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ABSTRACT

RE doped cubic phase KGdF4 up-conversion nanoparticles (UCNPs) have been synthesised by
a wet chemical synthesis procedure. The phase confirmation was achieved via XRD analysis.
The morphology and size distribution of the UCNPs was analysed through HR-TEM technique.
From Debye-Scherrer and HR-TEM calculations, the size of the particles was found out to be
in the range of 6-8nm. These morphological characterisations revealed a high degree of
crystallinity in the host lattice. EDAX analysis was conducted to confirm the presence and

corresponding weight percentages of precursor elements in the host lattice.

The as prepared UCNPs exhibit the property of up-conversion as was evident after conducting
UC studies on the samples. Under 980nm CW laser excitation, the samples emit strong
emission in the visible region and the intensity of which increases with increase in the
concentration of sensitizer (Yb®") ion. In-depth analysis of energy transfer mechanisms in the
UCNP lattice under NIR excitation was conducted. Cooperative energy transfer (CET), energy
transfer up-conversion (ETU) and excited/ground state absorptions (ESA/GSA) were
established as the main UC mechanisms in the KGdF4 lattice depending upon the sensitizer-
activator combination. Inokuti-Hirayama (IH) model was also applied to establish the nature
of energy transfer between sensitizer and activator ions as dipole-dipole in nature. Decay
kinetics revealed high lifetimes for these samples for the visible emission under NIR excitation.
EPR studies were conducted to study the effects of paramagnetic gadolinium ion on the lattice
symmetry of KGdF4. The calculated g values from the EPR spectra correspond to the “U”

spectrum of gadolinium and match well with the reported values.

These UCNPs have sizes well within the cellular range. Along with the ability to exhibit up-

conversion and having high lifetimes, these UCNPs can be easily used as alternatives to

XViii



conventional dyes and quantum dots for bio-imaging and other solid state lighting (SSL)/ w-

LEDs applications.
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Chapter 1: General Introduction

This chapter discusses the fundamentals of up-conversion process. It deals with the science
behind the synthesis, morphology, luminescence and applications of up-conversion
nanoparticles (UCNPs) in the field of bio-imaging. This chapter highlights the fundamental
flaws in the usage of organic dyes and quantum dots that have been conventionally used as
imaging probes and illustrates why UCNPs are a way forward as more efficient and favourable

probes for bio-imaging. Lastly, it highlights the objectives of this research work.



1.1 What is Up-conversion?

The science of up-conversion was developed by N. Bloembergen in 1959 when he advanced
a theory of a device known as “infrared quantum counter” [1]. According to his theory, ions
having multiple energy levels could absorb photons of low energy thereby getting excited to
intermediate excited states and even further to higher excited states only to finally emit a photon
of higher energy. This process was termed as up-conversion. In other words, up-conversion
can be defined as a nonlinear optical process involving subsequent absorption of two or more
photons of low energy via intermediate long-lived energy states followed by emission of a

photon of shorter wavelength than the pump one [2,3].

1.2 Difference between up-conversion and down-conversion

Both up-conversion and down-conversion are nonlinear optical processes. But as the names
suggest, in up-conversion, a material is excited by multiple low energy photons only to emit
photons of higher energy whereas in down-conversion, the material is excited by high energy
photons, which subsequently emits photons of low energy [4-6]. Also, since the intermediate
energy levels in up-conversion processes are real as compared to the simultaneous multi-
photon absorption processes where the intermediate levels are virtual, the UC processes exhibit

higher luminescence efficiencies [1,7]

1.3 Types of up-conversion processes

Simultaneous two photon absorption (STPA), second harmonic generation (SHG) and up-
conversion (UC) are common non-linear optical processes involving generation of short
wavelength/high energy radiation from long wavelength/low energy excitation sources [8]. In
STPA process, there exists only one real excited state and the incoming photon is immediately

absorbed thereby exciting the ion from the ground to the excited state. There exists no



intermediate state between the ground and excited states. On the other hand, SHG gives rise to
new frequencies via weak wavelength dependent hyperpolarizability of a substance. It is

dependent on hyperactive Rayleigh scattering and not on photon absorption [7,9-12].

The UC process is different from STPA and SHG. In UC process, two or more low energy
photons are sequentially absorbed resulting in the emission of high energy radiation. The
sequential absorption of photons is made possible due to the presence of real metastable states.
Thus UC is a two-step process involving sequential absorption of pump photons to multiple
metastable excited states followed by luminescence in short wavelength region which can be
described as an anti-Stokes mechanism. The emission depends on the excitation intensity, with
higher intensities giving higher efficiencies of luminescence. The UC processes can be put into

three categories [13]:

1.3.1 Excited State Absorption

Excited state absorption (ESA) was proposed by Bloembergen in 1959. It is a sequential two
photon absorption process which has been established as the most acceptable form of UC
process [7,13,14]. This process is based on sequential absorption of photons by a single ion. It
can occur in lattices with low concentration of dopant ions. The ESA mechanism is shown in
Fig.1.1. It can be seen from the figure that, the ions in the ground state absorbs a photon to get
excited to an intermediate excited state. This is known as ground state absorption (GSA). Now,
the ion in this state again absorbs a photon to get excited to a higher excited state. Transition

from this state to the ground state gives rise to UC emission.



Fig. 1.1: Excited State Absorption

1.3.2 Energy Transfer Up-conversion

Energy transfer up-conversion (ETU) is the most efficient UC process in all the rare earth (RE)
doped nanophosphors. It is also known as addition de photon par transfers d’energies APTE
effect [2,3]. Radiative dipole-dipole interaction is the most dominant amongst all the energy
transfer mechanisms. For higher luminescence efficiencies, the dopant ions are required to be
in close proximity to each other. Thus, in the case of ETU, lattices which can accept higher
dopant ion concentrations are required (even 20 mol% is admissible limit). The energy
mechanism scheme is shown in Fig.1.2. From Fig. 1.2, it can be seen that two neighbouring
ions successively absorb pump photons for excitation. These two ions can absorb the pump
photon of same energy to get excited to intermediate level E1. One ion again gets excited to an
upper state E> through a non-radiative energy transfer process from the second ion which

relaxes to the ground state. Now this excited ion in E; state releases a higher energy photon



while relaxing to the ground state. There are many different kinds of ET upconversion

mechanisms:

a) ET followed by ESA, also known as EFE mechanism
b) Successive energy transfer (SET)

c) Cross Relaxation (CR)

d) Cooperative sensitization (CS)

e) Cooperative Luminescence (CL)

E2

JO "

Fig. 1.2: Energy Transfer Up-Conversion

1.3.3 Photon Avalanche (PA)

This mechanism was discovered by Chivian in 1979 and has turned out to be one of the most
efficient types of UC processes although it is rarely observed in all UC processes involving
ESA and CR. [15]. Fig. 1.3 shows the mechanism in PA process during up-conversion. It can

be seen that, ion 1 in ground state is promoted to state E1 by GSA. Now through ESA, another



pump photon can excite it to state E2. Now this ion in E2 can interact with ions in the ground
state to produce two ions in state E2. These two ions can subsequently produce four ions which
can produce eight and so on. Clearly, state E2 acts as an energy reservoir so that a requisite

population of ions for an avalanche can be sustained easily.

Fig. 1.3: Photon Avalanche

1.4 Definition of Bio-imaging

Bio-imaging is defined as a non-invasive technique of visualizing a biological activity for a
specific period of time. There is neither a physical interference nor any inhibition of any bodily
process like respiration, movement etc. Clear 3D structural images of subcellular structures

and tissues in an organism can be reported using this technique[16-18].

There has been tremendous advancement in image processing technologies since the last six
decades especially during the 1980s and 1990s. Use of computers to visualise objects and
processes has replaced human vision and has made many scientific discoveries possible in this

field. Fig. 1.4 shows the various developments that have taken place in the area of optical



imaging in the last many years. These techniques help segregate and localise the cellular and

imaging components due to the development of many high resolution imaging technologies
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Fig. 1.4: Development of techniques in optical imaging [21]

and advanced imaging equipment [19-21].

Many different bio-imaging techniques like thermal imaging, X-ray, X-ray computed
tomography (CT), hyperspectral imaging and magnetic resonance imaging (MRI) have seen
many developments in the last three decades. All these techniques are based on a different
operating principle and have different technologies and instruments [19,22-26]. The basic
operating components in all these techniques are nearly equivalent. In general, a bio-imaging
setup involves usage of a camera, an illumination source, a frame grabber and image processing
hardware and software [19,20]. The image of the biological phenomenon is captured by the
camera and a charge-coupled device (CCD), X-ray, X-ray CT, MRI etc. are used to determine

specific properties and characteristics like shape, size, color, texture etc. The most commonly



used sensor is CCD only for such purposes[27]. The analog signal is then converted into a
digital signal via a digitization process. This is done by using the frame grabber. The obtained
digital signal has to be then processed by the hardware and software tools via processes like
image acquisition, image pre-processing, enhancement, segmentation, representation and

description for the desired output and further analysis.

1.5 Bio-imaging using Nanopatrticles or Nano Bio-imaging

Despite all the advances in the techniques that have been made in the field of bio-imaging, the
problem of higher resolution of images for better assessment still persists [19]. Super resolution
microscopy has been developed to address some of the resolution issues to provide a certain
level of advancement in the area of biomedicine; but it also faces certain equipment
requirements which makes it hard to use and less efficient [28-30]. Biologists though are of
the idea that application of one single technique to the sample does not translate into good
results and information about the biological sample [31]. A study conducted by Hauser et al.
shows that usage of two or more techniques on one single biological sample leads to good
analytical results thereby overcoming the shortcomings of earlier techniques. By employing a
correlative approach, one gets new dimensions in the output information, providing new

opportunities in the area of super-resolution microscopy [32].

Structured Illumination Microscopy (SIM) was developed for further resolution enhancement.
But in this case, expensive hardware and software tools for improving the super resolution of
SIM are required. Ponsetto et al. have explained in their studies that these methods are a trade-
off between speed, resolution, field of view, biocompatibility, sensitivity and experimental
complexity [33,34]. Developments in the field of fluorescence microscopic techniques,
stochastic reconstruction microscopy (STORM), photoactivated localization microscopy

(PALM), stimulated emission depletion (STED) and SIM have been compared by So et al. in



their studies [35]. They have deduced that, conventional microscopy procedure can lead to new
generation of nanoscopy if label free optical microscopic techniques originating from
nanoscale structures like micro-curvilinear lenses, super-oscillatory and metamaterials are

employed [35].

Nanotechnology indeed can solve the issue of high resolution image construction. The
resolution of current techniques can be increased by employing nanotechnology [19,36].
Targeted imaging can be achieved using specifically designed nanoparticles [19]. As has been
demonstrated by Goel et al., incorporating nanotechnology with positron emission tomography
(PET) can indeed enhance the sensitivity and quantitative nature of PET thereby leading to
mitigation of certain shortcomings associated with this field [37]. Fluorescence bio-imaging in
the near infrared region (NIR-11, 1000-1700nm) provides advantages like large penetration
depth and high spatial resolution due to low scattering of NIR light thereby enabling NIR-II

quantum dots (QDs) to be used in many biomedical applications[37,38].

1.6 Shortcomings of conventional methods of bio-imaging

As has been discussed earlier, scientists have made great advances in the field of nanoscience
by developing fluorescent nanoparticles for bio-imaging applications [13]. These nanoparticles
are conjugated with certain biomolecules, which under suitable excitation, are able to emit
detectable fluorescent signals for biological analysis and understanding. In order to achieve
this, the fluorescent nanoprobe must be biocompatible, non-toxic, resistant to photobleaching
and ultrasensitive. It should have impeccable physical and chemical stability along with a high

luminescence efficiency [39-41].

Organic dyes and fluorescent proteins have been the most commonly used bio-imaging probes
in the last decade. Traits like small sizes, high fluorescent intensity, good biocompatibility and
easy surface modification for bioconjugation make these organic dyes better than other
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fluorescent molecules [39]. But these dyes suffer from photobleaching, have narrow absorption
and broad emission spectra and are susceptible to chemical instability which hamper their

detection[13,42].

Quantum dots (QDs) have been developed with advances in nanotechnology as alternatives to
conventional organic dyes. This is because they have certain advantages like good
photoluminescence, good photo stability, size tunable emission and broad UV excitation and
narrow emission [43]. However, QDs suffer from cytotoxicity and chemical instability [17,44].
Most importantly, the conventional tools for bio-imaging i.e., quantum dots, organic dyes,
fluorescent proteins, require short wavelength/high energy or UV excitation for emission

purposes. There are certain disadvantages associated with this technique [13,44,45]:

1) Usage of high energy or short wavelength radiation results in low penetration depth of
the radiation.

2) High energy radiation can even cause irreparable or fatal damage to the
biomolecules, area to be imaged in the body and the surrounding healthy tissues.

3) There is a significant amount of autofluorescence which leads to a low signal to noise

ratio (SNR).

Thus a need was felt to develop a different class of fluorescent nanoprobes that would be
capable of overcoming the above mentioned shortcomings of the conventional tools of bio-

imaging.

1.7 Up-conversion Nanoparticles (UCNPs)

Up-conversion nanoparticles (UCNPSs) find tremendous use in drug delivery, bio-imaging and
therapy [46]. There are many reasons for this. Firstly, UCNPs work on the principle of up-

conversion which is a nonlinear optical process involving sequential absorption of two or more
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low energy pump photons resulting in the emission of photons of higher energy i.e., these
UCNPs upon excitation by NIR radiation emit higher energy photons in UV or visible region
[7]. This characteristic of UCNPs actually provides an edge over conventional imaging probes
enabling the UCNPs to have minimum autofluorescence, narrow emission bandwidths, large
anti-Stoke shifts, minimal photobleaching, minimum light scattering, non-blinking and deeper
tissue penetration due to usage of low energy radiation for excitation purposes [47]. Due to
high photostability, UCNPs have been employed for imaging and other therapeutics both in
vitro and in vivo. UCNPs emitting in the visible region have been employed for multi-color
cell imaging and imaging within shallow tissues [48].UCNPs utilising NIR radiation for both
excitation and emission purposes are helpful for in vivo imaging in small animals because of

deeper tissue penetration and less radiation scattering [46].

Secondly, UCNPs can be easily conjugated with therapeutic agents due to superior surface
chemistry properties. Monodisperse UCNPs can be synthesised in various shapes and sizes
thereby providing a large surface area for effective conjugation with organic ligands/drugs [49].
Such conjugation can take place via non-covalent or a covalent interaction between the UCNPs
and the drug/ligand. Above all, UCNPs are nontoxic and biocompatible (devoid of cadmium,

mercury, lead, selenium and arsenic) rendering them highly useful for biomedical applications.

