'®” and sodium citrate.’®® The fundamental role of capping agent/ surfactant molecules
Is that it selectively adsorbed on certain crystalline surfaces or facets, which significantly
decrease their growth rates and allow preferential growth leading to a highly anisotropic
shape. The crystal growth is related to the relative growth rate of different crystal facets, and
these differences in the growth rates of facets result in a different outlook of the crystallites.
Sodium citrate and EDTA are considered to be strong chelating agents. The importance of
the presence of the strong chelating/coordinating ligand can be explained by the LaMer
model. According to the LaMer model, definite separation of nucleation and growth stages
is the primary requisite for uniform particles formation. The controlled release of Ln®*" ions
from an Ln-ligand complex helps separate the nucleation and growth stages. Further, the

capping on the surface of nanoparticles prevents aggregation as well.

1.10 Applications

In recent times, Ln®" ions have found widespread use in nanomaterials as lanthanide
ion-doped NPs. These NPs are the most useful luminescent probes because of their riveting
optical properties, including long luminescent lifetime, large Stokes or anti-Stokes shift,
sharp emission, and good chemical stability. The successful synthesis of high-quality Ln®*

ion-doped NPs has broadened their applications. They have been widely used in solid-state
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lasers, 32168169 Jight-emitting devices,}’%1"2 solar cells,}”*1* and waveguide amplifiers.1’>17
These materials do not exhibit photobleaching or photoblinking, thus have the edge over
other luminescent materials. The use of luminescent Ln®" ion-based materials has become
an area of interest for various applications in biological and material sciences due to their
range of non-overlapping absorption and emission lines from the visible to NIR region. The
utilization of these materials in various applications has been schematically shown in Fig.

1.13 and briefly discussed below.

Solid state lasers and other
light sources

Light emitting devices
Optical telecommunications

Fingerprint detection
Drug anti-counterfeiting

Drug delivery
Bio-imaging

MRI

Fluorescent label for
selective detection

Detection of explosive
Anti-counterfeiting
Multicolour barcoding
Latent fingerprinting

Solar cells

Photocatalysis

Sensing of toxic chemicals
and ions

Figure 1.13 Various applications of lanthanide ion-doped phosphors.

1.10.1 Optical imaging

Optical imaging has become an important tool in biomedical applications because it
gives detailed images of tissues and organs. Conventional tools for optical imaging possess
some drawbacks, such as short penetration depth, significant auto-fluorescence from
biological tissues, and DNA damage or cell death. Also, the spectral interpretation during
multicolor imaging becomes a problem due to significant spectral overlapping resulting

from their broad emission bands. Therefore, an alternative with low background signal and
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having deep penetration ability was required.

For this purpose, Ln®*" ion-doped nanocrystals become better alternatives to quantum
dots and organic molecules for bioimaging. In 1999, they were first used by Zijlman et al.
for tissue imaging, where a low autofluorescence signal from the tissues was observed.'’’
Even after the continuous high excitation energy source exposure, no bleaching was
observed. Since the size of the utilized particles was in micron size, thus they are of limited
use. With the advancement in the synthesis techniques over these years, smaller size and
high-quality UCNPs were prepared. Wu et al. showed that the UCNPs could be used for
single-molecule imaging with enough brightness.1® The as-prepared UCNPs were observed
to be photostable even after continuous 1 h laser illumination. Zhang and group first studied
in vivo imaging using NaYFs4: Yb,Er UCNPs with a penetration depth of 1 cm in small
mammals showing much high luminescence as compared to quantum dots.!”® In the same
year, Nyk et al. developed an approach for imaging in vitro and in vivo utilizing NIR-to-NIR
UC in NaYF4: Tm,Yb phosphors.’® Balb-c mice were injected intravenously with UCNPs
used for animal imaging studies, demonstrating the high contrast PL imaging in vivo.

Later, Xiong et al. developed an imaging tool for targeted imaging of tumors both in in
vivo and in vitro based on UCNPs.®! No autofluorescence signal was observed even at high
penetration depth, and a high signal-to-noise ratio was obtained. Wang et al. utilized
polymer-modified KMnF3: Yb,Er and NaYF4: Yb,Er NPs for imaging with a depth of 0.5
cm and 1 cm, respectively.8?