1.7.1 Structure of UCNPs

Fig. 1.5 gives a basic structure and UC mechanism taking place in a UCNP. Primarily,
lanthanide (Ln) doped UCNPs have emerged as the most promising alternatives to
conventional imaging probes due to the superior optical and biological advantages they possess
over the conventional fluorescent probes. The Ln doped UCNPs consist of three components:
a host matrix, a sensitizer (i.e., absorber) and an activator (i.e., emitter) [12,13,41]. The

sensitizer absorbs the incoming NIR radiation, rising to an upper excited state. After this, the
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energy from the excited sensitizer is transferred to the activator ion in ground state raising it
subsequently to a higher excited state leading to emission of higher energy or short

wavelengths.
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Fig. 1.5: Structure of UCNPs [46]

1.7.2 Activators

Lanthanides possess multiple metastable states which are a prerequisite for UC process thereby
making them suitable as a component for UCNPs. The lanthanides primarily exist as trivalent
ions (Ln%") which is their most stable state. The completely filled 5s? and 5p® sub-shells shield
the 4f electrons in Ln3* which results in weak electron-phonon coupling leading to sharp and
narrow f-f transition bands. Also, since f-f transitions are Laporte forbidden, the transition
probabilities are pretty low and excited states have a large lifetime (up to 0.1s) [7,12]. UC
emission is ideally expected from most lanthanide ions as they generally have more than one
excited 4f level (with the exception of La®*", Ce3*, Yb** and Lu®"). But for efficient UC
emission, the energy difference between each excited level and its lower lying intermediate
level (ground level) should be nearly equivalent to allow photon absorption and energy transfer

to take place in the UC process.

Rare earth ions like Er¥*, Tm®", Ho®* are frequently used as activators in the UCNP lattice

because they possess ladder like energy levels [50]. Fig.1.6 shows the energy level scheme of
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these ions. It can be seen from the below figure that *l112 and *l1s,2 are separated by nearly
10350 cm™. This energy difference is comparable with the energy difference between *F7/, and
*l11/2 (nearly 10370cm™) thereby making these energy levels eligible for UC process under
980 nm excitation. The Er®* ion is not directly excited to the *F7/, state. Rather, from the *l11/2

state it relaxes to the *l13, state followed by excitation to the “Fo/ state via phonon assisted

energy transfer.
24
':' ' ‘F3§2
' ! 512
‘ ' ) . ) T2
: : | H,,
18 |- H | I 5 ‘ ) i 32
' : i " . ' '
‘ : VL : 4
' \ ) ' Fy,
= ' - " ' "
] 1 ' ] : 4
QE) 12 - &, v 1 y ' e l9/2
= Py | : 0
) H y ! o : 172
= . T ;
: R , v : |
6+ v [ 1 13/2
E \ E Yy E | 4
0 ]15/2
Er

Fig. 1.6: Energy level scheme of activator ions

The efficiency of the UC process is further dependent on non-radiative multiphoton relaxation
rates between different energy levels affecting the population of intermediate and emitting
energy levels. For the lanthanide ions, the multiphoton relaxation rate constant k. for 4f levels

of lanthanide ions is given as [51]:

—2nfAE

knra(

) (1.1)

hwmax
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where f is the empirical constant of the host, AE is the enrgy difference between the populated
level and next lower level in the lanthanide ion and hw,,,, IS the highest vibrational energy
mode of the lattice. As is evident from Fig. 1.4, Er** and Tm?* ions have low probability of
non-radiative transitions between excited energy levels due to large energy gaps. Therefore,

UCNP lattices with Er®* and Tm3* as activators are most efficient for UC process.
1.7.3  Sensitizers

Two parameters that affect the up-conversion process are distance between two neighbouring
activator ions and their absorption cross-section in singly doped nanophosphors. Doping level
of the activator ions should be kept low so as to avoid quenching of excitation energy [12,46].
Due to low absorption cross sections of activator ions, the UC efficiency of singly doped

UCNPs is low.

For increasing luminescence efficiency of the UC process, the host UCNP lattice having an
activator ion is codoped with a sensitizer ion. This sensitizer has a large enough absorption
cross section in the NIR region facilitating the ETU process between sensitizer and activator
[14]. As is evident from Fig. 1.7, Yb®" is a trivalent ion possessing a simple energy level scheme
with %Fs/, being the sole excited state [3,4]. Yb** ion has an absorption band located at 980nm
because of the fact that absorption cross-section of 2F7, — 2Fs, transition is greater than
other lanthanide ions. Also, this transition of Yb** ion corresponds to the f-f transition of many
up-converting activators like Er®* resulting in an efficient energy transfer from the sensitizer to
the activator during the UC process. Yb®* ion is therefore the most commonly used UC
sensitizer. In the UCNP lattice, the concentration of the sensitizer is kept high (~20-30mol%)
while the activator concentration is kept low (~2mol%) so as to minimise the cross relaxation

energy loss [12,13,46].
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Fig. 1.7: Energy level scheme of sensitizer ion

1.7.4 Choice of host material

The selection of appropriate host material for synthesis of UCNP lattice is very important as it
directly affects the UC process and efficiency. It is generally required that the host material
should have relatively low phonon energies and should resemble the lattice structure of the
dopant ions [12]. Low phonon energy is an essential requirement as it minimizes the non-
radiative losses thereby maximising the radiative emission. Although heavy halides like
chlorides, bromides and iodides have low phonon energies (less than 300cm™), they are
hygroscopic which limits their function. Oxides are chemically stable but they have high
phonon energies (greater than 500cm™) which again limits their use. Fluorides on the other
hand have low phonon energies (nearly 350cm™) and are chemically stable as well. Thus

fluorides have been widely used as an ideal UCNP host lattices [12,13].
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The crystal structure of the host material can affect the luminescence efficiency during the UC
process. It is well known that, hexagonal phase NaYF4:Yb**/Er** UCNPs have better UC
luminescence efficiency than the cubic phase of the same compound [52-54]. This property is
due to different crystal fields around the trivalent lanthanide ions in lattices of different
symmetries [12]. Lattices that have low symmetries generally exert a crystal field containing
more uneven components around dopant ions as compared to lattices with high symmetries.
This leads to enhanced electronic coupling between 4f energy levels and higher electronic
levels thereby increasing the f-f transition probabilities of the activator-sensitizer ions [55].
Greater UC efficiency can also be achieved by decreasing the cation size or the unit cell volume

of the host resulting in the crystal field strength around the dopant ions.

1.8 Status of research in the field of up-conversion nanoparticles

1.8.1 Synthesis Procedures

Several procedures to synthesize up-converting nanoparticles have been developed in the
recent years. Co-precipitation, thermal decomposition, hydrothermal/solvothermal and sol-gel
methods are some of the most commonly used methods to prepare UCNPs [6,46,56]. For the
purpose of biological applications, the UCNPs must have a narrow size distribution and high
dispersibility. To achieve this, wet chemical methods, especially hydrothermal/solvothermal
methods and thermal decomposition methods are mostly used [12,46]. Some of the techniques

used to synthesise the UCNPs are given below:
1.8.1.1 Co-precipitation Method

This method is one of the most easy and convenient methods to synthesize UCNPs. This is
because of mild reaction conditions, low cost requirements, non-complex protocols and shorter

reaction times [12,13]. It involves utilising a precipitation reaction between positive and
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negative ions present in homogenous solution so as to get a uniform precipitation of
UCNPs [14]. Guo et al. synthesised a series of LugOsFg:20%Yb**,1% Er¥*(Tm3*) UCNPs
having variable Li* concentration. It was reported by them that addition of Li* ion increased
the UC, DC and CL intensities of the UCNPs [57]. Li et al used a modified high temperature
(~305°C) co-precipitation method to synthesize NaLnFs UCNPs. They were successful in
controlling the size and phase of the UCNPs by addition of ions like Mg?* and Co?*. As a result,
the UCNPs exhibited small sizes and hexagonal phase leading to increased luminescence
efficiency [58]. Chow et al. were able to synthesize LaFs UCNPs with sizes of around 5nm
from water soluble inorganic precursors. They used synthetic ammonium
di-noctadecyldithiophosphate as a capping agent for controlling particle growth and to provide
stability against agglomeration. These UCNPs could be easily dispersed in solutions thereby
rendering them immensely helpful as luminescent probes for bioimaging applications [59].
Yi et al. synthesised NaYF:Yb®*" ,Er®* UCNPs using a co-precipitation method utilising
ethylenediamine tetraacetic acid (EDTA) in the process. RE-EDTA complex was injected
quickly to a NaF solution under vigorous stirring resulting in the formation of cubic phase
NaYF4:Yb3* Er** UCNPs through a homogenous nucleation process. The sizes of the UCNPs
could be controlled by varying the molar ration of EDTA and RE ions. As is known, the
fluorescence intensity of cubic phase UCNPs is too weak for any useful biological application,
these UCNPs were subjected to annealing to change their phase from cubic to hexagonal. As a

result, their luminescence intensity increased by 40 times [60].

The NaYFs UCNPs obtained from co-precipitation method require an annealing treatment in
order to bring about a change in the phase of the particles leading to increase in UC
luminescence intensity. But this leads to aggregation of the particles leading to increase in their
sizes. Also, heating can lead to carbonization of capping agents like EDTA thereby decreasing

their hydrophilicity. Further surface modifications are then required to make the UCNPs water
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soluble. Thus, UCNPs prepared via co-precipitation method have a limited use in biological

applications [13].
1.8.1.2 Thermal Decomposition Method

In this method, rare earth metal trifluoroacetates are used as raw materials. These are mixed at
fixed proportions and then decomposed under high heating to form UCNPs. Although, the
synthesis of the UCNPs is susceptible to change in temperature, pressure and additives, it still

remains one of the most used methods for preparation of UCNPs [14].

Zhang et al. reported a novel synthesis of single crystalline and monodisperse LaFz triangular
nanoplates via thermal decomposition of lanthanum trifluoroacetates (La(CFsCOO)z3). Since
then, this method has become the most commonly used procedure to synthesize high quality
RE doped NaYFs+ UCNPs[61]. Capobianco et al. synthesized NaYFs UCNPs doped with Yb
and co-doped with Er and Tm via thermal decomposition of metal trifluoroacetate precursors
in the presence of oleic acid and octadecene. Octodecene was chosen as a solvent due to its
high boiling point (~315°C) whereas oleic acid was used both as a solvent and as a capping
agent to prevent agglomeration of the UCNPs [62]. Nigoghossian et al. prepared
NaGdF4:Yb**/Er** UCNPs via two pot thermal decomposition process as core structure in the
presence of oleic acid and 1-octadecence [63]. The UCNPs were synthesised at 310°C, 315°C
and 320°C with silica being used as a capping agent. Cubic phase of UCNPs was achieved at
310°C and 315°C whereas synthesis at 320°C yielded hexagonal phase [63]. Mai et al. have
reported a general synthesis technique of NaREFs (RE= Pr to Lu, Y) UCNPs with
Na(CFsCOO) and RE(CFsCOO) as precursors; These UCNPs are of high quality i.e., they are
monodisperse, single crystalline, well-shaped and phase pure. The reaction mixture consisted
of a non-coordinating solvent (1-octadecene) and a coordinating solvent (oleic acid and

oleyamine). Through their studies they showed that pure B-NaYFs could be synthesized from
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the oleic acid-octadecene system under extreme conditions (high Na to RE ratio, high
temperature and longer reaction time) whereas pure a-NaYF4 could be prepared from oleic
acid-oleyamine-octadecene complex under relatively mild conditions (low Na to RE ratio,
short reaction times and low temperature) [56]. Despite being widely used to prepare UCNPs,
this methods has its limitations such as requirements of harsh conditions, high costs of reagents,

complex reaction steps and high toxicity [14].
1.8.1.3 Hydrothermal/Solvothermal Method

Hydrothermal/Solvothermal technique refers to a synthesis procedure in which reactants are
placed under high temperature and pressure in a sealed environment. Generally, the
temperature of the solvent is above its critical point. To provide a sealed reaction environment,
specialised vessels known as autoclaves are used [13]. Sun et al. synthesized a-NaYFs and -
NaYFs UCNPs codoped with Yb®", Er®* with RE-EDTA or RE-citrate complexes as precursors.
EDTA and citrate were used as capping agents to control the size and morphology of the as
prepared UCNPs. It was found that the particle size was dependent on nucleation rate which in
turn is controllable by concentration of reactants, molar ratio of RE, capping ligands of NaF
and choice of capping ligands [64]. Du et al. reported a series of NaYF4+ UCNPs codoped with
Yb**/Er®* prepared via hydrothermal method. They were able to control the phase and size of

the UCNPs by controlling the synthesis temperature [65].

Wang et al. reported, for the first time, a one-step synthesis technique of biocompatible and
water soluble polyethylenimine (PEI)-coated NaYF4:Yb** ,Er*/Tm*" UCNPs via solvothermal
approach. PEI, being an organic polymer surfactant, was employed to control the particle size
and prevent agglomeration. Apart from this, the presence of free amine groups on the surface
of the UNCPs helps in binding to biomolecules thereby rendering these UCNPs usable in

biological applications [66]. Another group, Wang et al., have reported two phase solvothermal
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synthesis of NaYF4:Yb*" Er¥*/Tm®*/Ho®* UCNPs in a water-ethanol-OA system. In this study,
RE stearate was used as a precursor. The same group also reported one step synthesis of
NaYFs:Yb* ,Er** UCNPs coated with various polymers like polyvinylpyrrolidone (PVP),
polyethylene glycol (PEG), polyacrylic acid (PAA) and PEI. These capping polymers made

the UCNPs hydrophilic and prevented aggregation [67,68].

There are many key advantages of employing a hydrothermal/solvothermal approach in the

synthesis of UCNPs[13,69,70]:

1) Product purity is high
2) Size, structure and morphology of the UNCPS can be easily controlled
3) Lower reaction temperatures

4) Overall simple procedure

Disadvantages with this method are requirement of specialised vessels known as autoclaves

and the inability to observe the UCNPs while are they synthesising [12].
1.8.1.4 Sol-gel method

Sol-gel process involves usage of metal compounds, metal alkoxides and inorganic salts as
substrate. These are then subjected to hydrolysis and polycondensation processes to gel them
together. Sintering or drying is done afterwards to obtain the UCNPs[14]. Park at al. were able
to successfully synthesize NaYF4 thin films and nanopatterns by sol-gel process and soft
lithography. The light coupling output efficiency was enhanced by the nanopattern and the UC
intensity was found to increase 2-3 folds [71]. Liang et al. were able to produce
NaYF4:Yb3* Er** UCNPs via sol gel method. They varied the concentrations of Li* and K* in
the UCNP lattice. They able to increase the luminescence intensity of the UCNPs without

changing the shapes and sizes of the particles [72].
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1.8.1.5 Microemulsion Method

This is a synthesis technique in which two immiscible solvents form an emulsion under the
effect of a surfactant. Subsequent nucleation, agglomeration and heat treatment in
microbubbles leads to the synthesis of UCNPs [14]. Qian et al. were able to prepare
NaYF4:Yb* Er**@Silica core@shell UCNPs via reverse microemulsion method. They used a
combination of two surfactants polyoxyethylene (5) nonylphenylether and 1-hexanol. The

particle size was in the range of 11.1 + 1.3 nm [73].
1.8.2 Surface Modifications of UCNPs

It has been observed the UCNPs prepared via above methods are generally hydrophobic due to
presence of organic ligands like oleic acid on their surface. If in any case, the UCNPs are water
soluble then there are no proper functional groups present on the surface of the UCNPs which
can facilitate their conjugation with biomolecules for usage in biological applications.
Therefore, it becomes imperative to modify the surface of the as prepared UCNPs so that they
are easily conjugated with required biomolecules and ligands. This modification can be done

either by an inorganic shell/layer or by an organic ligand.
1.8.2.1 Using an Inorganic Shell Layer for Surface Modification

Surface silanization is the most commonly used surface modification technique for an
inorganic capping of the UNCPs. Amorphous silica is coated on the surface of the UCNPs in
this procedure. This is achieved by utilising STOBER technique involving hydrolysis and
condensation of siloxane precursors like tetraethoxysilane (TEOS) in the presence of ammonia

and ethanol[13,74].

Li et al. synthesized polyvinylpyrrolidone (PVP)-stabilized NaYF4:Yb®*" Er¥*/Tm?*" UCNPs

and coated them with a layer of silica through the STOBER procedure. The technique has been
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represented in Fig.1.8. The thickness of silica in their UCNPs was 10nm which could be
adjusted within 1-3 nm by controlling the amount of TEOS taken. This increases the stability

of the as prepared UCNPs in water and they show a strong UC fluorescence [75].
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Fig. 1.8: Scheme showing surface silica coating of (PVP)-stabilized NaYF4:Yb** Er¥*/Tm?*
UCNPs [75]

Coating with silica provides stability to the as prepared UCNPs but it doesn’t provide
functional groups on the surface for bioconjugation. To overcome this issue, hydrolysis of
amino siloxanes like (3-aminopropyl) triethoxysilane (APS) is performed so as to provide

functional amino groups on the surface of the UCNPs [13].

A novel surface modification technique to prepare silica coated multicolour UCNPs working
on frequency resonance energy transfer (FRET) mechanism was reported by Li et al. In their
studies, certain organic dyes or quantum dots were encapsulated with NaYFa4:Yb**,Er®* or
NaYF4:Yb3* Tm3* UCNPs respectively via STOBER bases microemulsion method. Under
980 nm excitation, the UC emission energy was transferred to the organic dyes or quantum
dots via FRET mechanism generating different colours (depending on the organic dyes or
quantum dots). These multicolour nanoparticles find immense usage in multiplexed bioassays

[76]. The scheme of the mechanism has been illustrated in Fig.1.9.
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Fig. 1.9: Schematic illustration of FRET mechanism in multicolour UCNPs under 980nm
excitation [13]

Lu et al. developed NaYF4:Yb® ,Er®* core shell UCNPs keeping in mind the multifunctional
aspects of UCNPs in biological applications. These UCNPs had magnetic, biological and
fluorescent characteristics [77]. They used iron oxide nanoparticles as magnetic core and
encapsulated them with NaYF4:Yb*",Er®* particles through a co-precipitation method. The
particles were subjected to annealing which enhanced their luminescence intensity.
Subsequently these UCNPs were then coated with silica and amine-functionalised by
hydrolysis of TEOS and APS which made them water soluble and biocompatible as has been

shown in Fig.1.10.
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Fig. 1.10: Schematic illustration of surface modification of iron oxide based NaYF4:Yb®" . Er®*
UCNPs [13]

Similarly, Mi et al. reported in their studies that functionalised FesOs/NaYFs:Yb%" Erd*
magnetic-luminescent nanocomposites could be readily conjugated with antibodies for
identification of mammalian cells. They were able to conjugate transferrin protein on the
surface of these nanocomposites which in turn was able to recognize the over-expressed

transferrin receptors on HelLa cells[78].
1.8.2.2 Surface Modification Using Organic Ligands

UCNPs should not only have high luminescence efficiency but they must also be compatible
with biomolecules and other biomolecular assemblies like live cells if they are to be readily
used for biological applications. Some techniques enumerating various methods of surface

functionalisation through organic ligands are given below.

Chow et al. synthesised hydrophilic NaYF.Yb**,Er®* UCNPs via ligand exchange

technique(shown in Fig.1.11). These UCNPs were earlier stabilised with oleylamine ligands.
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In this procedure, the main ligands are replaced by bifunctional organic molecules
(polyethylene glycol 600 diacid) rendering the UCNPs water soluble. These UCNPs can also

conjugate to biological assemblies through bioconjugate chemistry[79].

Ligand
Exchange

Fig. 1.11: Schematic illustration of ligand exchange process [12]

Ligand oxidation is another technique for surface functionalisation of UCNPs. Li et al. used
Lemieux —von Rudloff reagent to convert OA stabilised hydrophobic NaYF4:Yb®* Er3* UCNPs
into hydrophilic nanoparticles. The monounsaturated carbon-carbon double bonds are oxidised
into carboxylic acid groups. This is useful for bioconjugation of these UCNPs with other

biomolecules [80]. Ligand oxidation is represented in Fig. 1.12.

Ligand
Oxidation

Fig. 1.12: Schematic illustration of ligand oxidation process [12]

It is possible to retain the original hydrophobic ligands on the surface of the UCNPs. This can
be achieved by surface functionalisation via hydrophobic Van der Waals interactions with
amphiphilic polymers. This ligand attraction scheme is given in Fig.1.13. Chow et al. coated
core-shell NaYF4:Yb*" Er®* UCNPs with carboxyl groups. Polyacrylic acid (PAA) modified

with octylamine and isopropylamine was used as coating material. The UCNPs still have an
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outer hydrophilic block that makes them water soluble and allows further functionalization

[81].

Ligand
Attraction

Fig. 1.13: Schematic illustration of ligand attraction process [12]

Li et al. were able to develop a layer-by-layer (LBL) assembly strategy for surface
functionalisation. The schematic illustration of LBL technique is given in Fig.1.14. This
method involves oppositely charged liner polyions that are used to generate hydrophilic
UCNPs. They were able to successfully modify the surface of NaYF4:Yb3* Er®* UCNPs with
stable amino rich shells via sequential adsorption of positively charged poly (allylamine
hydrochloride) (PAH) and negatively charged poly (sodium 4-styrenesulfonate) (PSS). The
prime advantage of this technique is high stability and biocompatibility that it offers to the

UCNPs for various biological applications[82].

Layer by Layer
—.»
Assembly

Fig. 1.14: Schematic illustration of LBL assembly process[12]
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1.8.3 Examples of UCNPs used in biological applications

It has already been discussed that RE doped UCNPs require NIR radiation for excitation
purposes. This has many advantages like 1) high signal to noise ratio (SNR) 2) larger
penetration depth due to usage of long wavelength radiation 3) less damage to the tissue under
NIR excitation. This makes RE doped UCNPs a better alternative to conventional dyes and

quantum dots for in vitro cell and in vivo tissue imaging.
1.8.3.1 In vitro cell labelling and imaging

Chatterjee et al. first reported the use of NaYFYb*",Er®* UCNPs in cellular imaging
applications [83]. These UCNPs were first functionalised with PEI and then conjugated with
folic acid (FA) to from FA modified NaYF4:Yb3*Er®* UCNPs. These particles were incubated
with human HT29 adenocarcinoma cells and human OVCARS3 ovarian carcinoma cells for 24
hours. Since these cells have abnormally high levels of folate receptors, the FA-NaYFs UCNPs
were able to selectively and specifically target these cancer cells. Under 980 nm excitation, the
UCNPs were able to emit green luminescence as has been shown in Fig.1.15. This is one of the

first examples of targeted imaging utilising surface modified UCNPs [83].
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Fig. 1.15: Images showing targeted action of FA-NaYF4:Yb%* Er¥* UCNPs on live human
ovarian carcinoma cells (OVCARS, top row) and human colonic adenocarcinoma cells (HT29,
bottom row).The left row shows images in bright field, the middle row shows images under
confocal excitation and the right row shows an overlap of left and middle rows[83].

High contrast imaging of human pancreatic cancer cells (Panc 1) was reported by Nyk et al
[27]. They first modified OA coated NaYF4:Yb%*, Tm® UCNPs with 3-mercaptopropionic acid
(MPA). This rendered the UCNPs water soluble. After this, the UCNPs were incubated with
Panc 1 cells for 2 hours at 37°C. Under 980nm excitation, the UCNPs attached to the surface
of the cells were able to emit IR light at around 800nm as is shown in Fig.1.16. This imaging
showed a high contrast, zero autofluorescence and inherent three dimensional localisation

features. Moreover, these UCNPs were not toxic as assessed from cell viability assay[27].
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Fig. 1.16: Bright field (left) and fluorescence (right) images of Panc 1 cell incubated with
NaYF4:Yb®* Tm®* UCNPs. The inset shows localised PL spectra under 980nm from cells
(red) and background (black)[27]

1.8.3.2 Invivo tissue imaging

Lim et al. reported the use of Y203:Yb*",Er¥* UCNPs for visual imaging of digestive tract of
C.elegans worm. The particles were of 50-150nm sizes and were inoculated into live C.
elegans. Under 980 nm excitation, distribution of UCNPs in the intestines of the worms can be
easily seen (Fig.1.17). Toxicity was not reported, the biocompatibility was good and the worms

did not show any defects in their feeding patterns [84].
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Fig. 1.17: False color two-photon images of C. elegans at 980 nm excitation with red
representing the bright field and green for the phosphor emission. The worms were deprived
of food over a period of 24 h, showing little or no change at (a) 0 h, (b) 4 h, and (c) 24 h.[84]

Zhang et al. demonstrated in vivo tissue imaging by injecting Wistar rats with 50nm
NaYF:Yb** ,Er®* UCNPs. These UCNPs were injected under the skin in the groin and upper
leg regions. It was observed that under 980nm excitation, the UCNPs were detected up to
10 mm beneath the skin which was far deeper than the conventional dots thereby providing
new dimensions to tissue imaging at various depths [83]. The images of the procedure are

shown in Fig.1.18.
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Fig. 1.18: In vivo imaging of rat: quantum dots (QDs) injected into translucent skin of foot (a)
show fluorescence, but not through thicker skin of back (b) or abdomen (c); PEI/NaYF4:Yb%*,
Er®* nanoparticles injected below abdominal skin (d), thigh muscles (e), or below skin of back
(f) show luminescence. QDs on a black disk in (a, b) are used as the control[83].

1.9 Objectives of the current research

e To synthesize RE doped ALNF; up-conversion nanoparticles (A=K*, Ln=Gd**,
RE=Tb®*", Er¥*, Tm®*) via wet chemical route i.e. RE doped KGdFs UCNPs

e To perform morphological, luminescent and magnetic studies on the as prepared

UCNPs

e To study the energy transfer mechanisms in the UC processes between the sensitizer

and activator ions in the UCNP lattice
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e To utilise these UCNPs as alternatives to widely researched NaYF4 for bioimaging

applications

It is well known that, a host lattice with relatively less phonon energies can act as a good
luminescent material. The researchers working in the field of luminescence are looking for new
host lattices possessing relatively less phonon energies, low symmetry and high chemical
stability. It is evident from the literature that a host lattice containing alkali metal ions are
possessing the aforementioned properties and showing relatively good luminescence efficiency
[85-87]. Among the alkali host lattices, the potassium systems are less explored when
compared with sodium and lithium. This prompted us to take up the present investigation in
which the host lattice contains potassium. The main aim behind it is to explore the possible
usage of potassium lattice doped with different rare earth ions for better up-conversion

luminescence applications.

In the fluoride system ALnF, [ A= alkali ion (Na", K*); Ln=neutral rare earth (Y3, Yb*",
Gd®*")], the role of rare-earth (Ln in our case is Gd®") is essentially of a network former and
most importantly, it allows to dissolve the dopant rare earths to the extremely high
concentrations > 25wt%. As such the host Gadolinium (Gd*") does not play any specific role
in the up-conversion and all the up-conversion process is between the dopants Yb*" and
activator ions (Er®", T3, Tm®"). The presence of Gadolinium (Gd*"), being paramagnetic ion,
in this host lattice also adds a new dimension as nanoprobes for imaging purposes and shows
immense scope for multi-purpose applications: both in up-conversion bio-imaging as well as

in Magnetic Resonance Imaging (MRI) applications [88].
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Chapter 2: Experimental, Synthesis and
Characterisation Techniques

This chapter illustrates the synthesis procedure and the characterisation techniques that were
employed to prepare and analyse the KGdF4 UCNPs. To study the morphological, luminescent
and magnetic properties of the as prepared nanoparticles, several characterisation procedures
were utilised. This chapter highlights the details and working principles of such techniques.
Also, details of chemicals and reagents used in the preparation of the UCNPs have also been

provided.
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2.1 Experimental

Highly pure cubic phase RE doped KGdF4+ UCNPs have been prepared via wet chemical route
for the purpose of this research. The as prepared UCNPs were subjected to morphological
studies to confirm their phase, nature, size and elemental content in the host lattice. Studies like
x-ray diffraction (XRD), high resolution transmission electron microscopy (HR-TEM), field
emission electron microscopy (FE-SEM) and energy dispersive x-ray analysis (EDAX) were
performed for the aforementioned purposes. Luminescent studies like up-conversion and
down-conversion were performed on the as prepared UCNPs. Under 980nm NIR excitation,
the nanoparticles emit intense up-converted light in the visible region thereby exhibiting the
property of up-conversion. Decay kinetics of the UCNPs for the visible emission under 980nm
excitation was also studied. All the as prepared samples show high lifetimes thereby enabling
their usage even in w-LEDs, lasers and solid state lighting (SSL) applications [89-91]. The
samples are also capable of exhibiting the phenomenon of down-conversion as they were able
to emit under UV excitation as well. Magnetic properties were studies via electron
paramagnetic resonance technique. The presence of paramagnetic gadolinium makes it

imperative to study the effect of having a paramagnetic ion in the host lattice.

2.2 Chemicals Used

For the synthesis of RE doped KGdFs UCNPs, certain highly pure chemicals were used during

the synthesis procedure. The details are given in the following table.
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Table 0.1: Details of the precursor used in the course of research

S. No. Name Chemical Purity | Company
Formula

1. Potassium Fluoride KF 99.80% | Fisher Scientific

2. Gadolinium (I11) Acetylacetonate Hydrate Gd(acac)s 99.99% | Alfa Aesar

3. Erbium (111) Chloride Hexahydrate ErCls.6H.O | 99.99% | Sigma Aldrich

4. Terbium (I11) Chloride Hexahydrate ThClz.6H20 | 99.99% | Sigma Aldrich

5. Thulium (I11) Chloride Hexahydrate TmClz.6H20 | 99.99% | Sigma Aldrich

The precursors were dissolved in methanol which was of analar grade supplied by Sisco

Research Laboratories.

2.3 Synthesis Procedure

A simple wet chemical procedure was utilised to prepare RE doped KGdFs UCNPs. The

chemical equation governing the lattice synthesis is given as:
4KF+ Gd (acac)s —» KGdF4 + 3K (acac) (2.1)

The KGdFs UCNPs have been prepared by keeping the concentration of the activator ion
constant (after optimisation studies) and varying the concentration of sensitizer in the host

lattice.