Lanthanide ion-doped based probes in combined optical and magnetic resonance (MR)
imaging were utilized by Rajiv'** et al. NaYF. crystals co-doped with the lanthanide ions
Gd®* and Eu**/Yb**/Er®* having sizes 20-30 nm were prepared and dispersed in water. An
efficient UC and DC emission from the ions doped into fluoride matrix allowed optical
imaging modality for the nanoprobes. Various other nanocrystals have been used as imaging

probes, such as Dy20s: Th,*® KGdF4: Ln (Ln= Dy, Tb, Eu),'®* NaLuF4: Gd,Yb,Tm,* etc.
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1.10.2 Theranostics

The nanoprobes based on lanthanide ion-doped NPs provide great imaging
functionality, tumor-targeting ability, and therapy efficiency; thus, these materials have been
applied to theranostics applications. Tian et al. represented a facile approach for the rational
manipulation of green and red UC emission to red emission (650-670nm) of NaYF4: Yb,Er
UCNPs. This has been achieved by doping Mn?* ions.'® The emission color can be tuned
from green to red by controlling the Mn?*-doping level. PEG-phospholipid (Polyethylene
glycol-phospholipid) layer was coated on the surface of the NPs, which was employed for in
vivo imaging and drug delivery applications. Our group in 2014,*! also developed a
multifunctional nanoprobe based on polyethylenimine (PEI) capped NaYFs: Gd,Th
nanorods for optical/magnetic imaging and pH-triggered drug delivery applications.

The UCNPs are often combined with a range of other materials for effective
theranostics applications. In this regard, Deng et al. reported a metal-organic framework-
based aptamer-conjugated core-shell NaYF4: Yb,Er@Fe-MIL100 composite for the targeted
delivery of doxorubicin (DOX) and for cell imaging.'8’ Here, UCNPs emitted intense green
light under 980 nm excitation, while the MOF based on the iron carboxylate MOF, Fe-MIL-
100 possessed high porosity and low cytotoxicity, which was beneficial for the drug
delivery. The anticancer aptamer, 26-mer guanine-rich oligonucleotide, was conjugated
covalently on the surface of the UCNP@MOF, which helped in targeting the cancer cell and
enhanced the intracellular uptake. In another work, UCNPs@MIL-53/FA dual-function
system (FA = Folic acid) was developed that integrated bioimaging and drug delivery. For
this purpose, Cong and group prepared core-shell NaYFs: Yb,Er@NaYFs: Nd@MIL-53
microsphere system via layer-by-layer self-assembly method.'®® MIL-53 acted as a drug
carrier for delivery of DOX, and further FA was functionalized as a targeting agent, which
was encapsulated to the core-shell structure to yield UCNPs@MIL-53/FA. In an interesting

attempt, a multifunctional FesO4@Y203: Eu core-shell structure was synthesized by Gowd

Monika Malik 48



Chapter 1 Introduction

et al. via a facile wet-chemical route followed by annealing. & The NPs were expected to
possess a prospect for drug delivery and multimodal bio-imaging applications. In another
study, a multicomponent sandwich structured Fes04@nSiO.@mSiO, @YVO4: Eu hybrid
microspheres were developed with mesoporosity, luminescence, and magnetic properties by
Yang et al.}® The storage and release properties were studied for this drug-carrier
multifunctional system, wherein ibuprofen was used as a drug. This system was reported to
be utilized as a targeted drug delivery system, where the amount of drug release can be
observed with the change in the luminescence intensity of Eu®" ions since the Eu®*
luminescence intensity increased with the released amount of drug.

Recently, one concept for the fabrication of histidine and octadecylamine-
functionalized graphene quantum dots (GQDs) and NaYF4: Yb,Er UCNPs hybrid nanocage
was proposed, which was adequate for the controlled drug delivery and cancer
theranostics.!% This system exhibited the DOX loading capacity of 461.2 % at nearly 100 %
of encapsulation efficiency. This study opens a pathway to develop and synthesize ideal
nanocarriers for cancer theranostics. Chen et al. reported UCNPsS@mHTiO. nanoplatform
for chemo/photodynamic therapy and imaging based on the UCNPs, NaYFa:
Yb,Tm@NaYF, as core, coated with hollow, mesoporous-TiO21% The hollow structure
helped to store the antitumor drug DOX and thus promoted chemotherapy efficiency. The
results showed that the cooperative effect of chemotherapy and photodynamic therapy
(PDT) enhanced the cytotoxicity to the cancer cells. These studies offer ample scope in
designing and developing novel materials to show promising applications in biological
sciences.