For the purpose of synthesizing the KGdioo-xyFa:Yb**(x%)/RE**(y%) UCNPs, gadolinium
acetylacetonate [Alfa Aesar, 99.99%, 1 mol%] and potassium fluoride [Fisher Scientific,
4mol%] were used. Ytterbium chloride hexahydrate [x= 5, 10, 15 and 20mol%] [Sigma

Aldrich, 99.99%] and RE (erbium/terbium/thulium) chloride hexahydrate [y mol%] [Sigma
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Aldrich, 99.99%] were used as rare earth dopants. 10ml of methanol [Sisco research
laboratories] was used as a solvent for each precursor. The Gd®*" solution and Yb*"/RE®*
solutions were added to KF solution drop wise and then aged at 65°C for three and a half hours
under magnetic stirring. After centrifuging at 13,000rpm, the sample was then dried in a
vaccum oven at 55°C for 15 hours [92,93]. As a result, cubic phase RE doped KGdF4 UCNPs

were formed.

2.4 Characterisation Techniques
2.4.1 Morphological
2.4.1.1 X- Ray Diffraction (XRD)

X-ray diffraction is a standard procedure to determine the phase and crystal structure of the
material. X-rays are short wavelength radiations (0.5-2.5A) that are used as probes for
structural analysis of the host material. It was discovered by Max von Laue in 1912 that
crystalline materials act as three dimensional diffraction gratings for x-rays whose wavelengths
are comparable with spacing of planes in the crystal lattice. Constructive interference between
monochromatic X-rays and the crystalline sample gives the x-ray diffraction pattern. A cathode
ray tube is utilised to generate monochromatic x-rays which are then collimated and
concentrated on the sample. When the conditions of Bragg’s law are satisfied, interaction with

the sample produces constructive interference and a diffracted ray as is shown in Fig. 2.1
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Fig. 2.1: Diffraction of X-Rays by a crystal [94]

Bragg’s Law: In a crystalline structure, the atoms are arranged in such a way that they form
parallel planes having interplanar spacing d. When the EM radiation is incident on the crystal
at different angles, it gets reflected from the surface and from the planes inside the crystal.
These reflected beams undergo constructive interference. As is evident from Fig. 2.1, the path

difference between rays 1’ and 2’ scattered by atoms present at K and L is given by

ML+LN=d’sin0 +d’sin0= 2d’sin0

Where 0 is the angle of incidence of the EM rays. In the present case, only those rays have been
considered for whom the angle of incidence is equal to angle of reflection. Now if A is the
wavelength of the incident radiation then, for constructive interference, path difference is equal

to nA. Therefore,

2d’sinf = nA

This relation is known as Bragg’s Law highlighting the relationship between wavelength of the
EM radiation, diffraction angle and lattice spacing of the crystalline sample. The diffracted X-

rays are detected, processed and counted. All possible diffraction directions of the lattice are
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determined by scanning the sample for all possible 20 angles due to random orientation of the
sample material. The peaks in the diffraction spectra can be converted into d-spacing values
which can be used to identify a particular material. This is because, each material has a specific

set of d-spacings and this can be determined from standard reference patterns.

A typical x-ray diffractometer setup consists of an x-ray tube, a sample holder and an x-ray
detector as is shown in Fig. 2.2. The x-ray tube generates x-rays by bombarding a material
target with high energy electrons. A cathode ray tube uses a heating filament to generate
electrons which are then accelerated towards a target by applying high potential. When these
electrons strike the material target, they dislodge the inner shell electrons of the target thereby
producing x-rays. These x-rays consist of K, and Kg components. K, in turn consists of K
and K. components where K, has a shorter wavelength than K. but is twice as intense. These
wavelengths are specific to different target materials (Cu, Mo, Fe, Cr). Monochromators are
used to produce monochromatic x-rays. Since the wavelengths of K,; and K, are close to each
other, weighted average of both is used. Copper is most commonly used target material with
CuK,=1.5418 A. These x-rays are directed on the sample which is rotated and diffracted angles
of the rays are recorded. When the Bragg’s equation is satisfied by the particle geometry and
the x-ray, peak in the intensity is recorded. This is recorded by the detector which converts this
peak signal into a count rate that can be plotted on a computer. For a typical powder pattern,

data is collected at 26 from 5° to 70°.
The XRD analysis is used for:

e Determination of phase of the sample
e Determination of unit cell dimensions
e Determination of particle size and strain

e Determination of lattice parameters a,b and ¢
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The crystallite size is determined using Debye-Scherrer formula:

k
ﬁcose)

D= (

Where K is the shape factor (0.94), A is the wavelength of the x-ray used, B is the full width at
half maximum (FWHM), 0 is the Bragg’s angle and D is the crystallite size. It should be noted

that crystallite size is not the same as particle size but become equivalent in the nanoscale.

Fig. 2.2: Bruker's X-ray Diffraction D8-Discover instrument
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2.4.1.2 High Resolution Transmission Electron Microscopy (HR-TEM)

Tecnai G? 20 is a highly advanced, state of the art transmission electron microscope offering
high productivity, performance and versatility. It is shown in Fig. 2.3. It is best suited for
analysing a wide range of advanced materials, soft matter, composites, hybrids, tissues and
cellular compounds. The main advantage of TEM over other microscopes is that it can
simultaneously give information in real space (imaging mode) and in reciprocal space

(diffraction mode).

Fig. 2.3: A Tecnai G? 20 Transmission Electron Microscope

Basic working principle of TEM is similar to an optical microscope. The only difference is that
ina TEM, a focused beam of electrons is used to image and study the structure and composition
of the material. An electron beam is produced by an electron gun that is accelerated towards
the specimen by applying a positive electric potential. The stream is then focussed using
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condenser lenses into a thin, focused and monochromatic beam. This beam strikes the specimen
and some part of this beam is transmitted through it. This transmitted beam is again focused
using objective lenses to form an image. This image is fed down the column through
intermediate and projector lenses which enlarges the image depending upon the magnification.
A phosphor screen is used to see the image. As the image strikes the screen, the screen is
engendered enabling the user to see the image. The darker areas of the image show thicker or
denser regions (from where fewer electrons were transmitted) and lighter areas of the image

represent thinner or less dense areas (from where more electrons were transmitted) [95,96].

The main difference between HR-TEM and TEM is the magnification at which the
atoms/particles can be resolved. The shape and size of the particles can be seen at lower
magnifications but at higher magnifications (for particles having sizes in the range 10-20nm),

shape along with lattice plane arrangement can also be seen.

2.4.1.3 Field Emission Scanning Electron Microscope (FE-SEM) and Energy Dispersive
X-ray Analysis (EDAX)

ZEISS Evol8 and Oxford INCA 250 VEGA3 TESCAN field emission scanning electron
microscopes were used to capture surface morphology and to conduct EDAX analysis on the
as prepared samples. The image is provided in Fig. 2.4. This microscope use electrons liberated
by a field emission source instead of light to capture the topographical details on the surface or
on the entire specimen. Electrons produced from a field emission source are accelerated in a
high electrical field gradient. Within the high vacuum column these primary electrons are
focussed and deflected by electronic lenses thereby producing a narrow scan beam that strikes
the object. The result of this is ejection of secondary electrons from each spot on the object.
The angle and velocity of these secondary electrons is related to the surface structure of the

object. A detector is used to capture the secondary electrons producing an electronic signal as
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a result. This signal is amplified and transformed to a video scan-image that can be seen on a

monitor or to a digital image that can be saved and processed further.

Fig. 2.4: ZEISS Evo18 field emission scanning electron microscope

EDAX Analysis in FESEM: It is well known that each atom has a unique number of electrons
that reside in specific shells with discreet energies as is shown in Fig. 2.5. The generation of x-
rays in a SEM model is a two step process. Firstly, the electron beam strikes the sample and
transfers its energy to the atoms in the sample. The electrons in these atoms can utilise this
energy to get excited to higher shells of the atom or be knocked off from the atom. Either way,
a hole is left behind on the original position of the electron. Secondly, these positive holes then
attract negatively charged electrons from the higher shells of the atom. When an atom from the
higher shell falls into this shell of lower energy then the energy difference of this transition is
released as X-rays. This X-ray has energy that is specific to the energy difference between two
shells of the atom and this is unique to each element thus enabling the usage of these X-rays in

identifying the elements that are present in the material.
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Fig. 2.5: 1) The primary electron beam knocks off the electron in the atom of the material
target creating a hole. 2) The position is filled by another electron from higher shell leading

to emission of characteristic X-rays

2.4.2 Optical

2.4.2.1 Up-conversion/ Down-conversion luminescence and decay lifetime studies

For recording the UC luminescence of the samples, a Maya 2000 Pro-NIR spectrometer using
980 nm CW laser source on an optical bench was used along with Horiba model QM-8450-11
spectrometer. The image of latter has been provided in Fig. 2.6. Horiba QM-8450-11 was also
used to study luminescence from the samples under UV excitation. This setup has an inbuilt
variable power 980nm CW laser that was employed to study the power dependent
luminescence for KGdF4:Yb**/Er** and KGdF4:Yb*/Tm®" samples whereas a neutral density
filter was deployed in conjugation with Maya 2000 Pro-NIR spectrometer to study power

dependent UC luminescence for KGdF4:Y b3 /Tb® UCNPs.
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For photoluminescence decay measurements, mechanical chopper (12 Hz), lock-in amplifier,

digital storage oscilloscope and a monochromator (Acton SP 2300) were employed.

Fig. 2.6: Horiba model QM-8450-11 spectrometer

2.4.3 Magnetic Characterization

Electron paramagnetic resonance (EPR) studies were performed using a Bruker model EMX
MicroX setup at microwave frequency of 9.665 GHz with power being set as 6.371 mW. The

image of the setup is provided in Fig. 2.7.

Fig. 2.7: Bruker EMX MicroX EPR setup
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EPR is the only technique that detects unpaired electrons unambiguously. Also, EPR can
identify the paramagnetic species that are present in the host lattice. Since EPR samples are
very sensitive to local environments, this technique helps ion understanding the molecular

structure near the unpaired electron.

EPR is a magnetic resonance technique very similar to NMR (Nuclear Magnetic Resonance).
However, instead of measuring the nuclear transitions in the sample, transitions of unpaired
electrons in an applied magnetic field are detected. The electron has “spin”, which gives it a
magnetic property known as a magnetic moment. When an external magnetic field is applied,
the paramagnetic electrons can either orient in a direction parallel or antiparallel to the direction
of the magnetic field thereby creating two distinct energy levels for the unpaired electrons.
Measurements can be noted as these electrons are driven between the two levels.
At first, more electrons will be present in the lower energy level (i.e., parallel to the field) than
in the upper level (antiparallel). By using a fixed frequency of microwave irradiation some of
the electrons in the lower energy level are excited to the upper energy level. In order for the
transition to occur, an external magnetic field at a specific strength must be supplied, such that
the energy level separation between the lower and upper states is exactly matched by the
microwave frequency. The condition where the magnetic field and the microwave frequency

match to produce an EPR resonance (or absorption) is known as the resonance condition.
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Chapter 3. Morphological and Luminescence Studies on
KGdF4:Yb**/Tb** Up-Conversion Nanophosphors

KGdF4 up conversion nanophosphors doped with varying concentrations of Ytterbium (Yb%*)
and co-doped with Terbium (Tb%") ions were synthesized using a wet chemical route.
Morphological studies like XRD and TEM were carried out on the as prepared nanoparticles.
The size of the UCNPs was found to be of the order of 6-8nm using Debye Scherrer Formula.
Under 980nm CW laser excitation, the as prepared UCNPs emit intense Up-Converted green
light at 545nm (°Da—'Fs). The energy transfer for this transition between the sensitizer (Yb3")
and activator (Tb%") ions during the Up-conversion (UC) process was found to be through
Cooperative Energy Transfer (CET) mechanism. UC emission was also observed from °Ds to
"F3 level of Tb®" ions whose intensity was found to be increasing with Yb** ion concentration
due to non-radiative energy transfer up-conversion (ETU) from a single excited Yb®" ion,
which is not involved in CET. The experimental lifetimes of 545nm emission under 980nm
excitation for the as prepared UCNPs was observed to be in the range of 0.1-0.4ms. Relatively
higher experimental lifetimes and ability to emit intense visible green emission under NIR
excitations allow us to contemplate that these UCNPs can be the prospective host lattices that
could be used for the present day bio-imaging and targeted drug delivery applications. The
results of this study have been published in Materials Chemistry and Physics, 219 (2018) 13-

21
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3.1 Introduction:

The field of UCNPs has seen tremendous advances in recent decade. These nanoparticles find
their usage in three dimensional display technologies [97], solar cells [98,99], bio-imaging
[27,100] and targeted drug delivery [101,102]. Conventional methods employed in bio-
photonic applications use organic dyes and quantum dots that have many shortcomings
[103,104]. Bio-imaging is carried out through the development of fluorescent nanoparticles
that are conjugated with certain specific biomolecules that produce detectable fluorescent
signals under excitation from an external energy source. These signals are then used for
understanding the dynamics of the biological interactions at molecular level. Now, as a general
requirement, the fluorescent probe must be nontoxic, biocompatible, resistant to photo
bleaching and should possess high fluorescent efficiency with physical and chemical stability.
Conventional organic dyes used for bio-labeling and bio-imaging, despite having the
aforementioned properties, have their fair share of drawbacks. They are susceptible to photo
bleaching and chemical degradation along with having a narrow absorption and broad emission
spectra which limits their detection. With advances in nanotechnology, quantum dots were
developed which, despite having good photo stability and broad UV absorption and narrow
emission, find less usage due to inherent cytotoxicity and chemical instability. Above all, the
excitation of these bio labels involves the usage of high energy UV/X-Ray radiation which has
serious disadvantages such as low light penetration depth, damage or even death of
biomolecules due to long time irradiation and low signal to noise ratio (SNR) due to auto
fluorescence from biological samples in UV short wavelength regions [13,105]. Therefore it is
highly essential to develop efficient fluorescent probes that take into due consideration of the
above mentioned drawbacks. Recent research developments in the area of RE doped fluoride
based UCNPs show promising results. Up-conversion is a nonlinear optical process in which

low energy NIR radiation is converted into high energy visible radiation. Development of such
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RE doped UCNPs has immense advantages such as improved SNR due to absence of auto-
fluorescence, deeper NIR light penetration and less damage to biological samples. Also, these
are cost effective, non-toxic and exhibit high physical and chemical photo stability. RE doped
ALNFs (A=Na*, K*; Ln=Y?*, Gd**, La®*, Lu®*) have gained so much of importance due to their
ability to exhibit emission in the visible region under NIR excitation. Since they are fluoride
based, they have low phonon energies that help in increasing the luminescence intensity by
reducing the non-radiative energy losses. Also, they are averse to photo bleaching and have a

high SNR [13,106,107].

In this chapter synthesis of potassium gadolinium fluoride (KGdF4) UCNPs doped with Yb®*
ions (5%, 10%, 15% and 20 mol%) and co-doped with Th** ions (3 mol%) via wet chemical
route [92] has been reported. These particles have a size less than 9nm. The motivation behind
developing this compound was to explore some other alkali ion based lattices apart from Na*
ones that could open up myriad possibilities in the studies on UC spectra and its energy transfer
dynamics. The presence of gadolinium (Gd") in this host lattice only adds a new dimension
for the prospective usage of this lattice as nanoprobes for imaging purposes due to the fact that
Gd®** is paramagnetic and has immense scope in Magnetic Resonance Imaging (MRI)
applications as a T1/T2 contrasting agent [88]. Thus RE ions doped KGdF. lattice is a
multifunctional single phase compound (i.e., exhibiting paramagnetism and up-/down-
conversion). The KGdF; lattice is relatively less explored. Yang et al. reported hydrothermal
synthesis of Ln** co-doped KGdF, via hydrothermal route that yielded UCNPs of nearly 12nm
size [108]. Now, Wang et al. had already reported that CaF2:Yb**/Er®* lattice having a size less
than 10nm has a more efficient UC emission than the conventional NaYFa: Yb**/Er** lattice
having larger sizes [109]. This was another reason to explore and study another fluoride based

lattice with the particle size less than 10nm. This synthesis technique resulted in UCNPs having
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sizes less than 9nm. Such small sizes of UCNPs are well suited for their usage as imaging

probes [110].

3.2 Experimental:

For the experiments, Gd(acac)z.xH2>0 [Alfa Aesar,99.99%,1 mol%] and KF [Fisher Scientific,
4mol%] were used. For doping, YbCls [5,10,15 and 20mol%] [Sigma Aldrich, 99.99%] and
TbhClz [3mol%] [Sigma Aldrich, 99.99%] were used. Each of the reactants were separately
dissolved in 10ml of methanol [Sisco Research Laboratories]. The Gd** solution was added
drop wise to KF solution first, followed by adding RE solutions drop wise at 65°C. This
combined solution was stirred magnetically for three and a half hours [14, 20-21]. The resulting
solution was centrifuged at 13,000rpm and washed with methanol thrice. Powder XRD patterns
were recorded using PANalytical X-Ray diffractometer employing Cu Ky(A=1.5418 A). UC
studies were carried out using Maya 2000 Pro-NIR spectrometer using 980nm CW laser source.
Luminescence studies under UV excitation were carried out using Shimadzu RF 5301c
spectrometer. For PL decay measurements, mechanical chopper (12 Hz), lock-in amplifier,

digital storage oscilloscope and a monochromator (Acton SP 2300) were employed.

3.3 Results and Discussion:
3.3.1 Morphological Studies
3.3.1.1 XRD and TEM Analysis

Fig. 3.1(a) shows the XRD patterns of an un-doped KGdFs and KGd100-x-y)F: Y% (x=5,10,15
and 20%)/Tb%* (y=3%) samples. The XRD patterns shown in Fig. 3.1(a) are not matching well
with the standard data (JCPDS=033-1007) of orthorhombic KGdF4, rather they are matching
well with cubic NaGdF, data (JCPDS=27-0697) [110,111]. This means that KGdF4 samples

are exhibiting similar cubic phase as that of NaGdF4[110-112]. The space group of KGdF; as
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compared with the standard JCPDS (27-0697) data was found out to be Fm3m. It is seen that
the diffraction peaks are slightly shifted towards the lower degree which is caused by
substitution of smaller radii Na® ions by the larger radii K ions in the fluoride host
lattice [111,112]. The sizes of the as prepared samples were calculated using the Debye-
Scherrer equation and were found to be in the range of 6-8nm. The estimated cubic lattice
parameter for an un-doped sample is a=5.731 A and for KGdF4:Yb®* (x%)/Th** (3%) (x=5,
10,15 and 20%) samples respectively are a=5.724, 5.710, 5.710 and 5.704 A . The decrease in
the lattice parameters with increase in Yb3* concentration can be justified as sites of Gd** ions
having larger ionic radii are being selectively replaced by the Yb®" ions [113]. Fig. 3.1(b) shows
the TEM image recorded for KGdF4: Y% (20%)/Th%*(3%) sample. As seen in the image, the
particles are agglomerated and the average grain size was estimated to be nearly 6nm which is

approximately equal to the results from XRD analysis.

= Undoped === Yb"* 5%
w— Vb 10% === Yb" 15%
— b’ 20% B JCPDS 27-0697

Intensity(arb.units.)

20 30 40 50 60
angle (20)

Fig. 3.1: (a) XRD analysis of an un-doped KGdFs and doped KGdF4:Yb%*(x=5, 10, 15 and
20%)/Th** (3%) samples. Data peaks of standard JCPDS 27-0697 are also given for

reference (b) TEM Image of KGdF4:Yb®" (20%)/Tb®" (3%) sample.
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3.3.2 Photoluminescence (PL) Studies

3.3.2.1 Optimization of Th®" ion concentration in KGdF. Lattice

To check for the optimum concentration of Tb®* ion that would give maximum emission
intensity for PL studies on the as prepared KGdF; lattice, certain KGdF4 lattices with varying
concentrations of Th®" ions (1%, 2%, 3% and 3.5%) were prepared. Under 384 nm excitation,
the emission spectra for all the samples were recorded and plotted as shown in Fig. 3.2. It was
seen that, concentration quenching occurred in the sample containing 3.5 mol% of Th®* i.e.,
KGdF4:Tb*" (3%) sample emitted with maximum intensity. Therefore, for the purpose of
research studies, it was decided to prepare KGdF4 host lattices keeping concentration of Th**
fixed at 3 mol% and varying the concentration of sensitizer Yb** to study the effects on the

energy transfer mechanisms.

3+ E

3+ £
— Tb 2% s

3+ 'g
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Wavelenght(nm)

Fig. 3.2: Optimization of Th*": emission spectra recorded under 384nm excitation
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3.3.2.2 NIR Up-Conversion studies

Fig. 3.3 shows the UC spectra of the as prepared samples under 980nm CW laser excitation at
1 Watt of power. All the samples under investigation are exhibiting 3 peaks due to transition
from °Da level centered at around 545nm (°Ds—'Fs), 584nm (°Ds—'F4) and 622nm (°Ds—'Fs)
and one peak at 472nm (°Ds—'F3). Among them, the green emission observed at 545nm is the
most intense one. The intensities of the peaks are seen increasing with increase in the
concentration of sensitizer Yb®* ions [114]. UC Emission was also observed from higher °Ds
level. The intensity of such transition is very small and is hardly visible for lower doping
concentration of sensitizer ion but increases with increasing concentration of Yb®* ions. Also,
the UC band at 545nm exhibits some splits. This is the outcome of the crystal field splitting of
the transition due to high crystallinity of the host lattice and successful substitution of Yb** and

Th* ions in the Gd®* sites of the host lattice [115].

Intensity(arb. units)

450 S00 550 600
Wavelength (nm)

Fig. 3.3: UC Spectra of KGdF4:Yb3* (x=5, 10, 15 and 20%)/Tb%* (3%) samples under 980nm
excitation. Inset pictures show the actual photographs of intense green luminescence

from the as prepared samples
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3.3.2.3 Power dependence studies

To check the power dependence of the intensity of the transitions, the samples were excited
under 980nm CW laser by varying the power of the laser source. Fig. 3.4 shows the UC spectra

at varying powers for KGdFa:Yb**(x=5, 10, 15 and 20%)/Th** (3%) samples.
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Fig. 3.4: UC Spectra of KGdF4:Yb** (x=5, 10, 15 and 20%)/Tb** (3%) samples under varying

powers of 980nm CW laser source.

For the °Ds—Fs transition, the power dependence of the intensity for each sample was noted
and plotted on a double logarithmic scale to understand the mechanism of energy transfer
involved via population of the °Ds4 energy level of Tb®* ions [116]. The data points obey the

power law i.e.
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luc=(In)" (3.1)

where luc is the up-conversion intensity and I is the incident pump power. The exponential
“n” here is the number of NIR photons absorbed by Yb®" ions which subsequently transfer the
energy to Th®* ions thereby generating visible photons by de-excitation to ground state. Fig.
3.5 shows the log I vs log P plots for the samples. It can be seen that the slope for each of the
plots is close to 2. So we can deduce that NIR excitation under 980nm laser giving 545nm
green emission is a two photon excitation process. Some of the observed slopes are less than 2
because of the energy loss that takes place when the NIR photons enter the crystals along with
non-luminous relaxation that causes a difference between the absorbed and emitted energy

[115].
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3+ Slope=2.08
® Yb 20%

Slope=1.68
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log [Intensity (arb. units)]
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Fig. 3.5: Power Dependence of KGdF4:Yb** (x=5, 10, 15 and 20%)/Th** (3%) samples: log |
vs log P graph recorded for green transition of Th** ions in the lattice under 980nm

excitation

54



There is no energy level in Tb** that matches the excited 2Fs/ level in Yb**. Cooperative Energy
Transfer (CET) is the proposed energy transfer mechanism here because of the fact that the
energy gap between the °D4 and “Fs levels of Th3* is nearly double the separation between F7j
and 2Fsp2 levels in Yb3* ions. Two NIR pump photons (980nm) excite two Yb®" ions from
ground state ?F7, level to excited ?Fs level. These two Yb®" ions form a virtual state by
interacting with each other cooperatively. This is followed by an emission of a photon at 488nm
wavelength [117]. Now the D4 state of Tb*" ion nearly matches with this virtual state of Yb®*
ions i.e., they lie at around 21,000cm™ (nearly 488nm). The energy transfer takes place from a
pair of excited Yb®" ions to neighboring one Th®" ion thereby populating the 5D, level and
producing the visible °Ds—'F; (J=5,4,3) luminescent transitions. The energy transfer processes
and mechanism are expressed as follows: Tb%" ("Fg) + Yb** (°Fs12 ) + Y0¥ (?Fsr2) — Tb>*(°Da)

+ Yb3+(2|:7/2) + Yb3+(2|:7/2) .

A single YDb®" ion that is not taking part in CET can excite a Tb®* ion from Dy state to °D; state
through excited state absorption (ESA) and/or a non-radiative energy transfer up-conversion

(ETU). This process can be summed as: Th3* (°D4) + Yb** (°Fsr) — Th*" (°D1) + Yb*" (?F7p).

This excited Th3* ion then relaxes to the °Ds; metastable state non-radiatively leading to the
observed weak transition peak at °Ds—'Fs. The intensity of this transition was seen to be
increasing with increase in the concentration of Yb** ions as is evident from the experimental
data and figures. This observation confirms the fact that, ETU is involved in population of the
°Ds level [116]. Fig. 3.6 shows the schematic energy level diagram and possible energy transfer

processes.
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Fig. 3.6: Schematic energy level diagram for the possible energy transfer mechanism between

Yb** and Th** ions during UC process.

3.3.2.4 Decay Kinetics

Fig. 3.7 shows the decay kinetics corresponding to the °Ds—Fs transition for the as prepared

KGdF,; samples. The decay curves were well fitted to a double exponential function [114,118]
y=Ar*exp(-x/t1)+A2*exp(-x/t2)+Yo (3.2)

The decay can be fitted to a single exponential function if there are no interactions present
between RE ions that emit. But if ion-ion interactions are present along with energy transfer,
then the resulting emission consists of two components i.e., slow and fast decay components.
Since the curves fitted well to a double exponential function, it can be concluded that there is
a different non-radiative decay for the lanthanide ion. These ions might be at the surface of the
particles or near to it or in the core of the particles. It might be possible that there exist more

than one site where the dopant ion can be accommodated in the KGdF4 lattice. The decay time
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decreases from 0.387 ms (Yb% =5% ) to 0.076 ms (Yb®*"=20%). This quenching of the D4
level could be caused due to the increased Th**-Yb®" interactions as due to increase in
concentration of Yb®" ions, more ions are in close proximity of each other. In other words,
there exists a probability of backward energy transfer from Th3* to Yb®" (down conversion).
Such high lifetimes of °Dy level of Th** ions in milliseconds makes these UCNPs suitable for

usage in display devices and lighting applications [114].
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Fig. 3.7: Decay curves along with the function fitting of as prepared samples at 545nm

emission under 980nm CW laser excitation

3.3.2.5 Photoluminescence Studies under UV excitation

The excitation spectra of KGdF4:Yb**(10%)/Th*"(3%) sample at emission wavelength
Aem=545nm is shown in Fig. 3.8(a). There is a peak at 272nm which can be attributed to intra

48 transition from the 'Fs —°lg levels [116,119]. Uneven mixing of the 5d wave function into
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the 4f function is the cause for these transitions. Due to this reason, some amount of opposite
parity function is produced thereby resulting in some partially allowed intra-configurational

transitions [55].

Emission spectra under UV excitation (Aexe=292nm) of the as prepared samples were recorded
and presented in Fig. 3.8(b). The results show three broad peaks corresponding to  °Ds—Fs
(468nm), °Ds—"Fg (490nm) and °Ds—'Fs (545nm). The °Ds—'Fs transition is the strongest
among all the transitions because of the fact that is has the highest probability to occur (for
electric and magnetic dipole induced transitions) [114,120]. The intensity of °Dj transition is
weak for lower doping Yb®" ions but increases with increasing the concentrations of the same.
Due to intense green emission under UV excitation, these particles can also be used as

fluorescent probes for various photonic applications [18,46].
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Fig. 3.8: (a) Excitation Spectra at 545nm emission wavelength for KGdF4:Yb3* (10%)/Tb%*
(3%) (b) Emission Spectra of KGdF4:Yb* (x=5, 10, 15 and 20%)/Th*" (3%) samples under

292nm UV excitation

The Commission Internationale de L’Eclairage (CIE) chromaticity diagram for the 545nm

emission under 980nm excitation is given in Fig. 3.9. It is clear from the CIE diagram that the
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coordinates lie in the intense green region. The CIE Coordinates along with the decay lifetimes

of the samples at 545nm emission under 980nm CW laser excitation are given in Table 3.1.