1.10.3 Sensing applications

UC nanocrystals have been used as luminescent sensors to detect various molecules

such as RNA, DNA, glucose, explosives, pesticides, metal ions like Cu?*, Hg?*, and Pb?*,

etc. In one study, GQDs and single-stranded DNA (ssDNA) linked UCNP@SIO, based
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sensor was designed for the detection of specific microRNA sequences.!®® The developed
sensor deliberated the interactions between the sp? carbon atoms of GQDs and DNA
nucleobases linked to the UCNPs, which brought GQDs near to the surface of
SSDNAUCNP@SIiO,. The UCNPs capacity to interact with GQDs through n-r stacking was
hindered by ssDNA in the presence of a complementary microRNA sequence, which
resulted in the reduction of the fluorescent intensity-dependent of miRNA sequence. Using
biotinylated NaYF4: Yb,Er UCNPs as energy donors, and biotinylated Au NPs as energy
acceptors, Li et al. have developed a highly sensitive sensor for avidin detection.>
Similarly, the UCNP-to-QD FRET system using biotin-streptavidin interaction as a
prototype was demonstrated by Mattsson et al., which can be used for rapid homogeneous
optical biosensing.!®* NaYFa: Yb,Er-streptavidin (SAv) acted as a donor and biotinylated
CdSe/znS core-shell (biot) QDs acted as an acceptor to form UCNP-sAv-biot-QD system.
Ju et al. prepared amine-functionalized KGdF4 nanocrystals via a one-step solvothermal
approach, which employed PEI capping ligand.'® The system was demonstrated to be a
sensitive time-resolved FRET (fluorescence resonant energy transfer) bioprobe to detect
trace amounts of avidin at a concentration of 5.5 nM. A biosensing platform was
demonstrated by Liu et al. for the detection of various target molecules utilizing UCNPs and
graphene oxide as FRET-based pairs.1%

The UCNPs based sensors are not only used in the biomedical field but also in
chemical sciences. An ammonia sensor was developed by Mader et al. using UCNPs and
phenol red, which were immobilized in a polystyrene matrix.'®® The green emission at 560
nm of the UCNPs was screened off in the presence of ammonia, while the red emission
remained unaffected. In another interesting work by Kannan et al.'’, Au-nanorods were
decorated on ‘polyamidoamine generation 1 dendrimer’-functionalized NaYFs: Yb,Tm
UCNPs by seed-mediated growth of Au-nanorods. This system was further modified with 2-

thiouracil for uric acid detection with a detection limit of 1 pM. Recently, the plasmonic Au-
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nanohole-nanoplate bilayer arrays (PABAs) were designed by Zhan et al. to generate the
local field. This generated local field then coupled with excitation and emission field of
NaGdF4: Yb,Er@NaYF4 core-shell UCNPs.'®® The as-prepared PABA-supported core-shell
UCNPs were utilized as a sensor to detect acetic acid with much higher sensitivity and a
detection limit of 81 nmol mL™. Cui et al. designed NaYFas: Yb,Er/CdTe UCNPs/QDs
composite as a probe for the detection of the Hg?* ion in serum.®® The PEI-capped NaYFa:
Yb,Er UCNPs were prepared via solvothermal procedure. The CdTe QDs were then grafted
on the NaYFs4: Yb,Er UCNPs surface. The system was irradiated by 980 nm NIR light,
which was able to overcome the interfering autofluorescence from the serum. A FRET-
based biosensor was able to detect Hg?* ions effectively with a limit of detection of 15 nM.
Reports also showed that these UCNPs can be utilized for the detection of
organophosphorus pesticides.?®?° The sensor using the lanthanide ion-based nanoparticles
were also developed for the detection of various explosive molecules.?%22%4 Apart from
chemical sensing, lanthanide ion-based phosphors are used in optical temperature sensing as
well. A few of the works include Er¥*, Tm3*Yb®* Li*: NaZnPO4 phosphors,?® Er®*Yb3*:
BasY 4Oy phosphors,?® Er®* Yb®" Na*: ZnWO, phosphors,?®’ etc.
1.10.4 Energy applications