Fig. 3.9: CIE Chromaticity Diagram for NIR UC studies on KGdF4:Yb®* (x=5, 10, 15 and

20%)/Th3* (3%) samples
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Table 0.1: Lifetimes and CIE Coordinates of the as prepared KGdF4 samples for UC Studies

under 980nm excitation

Concentration of CIE Chromaticity | Lifetime(ms)
Yb3* Coordinates
X Y
9% 0.37 0.71 0.387
10% 0.34 0.63 0.337
15% 0.35 0.59 0.129
20% 0.34 0.54 0.076

3.4 Conclusions:

Cubic phase un-doped and KGd(100-x-y)F4:Yb**(x=5,10,15 and 20%)/Th**(y=3%) were prepared
using a wet chemical route . XRD results show that the samples form in a cubic crystalline
phase of cubic NaGdF4 having a size in the range of 6-8nm. NIR and UV luminescent studies
were carried out on the samples. The samples show intense green emission centered at around
545nm due to °Ds—'Fs transition of Th3* ion. To explain the up-conversion processes in the as
prepared samples, CET and ETU processes have been proposed as the possible energy transfer
mechanisms between Yb** and Th®" ions. Decay kinetics of the samples were also studied for
*D4—'Fs transition of Th®" under 980nm excitation. Since the as prepared samples have high
lifetimes and also emit intense visible green emission under NIR excitation, we propose RE
ion doped KGdFs UCNP as a prospective host lattice for usage as fluorescent probes in

bio-photonic applications along with other various lighting and display applications.
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Chapter 4: A study on up-conversion and energy
transfer kinetics of KGdF4:Yb*/*Er® *nanophosphors

KGdF4 up-conversion nanoparticles doped with ytterbium (Yb®") and co-doped with erbium
(Er*") ions were prepared via wet chemical route. Morphological confirmation was achieved
through high resolution transmission electron microscopy (HR-TEM) and EDAX studies. The
size of the nanoparticles lie in the range of 5-7nm. The samples emit intense up-converted
green light centered at 545nm (*Ss;2—*1152) under 980nm CW laser excitation. A red emission
centered at around 650nm (*Fg2—*115,2) is also seen. Detailed study on up-conversion process
showed involvement of energy transfer (ET) and ground/excited State absorption (ESA/GSA)
processes between dopant ions. Decay kinetics of these UCNPs at 545nm emission under
980nm CW laser excitation were studied. These UCNPs exhibit lifetimes in the range of
0.909ms to 1.162ms. Inokuti- Hirayama (1-H) model was applied to establish the mechanism
of energy transfer between the dopant ions. I-H model analysis proved that the interaction
between Yb%* and Er®* ions is dipole-dipole in nature. Electron paramagnetic resonance (EPR)
study was conducted to study the effect of having Gd®" in the host lattice. The observed “g”
values in the EPR spectra correspond to the characteristic “U” spectrum of gadolinium. Given
their small sizes, ability to exhibit up-conversion and high lifetimes, we propose to utilize these
UCNPs for bio-photonic applications. The results of this study have been published in Journal
of Molecular Structure 1205 (2020) 127647
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4.1 Introduction

As has been discussed in chapter 1, the idea of up-conversion (UC) was conceived by a Dutch
physicist N. Bloembergen in 1959 when he proposed a device known as “infrared quantum
counter” [1]. In this device, two or more low energy (NIR region) photons were absorbed by
ions having a multi-energy level arrangement. This lead to the excitation of the ions from
ground state to intermediate excited states and subsequently to higher excited states. Finally,
such an excited ion could de-excite to the ground state by emitting a photon of higher energy
(visible region). This whole process was termed as up-conversion consisting of a multi-photon
absorption and anti-stokes emission process that was different from the kind of luminescence
that was observed in conventional organic dyes and quantum dots [2]. Since the intermediate
energy levels in up-conversion processes are real as compared to the simultaneous multi-
photon absorption processes where the intermediate levels are virtual, the UC processes exhibit

higher luminescence efficiencies [1,7].

Organic dyes and quantum dots are the traditional imaging tools used in the field of
bio-imaging. However, as has been explained earlier, these particles are marred with many
serious disadvantages like photo bleaching, chemical degradation, broad emission spectra and
narrow absorption, high cytotoxicity and chemical instability [13] . Moreover the usage of high
energy radiation for imaging purposes has some serious drawbacks. It results in a low light
penetration depth of the excitation radiation, a weak signal to noise ratio (SNR),
autoflourescence and above all, damage or possible death of the healthy tissue due to the use

of high energy radiations like UV or X-rays [13,44,121,122].

RE ions doped UCNPs have since then taken the spotlight in the field of bio-imaging research
and applications due to their ability to absorb NIR light and emit in visible regions via

nonlinear optical process known as up-conversion. These particles exhibit the following
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advantages that make them an ideal replacement for the conventional dyes used in the field of
bio-imaging other bio-photonic applications: 1) high signal to noise ratio (SNR) 2) absence of
autofluorescence 3) zero photo bleaching 4) zero toxicity 5) high chemical stability 6) no
damage to healthy tissue due to the usage of low energy excitation source (NIR) 7) deeper
penetration of NIR radiation as compared to high energy radiations like UV/X rays 8) cost

effective [13,123-126]

In this chapter, cubic phase Potassium Gadolinium Fluoride (KGdFs) UCNPs prepared via a
wet chemical route have been reported. These UCNPs have been doped with Ytterbium (Yb®")
and co-doped with Erbium (Er®*) ions. Yb** ion has an extremely simple energy level scheme
which is complemented by ladder like energy level scheme of activator Er®* ion [13]. So these
ions are well suited for energy transfer cum luminescence studies and were chosen as RE
dopants in this work. Since Yb®* ion acts as sensitizer absorbing incident NIR radiation and
transferring the energy to Er®" activator ions via up-conversion processes like energy transfer,
excited state absorption/ground state absorption, more the number of Yb®" ions, more will be
the energy transfer to Er®* ions leading to increase in intensity of 545nm emission. This is due
to increase in the rate of electron transfer between the dopant ions. Therefore, rate of energy
transfer depends on the concentrations of Yb®" ions. Accordingly, a series of samples keeping
the concentration of Er®* fixed at 5mol% and varying the concentration of Yb** from 5mol%
to 20mol% was prepared. As reported earlier, this is the first time that sub-10nm KGdF4
UCNPs have been reported which were synthesised via a wet chemical route [93]. The
presence of gadolinium in the host matrix of any up-conversion nanoparticle multiplies the
scope of bio-imaging applications. Although gadolinium has no effect on luminescence
properties of the material, the presence of paramagnetic Gd®* renders these UCNPs favourable
for usage in MRI applications as T1/T2 contrasting agents which make this UCNP lattice

different from other conventional alkali fluoride lattices like NaYFs4. [127-131]. Also, as has
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been discussed in chapter 1 that, Gd* ion in the host lattice plays a role of network former and
allows to dissolve the dopant RE ions to the extremely high concentrations > 25wt%. From
literature it is already known that the UC efficiency increases when the particle size is below
10nm as compared to the well reported conventional UC lattice NaYF4 that has larger sizes
[109]. The as prepared KGdFs UCNPs have advantages like small size (less than 10nm) along
with the presence of an alkali metal ion that enhances the luminescence in the host lattice. This
along with the possibility of exploiting the magnetic properties of gadolinium in MRI
applications opens up lot of scope of research and development of these particles [18,132—134].
Therefore, the UCNPs reported here may act as ideal probes for bio-imaging and other bio-

photonic applications.

4.2 Experimental

For the purpose of synthesizing the UCNPs, gadolinium acetylacetonate [Alfa Aesar, 99.99%,1
mol%] and potassium flouride [Fisher Scientific, 4mol%] were used. Ytterbium chloride
hexahydrate [5, 10, 15 and 20mol%] [Sigma Aldrich, 99.99%] and erbium chloride
hexahydrate [5mol%] [Sigma Aldrich, 99.99%] were used as RE dopants.10ml of methanol
[Sisco research laboratories] was used as a solvent for each precursor. The Gd** solution and
Yb®" / Er®* solutions were added to KF solution drop wise and then aged at 65°C for three and
a half hours under magnetic stirring [92,93]. After centrifuging at 13,000rpm, the sample was

then dried in a vaccum oven at 55°C for 15 hours.

HR-TEM was performed on a Tecnai G? 20 transmission electron microscope operating at an
accelerating voltage of 120kV in magnification range of 20000x to 50000x. SEM and EDAX
studies were conducted using Oxford INCA 250 VEGA3 TESCAN scanning electron
microscope at 5kx magnification under 15kV of accelerating voltage. UC studies and

photoluminescence under UV excitation were carried out using Horiba model QM-8450-11
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spectrometer. For PL decay measurements, TDS 3012C digital oscilloscope was used in unison
with a 980nm CW laser. EPR was performed using a Bruker model EMX MicroX setup at

microwave frequency of 9.665 GHz with power being set as 6.371 mW.

4.3 Results and Discussion
4.3.1 Morphological Analysis

4.3.1.1 HR-TEM analysis

Before moving ahead with the HR-TEM analysis, XRD for the as prepared samples was
recorded as well. It was found out that the KGdF4:Yb*/Er®* UCNPs have exactly the same
phase as KGdF4: Y% /Th*" phosphors which has been reported in the chapter 3 [93]. There was
no change in peak positions or any change in phase with the addition of Er®* ions in the host
lattice. Also, not much change was observed between the values of crystallite sizes and lattice
parameters of the as prepared samples and the KGdF4:Yb*/Th®*" UCNPs that were reported

earlier [93,112,113,135].

Fig. 4.1 shows HR-TEM image of KGdF4:Yb3* (20%) / Er** (5%) sample. The nanoparticles
are seen to be agglomerated. Inset shows the HR-TEM image at 20nm scale resolution. The
particle size range estimated using ImageJ software tool was between 5-7nm which is
confirmed by the Debye-Scherrer analysis as well since at nano scale, the crystallite size and

particle size are equivalent.
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Fig. 4.1: (a) HR-TEM image of KGdF4:Yb®* (20%)/ Er®* (5%) sample (b) Inset shows the
HR-TEM image of the sample at 20nm scale (c) Particle size distribution of the

nanoparticles.

4.3.1.2 EDAX and SEM Studies

EDAX study was conducted on the UCNPs and is shown in Fig. 4.2. The SEM image and

atomic and weight percent of atoms have also been added for reference. It can be clearly seen
from that all the major constituents of the UCNPs i.e., K*, Gd**, F", Yb*", Er*" are present in

the host lattice[136].
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YbM 15.12 3.81
Totals 100.00

Fig. 4.2: EDAX spectra showing constituent elements in the co doped KGdF;4 lattice

4.3.2  Photoluminescence Studies
4.3.2.1 Optimization of Er¥+ion concentration

A series of KGdF4: Er®* (x=1, 2, 3, 4,5,6 and 7mol%) samples was prepared to check the

optimum concentration of Er** needed for studying the UC mechanisms in co-doped samples
of the host lattice. As seen in Fig. 4.3, under 450nm excitation, a sharp peak at nearly 545nm
was seen. It was observed that peak intensity increased with the increment of Er®" ions till
5mol% concentration after which concentration quenching occurred. Therefore Er®*

concentration at 5mol% was chosen as the required fixed concentration of the activator ion for

luminescence studies.
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Fig. 4.3: Optimization of Er®*: emission spectra recorded under 450nm excitation
4.3.2.2 Up-conversion spectral studies

The up-conversion luminescence spectra of KGdF4:Yb*" (x=5, 10, 15, 20 mol%) / Er¥" (5%)
under 980nm (NIR) CW laser excitation (1W power) are given in Fig. 4.4. Two intense bands

corresponding to green (around 545nm) and red (around 650nm) regions are observed
corresponding to the “Sz2—*l15/2 and *Fe2—*115/2 transitions respectively. A less intense band
at 470nm (blue region) corresponding to *F72—*l152 transitions is also observed [137-140].
An increase in the intensity of the peaks in the green and red regions was observed with
increasing concentrations of Yb3" ions i.e., energy transfer from sensitizer Yb** ion to activator
ion Er¥* was successful in the UC process resulting in the increment of excited Er®" ions
emitting in the visible region after relaxation to the ground states [118,141] This could be due
to decrease in the inter-ionic distance between Yb®*" and Er3* ions. This simply enhances the

transfer of energy from sensitizer Yb®" to activator Er®* ions.
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It was also seen that the peaks at 545nm and 650nm exhibited splitting. This is again due to the
crystal field splitting effects in the host lattice due to high crystallinity and successful

substitution of the RE ions in the Gd®" lattice [93].

— Yb> 20% Aex=980 nm
—_— Yb 15%
3+
— Yb 10%
Yb3+ 5%

4 4
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4 4
S3n—> Lisp

Intensity (A.U.)
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Fip— 15,

| pa— = T T

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 4.4: UC spectra of the as prepared samples under 980nm CW laser excitation (1W
power)

4.3.2.3 Power dependent UC studies and energy transfer mechanism

For studying the mechanism of energy transfer between sensitizer Yb** and activator Er** ions
in the host lattice under 980nm excitation, KGdFa:Yb%" (20%) / Er** (5%) sample was excited
by variable power 980nm CW laser. According to literature, for an unsaturated up-conversion
process, the photons needed to populate the excited upper state are given by the power law as

enumerated by equation 3.1 in Chapter 3 [142].

The variations of intensity with varying power of 980nm CW laser for blue, green and red

peaks were observed and the recorded spectra are shown in Fig. 4.5(a). A double logarithmic
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plot between intensity and power was plotted for the sample under consideration and is shown
in Fig. 4.5(b). For all the three emissions, the plots are linear with slopes being equal to 1.34,
1.61 and 1.85 for the blue, green and red emission peaks respectively. The slopes here are equal
to the value of n as given in equation 3.1. Now for the observed blue, green and red emissions
which are two photon processes, the value of n should be nearly equal to 2. In the present study,
the values of n for all the three emissions came out to be less as compared to the expected
values [143,144]. As theorized by Pollnau et al, this deficit in the values of n is due to the fact
that UC and linear decay processes compete with each other to deplete the intermediate excited

states [145].

e a-1_-\(‘=98|] nm - _
300 mW 3 Fg,.’2_>‘ll.<lf2 o
s 400 mW A 470nm —
T Slope= 1.
| =
Z < Slope=1.61
E w
; j_'"_“""
=
Slope=1.34
I . I | | | I | '
400 450 500, 550 00 650 700 300 400 500 600 -
Wavelength (nm log [Power (mW)]
a) b)

Fig. 4.5:(a)UC spectra of KGdF4:Yb*" (20%) / Er** (5%) sample under varying powers of
980nm CW laser (b) log I vs log P plots for blue, green and red emissions observed in the

UC process.
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The possible UC mechanism in KGdF4:Yb*'/ Er¥* UCNPs is given in Fig.4.6. Yb%" ion has two
energy levels, one ground state at 2F7, and another excited state at 2Fs. The excited state of
Yb3*i.e., ?Fs2 has energy comparable to 111> which is the excited state of Er** ion. The Yb*"
ion acts as a sensitizer and under 980nm excitation, transfer of energy takes place from Yb®* to
an Er®" ion in ground state which in turn gets excited to the *l11,, state. Now, another energy
transfer between the Yb®" ion (?Fs2) and an excited Er®* ion (*1112) further excites the Er3* ion
to the upper *F72 excited state. The Er®" ion relaxes both radiatively and non-radiatively from
this state. The radiative relaxations give rise to the blue emission centered at around 470nm.
Non-radiative relaxation to low lying “Ss/» state produces the green emission centered at around
545nm. The emission in red region at 650nm from the *Fg/, level takes place because of a non-
radiative relaxation from the higher 2Hi12 and Ss, states or by a relaxation from #1112 to #1132
followed by excitation of Er®* ion from #1132 to *Fg/2 via energy transfer from Yb®" (?Fs/2) ion

[137,144]. All the energy transfer processes are given as follows:
2Fs2 (YB3 + 4lisp (ErPY) — 2F72 (YD) + *luas2 (Er)
2Fs2 (YB3 + 41z (ErPY) — 2F72 (YD) + *F72 (EFY)
2F52 (YB3 + 41z (ErPY) — 2Fr72 (YD) + *Fgp (EFY)
The non-radiative relaxations involved in the UC process are given as follows:
*F7r2 (Er¥") — 2Hup (Er¥
2Hi12 (Er¥") — *Sz2 (Er*Y)

483/2 (Er3+) N 4|:9/2 (Er3+)
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Fig. 4.6: A schematic diagram showing the possible energy transfer mechanism between

Yb** and Er®* ions in the UC process
4.3.2.4 Decay kinetics and Inokuti-Hirayama model analysis

Decay curves observed for the UC process i.e., 545nm emission under NIR excitation were
plotted and are shown in Fig.4.7 (a). It was seen that the curves fitted well to a bi-exponential
function as given by equation 3.2 in Chapter 3 [146]. This is due to predominant energy
transfer and ion-ion interactions in the host lattice rendering the emission with both slow and
fast components [118]. The decay times as calculated for the KGdF:Yb*" (x=5%, 10%, 15%
and 20 %) / Er¥" (5%) are 1.162ms. 1.066ms, 1.045ms and 0.909ms respectively. There is a
clear decrease in the decay times of the samples with the increment in Yb®" concentration. This
is due to the quenching of the “Ss, level by increased Er¥*-Yb®" interactions leading to
backward transfer of energy from Er®* ions to Yb®" ions. This happens due to the presence of

more Yb*" ions in the neighborhood of Er3* [93].
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The nature of the energy transfer mechanism between dopant RE ions was studied by applying

the Inokuti-Hirayama (I-H) model. According to this theory, the emission intensity is given as:
1(£) = loexp|— = — Q()¥*] 3

where t is attributed to the time after excitation and zo is the intrinsic decay time of the donors
in the absence of acceptors. The value of S can either be 6, 8 or 10 depending upon whether
the interactions are dipole-dipole or dipole-quadrupole or quadrupole-quadrupole in nature

respectively[89,147]. Q is the energy transfer parameter given by the following relation:

Q:%F(l—%)NORO3 (4)

Here I'(x), for dipole-dipole interactions, is 1.77, for dipole-quadrupole interactions it is 1.43
and for quadrupole-quadrupole interactions, it is 1.3. No is the concentration of rare earth ions
and R, is defined as the critical energy transfer distance between the donor and acceptor ions.
The decay curves along with I-H fitting are shown in Fig. 4.7. (b). The curves fitted well for
S=6 thereby confirming the dipole-dipole nature of energy transfer mechanism between

Yb®" and Er®* ions.
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Fig. 4.7: (a) Decay curves of the as prepared samples observed at 545nm emission under
980nm CW laser excitation (b) Decay curves of 545nm emission with I-H Fitting under

980nm CW laser excitation

The values of Q and Ro were calculated and are presented in Table 4.1. It was observed that
the value of Q increases with increasing concentration of Yb®" ions. The values of Ro on the
other hand decrease with increasing concentrations of Yb®" ions. A decrease in the distance
between sensitizer and activator ions results in the increase in the transfer of energy between

them i.e., increase in the value of Q which ultimately results in a faster decay [148-150].
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Table 0.1: Calculated values of Energy Transfer Parameter Q and Critical Energy Transfer

Distance R, (in A):

Concentration Q R (A)
of Yb%*

5% 3.98 4,71

10% 4.28 4.21

15% 4.30 3.84

20% 4.48 3.61

An image showing the Commission Internationale de L’Eclairage (CIE) chromaticity diagram

for the UC process is given in Fig. 4.8. CIE diagram indicates clearly that the calculated

coordinates are lying in the green region [151]. The CIE coordinates and the decay lifetimes of

the UCNPs for the UC process are given in Table 4.2.

Yb3* 5%
* Yb3* 10%
Yb3* 15%
Yb3* 20%

Fig. 4.8: CIE chromaticity diagram for the NIR UC process for the KGdF4:Yb®* (5, 10, 15,
20%) / Er** (5%) samples
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Table 0.2: Lifetimes and CIE Coordinates of the as prepared KGdF4 samples for UC

studies under 980nm CW laser excitation:

Concentration CIE

Chromaticity

X Y
5% 0.315 | 0.654 |1.162
10% 0.362 | 0.602 | 1.066
15% 0.334 | 0.598 | 1.045
20% 0.408 | 0.661 | 0.909

4.3.2.5 Down conversion studies

Fig. 4.9. (a) Shows the excitation spectra of KGdF4:Yb**(20%) / Er¥* (5%) sample at emission
wavelength 545nm. Four bands corresponding to the multiplets of “Fspz, *Fsz, G112 and
4G +2Gr2+°K1s,2 are seen[152]. The emission spectra of the as prepared samples under 322nm
excitation are shown in Fig. 4.9. (b). Three peaks corresponding to *F7o—*l152 (470nm),
2Hi10—*1152 (523nm) and *Sse—*lis2 (545nm) are observed. The intensity of the green
emission of the sample having lowest Yb** doping i.e., 5mol% is the highest. The intensity is
seen decreasing subsequently with increasing concentration of Yb**[153]. This can be possibly
due to concentration quenching effect. With increasing number of Yb®" ions around the Er®*
ions, some energy gets transferred backwards from Er3" to Yb®" ions thereby reducing the

emission intensity of Er** ions.
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Fig. 4.9: (a) Excitation spectra of KGdF4:Yb®* (20%) / Er®* (5%) sample observed at 545nm
emission wavelength. (b) Emission spectra of KGdF4:Yb3* (5, 10, 15 and 20%) / Er** (5%)

samples under 322nm UV excitation.

4.3.3 EPR Studies

Gadolinium ion has a fully polarized half-filled 4f shell. Due to the occupation of these 4f states
according to Hund’s rule, the magnetic moment involves a high spin derived contribution along
with a zero angular momentum. Also, the effective spin S in this case is 7/2. The observed
spectrum is a characteristic of S state RE ion involving a low symmetry site. Many studies have
now established that the spectral properties depend on the relative magnitude of ligand field
strength and Zeeman microwave frequency. If the ligand field strength is smaller than the
Zeeman Frequency, then signals occur at g=2.0. On the other hand if ligand field strength is
larger than the Zeeman frequency then signals are observed in the range g>2.0. If both the
Zeeman term and ligand field strength are comparable then there is zero field resonance. It has
been observed that Gd®* ion is either 6 or 8 coordinated and prefers a vitreous phase for

accommodation over a crystalline state of higher symmetry [154].
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The EPR spectra of KGdFs: Yb** (20%) / Er¥" (5%) is shown in Fig. 4.10. The exhibited
effective g values are observed at 2.29, 2.19, 2.16, 2.13, 1.93, 1.89, 1.84 and 1.81. The signals
indicate a low site symmetry where the Gd*" ions have substituted the K* ions in the lattice.
Also, these signals can be attributed to fine structure transitions involving unequal spacing and
intensities. The ionic radii of K* and Gd®" ions are 0.138nm and 0.108nm respectively. So it
can be assumed that Gd** ions occupy the K* sites leading a formation of cation vacancy either
in the vicinity or far away. This helps in maintaining charge neutrality. These g values can be
attributed to the g values of the “U” spectrum which are characteristic of gadolinium ions in
amorphous materials signifying a weak field of cubic symmetry between gadolinium ions and
host lattice. Gadolinium ions in these sites are subjected to a weak crystal field. Also, these
sites are characterized by a coordination number more than six. Values of g between 2 and 6
have been reported by many authors in the available literature of glasses and phosphors. These

values are consistent with the same [154-156].
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Fig. 4.10: EPR spectra of KGdF. Yb3®*" (20%) /Er** (5%) sample. Corresponding g values are

also marked for reference

78



It has been reported that the EPR spectra of disordered materials doped with RE ions is highly
anisotropic and depends on site to site ligand-field variations. The g values of 6.0, 2.87 and 2.0
have been considered as the results of gadolinium ions dispersed in cubic, octahedral or
tetrahedral sites with moderate distortion. The locations of Gd** ions are unusual due to the
fact that they tend to occupy locations having higher coordination numbers. Tamboli et al. have
reported effective g values of 6.11, 3.94, 2.65 and 1.99 but have not defined the site symmetry
of the Gd**ions [157]. Mohapatra et al. have reported effective g values of 6.0, 2.8, and 2.0.
They have analysed them to be due to octahedral or cubic sites of a weak crystal field [158].
Rada et al. have reported effective g values of 6.0, 2.87 and 2 and designated them as strong,

intermediate and weak cubic fields of symmetry respectively [159].

4.4 Conclusions

Sub-10nm cubic phase KGdF4:Yb*"/Er®* UCNPs were prepared via a wet chemical route.
Morphological studies like HR-TEM and EDAX were performed on UCNPs. PL studies like
up-conversion, decay Kkinetics and down conversion were performed. Under 980nm CW laser
excitation, the samples exhibit up-conversion emitting intense green light centred at around
545nm arising from the #Ss/,—*115/, transition. Decay lifetimes of the samples vary from 1.162
to 0.909ms for Yb** 5mol% to 20mol% concentration respectively. Application of 1-H model
in studying the energy transfer dynamics revealed that the interaction between the sensitizer
and activator ions is dipole-dipole in nature. Under UV excitation, the samples exhibited the
phenomenon of down conversion as well having bands in the blue and green regions of the
spectrum. EPR study detailed out the effect of having a paramagnetic ion like Gd*" on the
lattice symmetry. The observed g values belong to the “U” spectrum and can be associated
with a weak cubic symmetry field between Gd*" and the host lattice. Since the as prepared

samples exhibit intense up-conversion/down conversion under NIR/UV excitation along with
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having high lifetimes, it is proposed that these samples be utilized for bio-photonic applications

and in w-LEDs/ solid state lighting (SSL) applications as well.

80



Chapter 5: Up-conversion luminescence and EPR
properties of KGdF,:Yb**/Tm** Nanophosphors

Synthesis of KGdF4:Yb**/Tm®" up-conversion nanoparticles (UCNPS) via wet chemical route
has been reported. HR-TEM, EDAX and EPR studies were performed on the samples. The
samples emit intense blue light centered at 472nm (*Gs—3Hes) under 980nm CW laser
excitation. Energy transfer (ET), ground/excited state absorption (ESA/GSA) and cooperative
energy transfer (CET) were established as the possible energy transfer mechanisms in the up-
conversion (UC) process. Since these UCNPs, synthesized by a much cost effective route,
have sizes comparable at cellular level and exhibit the ability of up-conversion, it is proposed
to utilize these UCNPs for prospective bio-photonic applications. The results of this study have

been published in Optik, 208 (2020) 164538
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5.1 Introduction:

A non-linear process in which a sequential absorption of two or more photons of low energy
(in NIR region) results in the emission of photons of high energy (lying in visible or UV region)
is termed as up-conversion [160]. Lanthanide based materials have attracted significant
attention in the field of up-conversion research due to their unique ladder-like abundant energy
levels that lead to the intra-4f or 5d transitions. Apart from this, lanthanide based materials
possess excellent properties like large anti-Stokes shifts, excellent photostabilities, sharp
emission bands and high lifetimes [161-163]. This phenomenon of up-conversion has been
applied successfully to develop new host materials to be used as imaging probes in bio-imaging
applications despite the fact that a lot many organic dyes, fluorescent proteins and quantum
dots have been developed for the same purpose [164—-166].

Bio-imaging uses difference in light transmission, reflection and photoluminescence to provide
a better contrast between the region to be imaged and the surrounding area and is the best used
technique to visualise the details at cellular level [167,168]. Aforementioned conventional tools
like dyes, proteins and quantum dots have been used for the purpose of imaging but then, these
probes have some serious disadvantages like autofluorescence, low signal to noise ratio (SNR),
photobleaching along with having low chemical stability and high toxicity [50,169,170].
Moreover, as has been discussed in the previous chapter 1, usage of high energy radiation (UV
or other short wavelength radiation) for excitation of these probes results in poor penetration
depth of the radiation and above all, damage or even death of the tissue that is being imaged
and the surrounding tissues due to exposure to such high energy radiation [13,50].

This is where up-conversion comes into play. Lanthanide based up-conversion lattices have
been developed to tackle the challenges posed by the conventional imaging probes. These up-
conversion nanoparticles (UCNPSs) rely on the transitions taking place between actual existing

states thus differing from a nonlinear multiphoton absorption process involving virtual states.

82



Therefore their luminescence efficiency is also quite high. Also, since they use a CW NIR laser
for excitation rather than a femtosecond or ultrashort pulsed one, they are cost effective in their
usage too [7,163,171]. Above all, these UCNPs possess high signal to noise ratio (SNR), high
physical and chemical stability, no photobleaching, zero autofluorescence and a high
penetration depth due to usage of low energy NIR radiation for excitation purposes. Also, since
the excitation source is of low energy, there is zero damage to the tissue being imaged
[17,101,102,172].

In this chapter, synthesis and luminescent studies on potassium gadolinium fluoride (KGdFa)
UCNPs doped with ytterbium (Yb®") and co-doped with thulium (Tm?3") ions have been
reported. Sub-10nm UCNPs were prepared via a wet chemical route as described in Chapter 2.
[92,93]. As has been stated earlier, KGdF4 was chosen as a prospective host lattice due to its
ability to act as a multifunctional compound i.e., to exhibit both up-conversion and
paramagnetism. These properties can be employed in the present day bio-imaging and MRI
applications successfully [93,173,174]. Also, since these UCNPs have sizes below 10nm, they
are well usable at cellular level and have better luminescence efficiencies as compared to other
phosphors having larger sizes [109,175].It is therefore proposed to utilize these UCNPs as
prospective alternatives to the conventional imaging probes in the field of bio-imaging and

other bio-photonic applications.

5.2 Experimental:

Gd (acac)z.xH20 [Alfa Aesar,99.99%,1 mol%] and KF [Fisher Scientific, 4mol%] along with
YbCls [5, 10, 15 and 20mol%] [Sigma Aldrich, 99.99%] and TmClIs;[2mol%] [Sigma Aldrich,
99.99%] were used as precursors to prepare KGdFs UCNPs. Each of the reactants were
separately dissolved in 10ml of methanol [Sisco Research Laboratories]. The Gd** solution

along with Yb®" and Tm** solutions were added drop wise to KF solution and then aged at 65°C
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for three and half hours under magnetic stirring [92,93]. The resulting mixture was centrifuged
at 13,000 rpm, washed with methanol thrice and then dried in a vacuum oven at 55°C for
15 hours.

Tecnai G2 20 transmission electron microscope was used for capturing TEM/HR-TEM images.
Oxford INCA 250 VEGA3 TESCAN scanning electron microscope was used to record SEM
and EDAX images. Horiba Model QM-8450-11 spectrometer was used for recording
luminescence under NIR excitation. A TDS 3012C digital oscilloscope was used to record
decay curves under 980nm CW laser excitation. Bruker Model EMX MicroX setup was used

to study EPR properties.