Ln3*-doped materials are the leading applicants for efficient spectral conversion owing
to their electronic structures that permit facile photon management.”* The composites of
TiO2 with UC phosphors are popular, where UC phosphors absorb NIR, which is converted
visible and UV light via anti-Stokes emission. These photons are absorbed by UV-vis
photoactive materials such as dyes or semiconductors, consequently harvest the complete
solar region and enhance dye-sensitized solar cell (DSSC) efficiency. Thus, the utilization
of UC phosphors is the simplest approach to enhance the performance of solar cells. In this
regard, Shan et al. tried to enhance the photovoltaic efficiency by using the NaYFa4: Yb,Er

phosphors by developing a DSSC configuration, wherein they applied a layer of NaYFa:
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YDb,Er hexagonal nanoplatelets as an external layer, and a single internal transparent TiO>
layer.2% In this arrangement, the photocurrent and overall DSSC efficiency were improved
by approximately 10 %, which were attained by adding the UC external layer. Zhao and co-
workers fabricated double-shell p-NaYFs: Yb,Er@SiO.@TiO2 microplates, which were
sandwiched between a transparent TiO> layer and a counter electrode, and the system
achieved nearly 29.4 % increment in DSSCs efficiency.%®

In 2016, our group also attempted to develop a multifunctional platform based on f-
NaGdF4: Yb,Er UCNPs, and mesoporous anatase TiO2 (mTiO2) composite for biomedical
and energy applications.*? p-NaGdFa: Yb,Er/mTiO, nanocomposites were developed to
improve the absorption of photons in a broader region of the solar spectrum. The as-
synthesized nanocomposites exhibited an enhancement in the photocurrent density and solar
cell efficiency by ~24 % and ~17 %, respectively, in comparison to pristine mTiO2. A
similar notable study was reported by Ramasamy et al., wherein a rear reflector structure
was utilized that combined p-NaGdFs: Yb,Er,Fe UCNPs for harvesting of NIR light, and
silver (Ag) particles for light reflection to improve the DSSC performance.?!® The photon
conversion efficiency (PCE) of DSSC with a rear reflector increased by ~ 21.3 % when
compared with the cell without a rear reflector. M. Luoshan and group developed multi-
shell-coated pA-NaYFs: Yb,Er— NFYE@SIO2@Au@TiO2 hexagonal submicroprisms
decorated by Au-NPs, which were incorporated into the DSSCs as photoanodes 2. In this
case, the overall efficiency was enhanced by 28.1% in comparison to the DSSC with pure
TiOs.

A variety of other materials based on Ln®*-doped phosphors for photovoltaic
applications have been presented by different research groups, such as Y20z3: Yb,Er UCNPs
and TiO2 composite with PCE of 6.68 %,%*2 NaYF4: Yb,Er@NaYF4 core-shell and TiO2
composite with PCE of 12.5 %,%"® Y,CazZnOs: Yb,Er and TiO2 composite with maximum

PCE of 7.21 %,%** p-NaYF4: Yb,Er and TiO, composite with PCE of 7.17 %,"® Y,Os:

Monika Malik 52



Chapter 1 Introduction

Yb,Ho and TiO2 composite with PCE of 10.33 %,?% etc.
1.10.5 Security applications

The development of advanced luminescent materials for constructing a secure and
unclonable encryption is required. The majority of features currently utilized in security
applications are based on downshifting luminescence, which are easily mimicked by
counterfeiters. The UCNPs are promising alternatives for traditional inks for anti-
counterfeiting and security applications. Prasad et al. reported an approach to fabricate
predefined photo patterns of UCNPs using a chemical amplification reaction, which can
produce color-coded multilayer patterns for security applications.?® The as-prepared NPs
possessed the desired colloidal stability in an organic solvent and the ability to be modified
for photopatterning on solid-state film. Blumenthal et al. in 2012, developed a composite
ink to produce highly resolved printed features that were invisible under ambient light,?!
but produce luminescent images when excited with 980 nm laser. Keller and co-workers
reported the synthesis of NaYF4: Yb,Tm, and NaYF4: Yb,Er emitting blue and green color,
respectively.?!