5.3 Results and Discussion

5.3.1 Morphological Studies
5.3.1.1 HR-TEM and EDAX analysis

Fig. 5.1. (a) shows the HR-TEM image of KGdF4:Yb** (20%) / Tm** (2%) sample. It is evident
that there is agglomeration in the sample. Using ImageJ software tool, the sizes of the UCNPs
were calculated and found to be in the range of 6-8nm. Fig. 5.1. (b) shows HR-TEM image of
the same sample. Lattice planes are clearly seen in the image implying high crystallinity of the
lattice. The value of d-spacing was calculated and the same is shown on the graph. The value
d= 0.27nm corresponds to the (200) plane of the KGdF4 lattice as shown in Fig. 5.1(b).

The XRD spectra of the as prepared UCNPs was also recorded but as has been discussed in
chapter 4, the as prepared UCNPs possessed a crystalline structure similar to cubic NaGdF4
only. The values of lattice parameters and crystallite sizes that were calculated for the as
prepared samples did not show any observable difference from the ones that were reported in
chapter 3 [93]. Therefore, it can be safely asserted that with the addition of Tm®*" ion in the

KGdF4 host lattice, no change in the phase of the host material is observed [93,108,110,135].
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Fig. 5.1(c) shows EDAX spectra of KGdF4: Yb**(20%)/Tm3*(2%) sample. It is clearly evident

from the figure that all the constituent elements are present in the host material. The

corresponding weight and atomic percentage is also given.
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Fig. 5.1: (a) HR-TEM image of KGdF4:Yb%* (20%)/ Tm3* (2%) sample (b) HR-TEM image

with the calculated d-spacing and corresponding (hkl) plane (c) EDAX spectra of

KGdF4:Yb* (20%) / Tm®* (2%) sample

5.3.2 Photoluminescence Studies

5.3.2.1 Optimisation of Tm3* activator ion

Fig. 5.2 shows the emission spectra of singly doped KGdFs:Tm®" (x=1%, 2%, 3%, 4%, 5%)

UCNPs under 280nm excitation. A sharp band at 472nm corresponding to 1G4—3Hs transition

is seen the intensity of which increases till 2% Tm?** concentration and then decreases showing
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concentration quenching. Therefore, for the purpose of further luminescence studies, 2mol%
concentration of Tm** was chosen as the optimised concentration and samples with varying

Yb?* concentration were prepared to study the UC process and energy transfer mechanisms.
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Fig. 5.2: Optimisation of Tm®": Emission spectra of singly doped KGdF4:Tm®* (x=1%, 2%,

3%, 4%, 5%) UCNPs under 280nm excitation.

5.3.2.2 UC luminescence studies and energy transfer mechanism

Under 980nm CW laser excitation (power 1W), the as prepared samples exhibit the
phenomenon of up-conversion. Intense blue emission centred at around 453nm and 472nm is
seen corresponding to 'D,—3F4 and 'Gs—3Hs transitions respectively. Emission in the red
region has also been observed centred at around 650nm and 695nm/700nm corresponding to

1G4—3F4 and 3F,,3—3Hs transitions respectively [110,176-179]. The UC spectra under 980nm
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excitation is shown in Fig. 5.3. Inset shows the Commission Internationale de L’Eclairage
(CIE) chromaticity coordinates for the UC spectra of the as prepared samples. The intensity of
the bands was found to be increasing with increase in concentration of the Yb3* ions. This
shows successful energy transfer from the sensitizer to the activator ions. This might be due to
decrease in inter-ionic distance between Yb** and Tm?3* which facilitates the transfer of energy

from Yb®*—Tm3" ions.
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Fig. 5.3: UC spectra of KGdFa4: Yb% (x%)/Tm®* (2%) [x= 5, 10, 15 and 20%)] under 980nm

CW laser excitation (1W power)

To study the number of NIR photons involved in the up-conversion process, UC spectra under
varying powers of 980nm CW laser excitation were studied. Fig. 5.4(a) shows the UC spectra
of KGdF4:Yb® (20%) / Tm®*" (2%) samples under varying powers of 980nm CW laser.
Fig. 5.4 (b) shows a double logarithmic plot of intensity versus power for all the four bands

observed for the same sample. Now, the intensity of visible emission under NIR excitation is
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related as the power law enumerated in equation 3.1 in Chapter 3 [180]. Therefore, the slopes
of such plots give the required number of photons absorbed for UC emission process.

Now, the values of n for the blue emission at 453nm and 472nm are 2.12 and 2.67 respectively
whereas for red emission, the values of n are 1.78 and 1.92 for 650nm and 695nm/700nm
transitions. But the expected values for n should be 4 for 453nm emission, 3 for 472/650nm
emission and 2 for 695/700nm emissions. This deviation from the values of n reported in
literature can be attributed to saturation effect [178,180]. The above relation is valid for low
excitation powers. At high excitation powers, the UC process will saturate. The UC process is
a non-linear process and exposure to infinite excitation can lead to unsustainability of its

non-linear behavior.
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Fig. 5.4: (a) UC spectra of KGdF4:Yb* (20%) / Tm3* (2%) sample under varying powers of
980nm CW laser (b) log I vs log P plots for the observed blue and red emissions in the UC

process.

Fig. 5.5 shows the schematic energy level diagram showing the various excitation and emission
processes involved in the UC process. The Tm*" ions do not absorb the 980nm radiation

properly thereby resulting in poor emission. The Yb®* ions on the other hand have a large
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absorption cross section for 980nm radiation. On exciting the sample by a 980nm CW laser,
the Yb** ions get promoted from the ground state F, to the excited state ?Fsj. These excited
Yb3* ions then transfer their energy to Tm** ions in ground state *Hg and promotes them to an
upper excited state *Hs via ground state absorption (GSA). The *Hs state has short lifetime so
the excited Tm®* ions in this state relax to F4 state non-radiatively. The ions in this state absorb
another 980nm photon and get promoted to 3F» level via excited state absorption (ESA) process.
Some of the ions relax to the lower 3Hq level via the intermediate 3F; level. Radiative transitions
from the *F, and 3F; give rise to the 695nm/700nm emissions. Some of the Tm** ions in the
3H, level then absorb another 980nm photon and get excited to the G4 level through another
ESA process. Radiative transitions from G, state to lower states give rise to the emissions
observed at 472nm and 650nm. It is seen that 3 photons are required to populate the G4 level.
This is known as sequential sensitization. The Tm®" ions in the !G4 level can absorb another
980nm photon and gets promoted to the D, level via another ESA process. The radiative
transitions from this level give rise to the emission at 453nm. Another mechanism is via a
cooperative energy transfer (CET) where two excited Yb3* ions in the 2Fs, state interact with
each other via dipole-dipole mechanism to form a coupled virtual cluster that is nothing but a
virtual excited state. Energy from this state is then transferred to a Tm3* ion in the ground state

3Hs to promote it to the G4 level [181,182].

89



ET
30000 - 1-\ :
D,
25000 - I %
CET N
\ 1,
-‘; 20000 - < 4
un
S %
3 15000 v
@ - ET ! 2
= 2 | *F
ET | - 33
: 5 o & E[43 M4
10000 - Fz/3 NG AL
» A HS
Y Y 3
5000 < l F,
i <
&
2 | B A A
0- Frpy Hg
Yb " Tm3+

Fig. 5.5: A schematic diagram showing the possible energy transfer mechanisms between

Yb®* and Tm3* ions in the UC process

5.3.2.3 Decay kinetics and CIE coordinates

Decay profiles of all the samples at 472nm emission under 980nm CW laser excitation were

plotted and are shown in Fig. 5.6. It has been observed that the decay curves are well fitted to

a bi-exponential function as given in equation 3.2 in Chapter 3 [89]:
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Fig. 5.6: Decay curves of the as prepared samples with functional fitting observed at 472nm
emission under 980nm CW laser excitation

This deviation from the single exponential nature can be attributed to the fact that there are
ion-ion interactions present in the host lattice along with predominant energy transfers which
lead to both slow and fast decay components in the emission as discussed in chapter 3 [93].
The decay times for the samples were found to be 0.41ms, 0.40ms, 0.39ms and 0.38ms for
KGdFs: Yb* (X) / Tm® (2%); x= 5%, 10%, 15% and 20% respectively. It was seen that the
decay times decrease with increase in the concentration of Yb3" ions. This is due to the
quenching of 1G4 level of Tm®* due to increase in back energy transfer from Tm**—Yb®* ions.

The decay times of the samples along with CIE coordinates are given in Table 5.1.
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Table 0.1: Decay times and CIE Coordinates of as prepared KGdFs UCNPs for UC Studies

under 980nm excitation

Concentration | CIE Lifetime
of Yb** Chromaticity (ms)

Coordinates

X Y
5% 0.178 |0.112 0.41
10% 0.186 | 0.105 0.40
15% 0.216 | 0.262 0.39
20% 0.192 |0.117 0.38

5.3.3 EPR Studies

The EPR spectra of the KGdF4:Yb** (20%) / Tm** (2%) sample is shown in Fig. 5.7. The
observed g values are shown in the plot itself. The Gd®* ion belongs to the 4f" configuration
having zero angular momentum and 8Sy.; as its ground state. The observed g values resemble
the g values of the “U” spectrum associated with Gd®" ions present in tetrahedral, octahedral
or cubic sites with moderate distortions [183,184]. These values are consistent with the values
reported in literature. If the Zeeman frequency is larger than the ligand field strength, then it
gives a signal at g=2.0. If the ligand field strength is larger or comparable to the Zeeman field,
then signals are observed in the range g>2.0 [154]. For Gd®*, the observed g values should lie
between 2-6. In the present case, due to the anisotropic nature of gadolinium in the UCNPs,
some of the g values were less than 2. All these g values can be attributed to weak cubic

symmetry fields between the Gd®* ions and the host lattice of the UCNPs [185].
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Fig. 5.7: EPR spectra of KGdF4:Yb®" (20%) / Tm** (2%) sample. Corresponding g values are

marked for reference

5.4 Conclusions

Cubic phase KGdF4: Yb**(x%)/Tm®" (2%) [x= 5, 10, 15 and 20%] UCNPs were prepared via
a wet chemical route. These UCNPs were subjected morphological studies like HR-TEM and
EDAX. The sizes of these UCNPs lie in the range of 6-8nm. Luminescence studies like up-
conversion were performed. It was observed that the samples are capable of exhibiting the
phenomenon of up-conversion as an intense blue emission centred at around 472nm (1G4—>Hp)
under 980nm CW laser excitation was seen. Emission in the red region was also observed
corresponding to 650nm (}!Gs—3F4) and 700nm (3F23—°3Hs). The decay profiles showed that
the samples have relatively high lifetimes lying in the range of 0.41-0.38ms. EPR studies were
performed to study the effects of Gd3* in the host lattice. The observed g values were found to

be associated with “U” spectrum which is a characteristic of Gd** ion. Due to the extremely
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small size of these UCNPs (making them usable at cellular level) and the fact that these
particles emit intense up-converted light under NIR excitation along with having high lifetimes,
these particles can be an exciting replacement of conventional imaging probes in the field of

bio-imaging and other bio-photonic applications.
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CHAPTER 6: CONCLUSIONS AND FUTURE SCOPE

This chapter summarises the work that has been carried out in developing and characterising
RE doped KGdF4 UCNPs. Important results and discussions have been highlighted as well.
Lastly, future scope of this work has been discussed in detail as these UCNPs hold immense

potential for usage in biological applications.
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Potassium Gadolinium Fluoride (KGdF4) UCNPs doped with sensitizer ytterbium (Yb®*) and
various activators like erbium (Er®"), terbium (Tb%*) and thulium (Tm3*) were synthesized via
a wet chemical route. This synthesis technique yielded cubic phase KGdFs UCNPs. The
interesting thing to note here is that phase of as prepared UCNPs is matching well cubic phase
of NaGdF4 nanoparticles. Wet chemical synthesis technique is efficient, cheap and easy-going
that yields highly pure sub-10nm cubic phase UCNPs which has not been reported earlier. Host
lattices containing alkali metal ions possess low phonon energies thereby giving good
luminescence efficiency as has been reported in literature. A potassium based lattice was
chosen as potassium systems are less explored when compared with sodium and lithium. It has
been established that alkali metal ions enhance the up-conversion efficiency of the host lattice
and it has been shown that K™ ion has the maximum enhancing effect. Therefore the presence
of potassium ion in the host lattice provides ideal environment for an efficient and maximum
energy transfer therefore satisfying the criteria to develop efficient UC host lattices. As has
been highlighted earlier, paramagnetic gadolinium (Gd®*") was added to the host lattice to render
these UCNPs favourable for usage in MRI applications as T1/T2 contrasting agents .This
makes this UCNP lattice different from other conventional alkali fluoride lattices like NaYFa.
Gd®" ion in the host lattice also plays a role of network former and allows to dissolve the dopant

rare earths to the extremely high concentrations.

HR-TEM analysis shows highly crystalline UCNP lattice. The UNCPs are circular in shape
although they tend to agglomerate due to lack of appropriate surface modifications. XRD and
HR-TEM analysis show that the particle sizes of these UCNPs are less than 10nm. The UC
efficiency is found to increase when the particle size is below 10nm as compared to the well
reported conventional UC lattice NaYF4 that has large sizes. So, these KGdFs UCNPs are
expected to show greater luminescence intensity. EDAX analysis proved successful integration

of all the precursor elements in the host lattice.
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UC studies highlighted the ability of these UCNPs to emit strong visible emission under 980nm
NIR laser excitation. In-depth analysis was conducted to study the energy transfer mechanisms
between Yb®" sensitizer and activators like Er®*, Tm** and Tb®" during the UC process via
power-dependent UC studies. Inokuti-Hirayama model was also used to establish the dipole-
dipole nature of energy transfer in KGdF4:Yb**/Er®* lattice. The UCNPs exhibit high lifetimes
which is an added advantage making them useful for future applications in solid state lighting
or w-LEDs. These samples are also capable of exhibiting down-conversion as is evident from
the strong luminescence these UCNPs emit under UV excitation.To study the effect of
gadolinium on the lattice symmetry, EPR studies were also carried out on the as prepared
UCNPs. The observed g values belong to the “U” spectrum and can be associated with a weak

cubic symmetry field between Gd*" and the host lattice.
Future Scope

e To surface modify KGdF4 UCNPs using available organic reagents.

e To coat the samples with oleic acid, folic acid, polyethylene glycol etc. to so as to render
them usable at a cellular level. The presence of organic functional groups like folic acid

will allow for testing these samples for targeted imaging and drug delivery applications.

e To use common dyes like rhodamine-b, sodium fluorescein etc. for testing whether or

not such samples can be used for differential cell imaging especially of plant cells.

e To study morphological and luminescent properties of KCeF4, KYFs and KLaF lattices

and expand the immense scope of research in this field.

e To synthesize and study RE-KGdF:@KGdFs core shell UCNPs since core-shell

UCNPs are known to exhibit higher luminescence efficiency.
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