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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF LANTHANIDE
BASED NANOMATERIALS FOR RADIATION
DETECTION AND BIOMEDICAL

APPLICATIONS

Mingzhen Yao, PhD
The University of Texas at Arlington, 2011

Supervising Professor: Wei Chen

Lanthanide based nanomaterials have shown a great potential in various areas such as
luminescence imaging, luminescent labels, and detection of cellular functions. Due to the f-f
transitions of the metal ion, luminescence of lanthanide ions is characterized by sharp and
narrow emissions. In this dissertation lanthanide based nanoparticles such as ce*, Eu* and
other lanthanide ions doped LaF; were synthesized, their characterization, encapsulation and
embedding into hybrid matrix were investigated and some of their biomedical and radiological
applications were studied.

DMSO is a common solvent which has been used widely for biological applications.
LaF;:Ce nanoparticles were synthesized in DMSO and it was found that their fluorescent
emission originates from the metal-to-ligand charge-transfer excited states. After conjugation
with PpIX and then encapsulation within PLGA, the particles show efficient uptake by cancer
cells and great cytotoxicity, which is promising for applications in cancer treatments. However,

the emission of Eu®* in DMSO is totally different from LaF3;:Ce, very strong characteristic

v



luminescence is observed but no emissions from metal-to-ligand charge-transfer excited states
as observed in LaF;:Ce in DMSO. Besides, it is very interesting to see that the coupling of Eu®
with O-H oscillations after water was introduced has an opposite effect on emission peaks at
617 nm and its shoulder peak at 613 nm. As a result, the intensity ratio of these two emissions
has a nearly perfect linear dependence on increasing water concentration in Eu-DMSO, which
provides a very convenient and valuable method for water determination in DMSO.

Ce®* has been well known as an emitter for radiation detection due to its very short
decay lifetime. However, its emission range limited the environment in which the detection
system works. Whereas, Quantum dots have high luminescence quantum efficiency but their
low stopping power results in very weak scintillation luminescence. Nanocompounds formed
with CdTe quantum dots and LaF;:Ce nanoparticles optimize both stopping power and
scintillation efficiency based on energy transfer from LaF3;:Ce to CdTe. Hybrid matrix materials
such as ORMOSIL have superior mechanical properties and a better processability than pure
molecular material which could be used as carrier of radiation material. Moreover, embedding a
lanthanide complex in a hybrid matrix enhances its thermal stability and luminescence output.
LaF;:Ce doped ORMOSIL was synthesized by using two different LaF;:Ce, the nanoparticle
doping concentration can reach up to 15.66% while its transparency and luminescent properties

were maintained. These materials are very promising for radiation detection.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ... .ttt e e e e e e e et e e e e e e s e s s st e e aeeaaeeansssteeeeaaeessansnneees iii
FN 2 S 2 2 USSP iv
LIST OF ILLUSTRATIONS ...ttt sttt et e et e e steeneesteeseesseebeeneessesteenaesreeneenne e iX
LIST OF TABLES ...ttt ettt ettt ettt e e eeeee e te s eeeneeebesseese e teeneeaneeaeeneeseeeseennenneas xiii
Chapter Page

L \\E= T To €= Ted o To oY )2 USSR 1
1.2 Applications of Nanotechnology ... 3
1.3 Synthesis of NanopartiCles .........c...uiiiii e 5

1.3.1 Nucleation and Growth from Solutions..........ccccccceeiiiiie i, 5

1.3.2 Stabilization of Fine Particles against Agglomeration ...................... 6
1.4 Characterization of NanopartiCles ...........cccoiiiiiiiiie e 7
1.5 Lanthanides ......oooo i 9
1.6 Lanthanide-based Nanoparticles.............ooovviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee e 13
1.7 Properties of QuUantum DOtS ..........oooiiiiiiiiie e 15
1.8 Lanthanide-based Nanoparticles Doped ORMOSILS...........cccccoeiiiieieiiiienen. 16
1.9 Objective of the DiSsertation ...........ccco i 18

2. LUMINESCENCE PROPERTIES OF CE* DOPED LAF; NANOPARTICLES

IN DIMSO ...ttt ettt he e e e st e e e bt e e e s beeeneesreeenneenneen 20
2. INEOAUCTION ... 20
2.2 Experimental SECHON..........viiiiiieeeeee e 23

2.2.1 SYNENESIS ... 23

2.2.2 Characterization ...........coooiiiiii i 24



2.3 ReSUIts and DiSCUSSION ......cuuuiiiiiiieeeee et e e e e e eeees 25

2.3.1 XRD .ttt bbb 25
2.3 2 TEM <ottt 26
2.3.3 Luminescence Properties ..........cccoeeiiiiiiiiiiiieaeieiiieee e 28
2.4 Applications in Biomedical Imaging and Cancer Treatment........................... 35
2.4 INtrOAUCHION ...oceiiiiee e 35
2.4.2 Synthesis of PLGA Encapsulated LaF;:Ce/PplIX ......ccccceviiiveennnen. 36
2.4.3 Luminescence Property of Encapsulated LaF3;:Ce/PpIX................ 37
2.4.4 Morphology and Cytotoxicity Study on PLGA Encapsulated
LaF;:Ce/PplX to Cancer Cells ... 40
2.5 CONCIUSION ...ttt e e 41
3. THE APPLICATION OF HYPERSENSITIVE LUMINESCNECE OF EU* IN DMSO
AS A NEW PROBING FOR WATER MEASUREMENT .......ccoceiiiiiiiieiieeeieene 43
ST INFOAUCTION ...t e e s e e et eeeanes 43
3.2 Experimental Details............cccco 44
3.3 ReSUIts and DiSCUSSION ........vveiiiiiiiee ittt 44
3.4 CONCIUSION ...ttt e et e e b e e e b e e e e aae 53
4. LUMINESCENCE PROPERTIES OF LN* DOPED LAF; NANOPARTICLES
INWATER ...ttt ettt e et e e te e ste e sneesnaeenteeteeneeenteenneas 55
ot I 1 1o o |1 T3 o] o PRSP 55
4.2 Synthesis and Characterization of LaF3;:Ce Nanopowder.............ccccccevuneenn. 56
4.2.1 Synthesis of LaF3:Ce Nanopowder ...........cccccoiiiiiiiieeieenneniiieeen. 56
4.2.2 Characterization of LaF;:Ce Nanopowder.........cccccccvvvvvveeveeeeeennnnn. 56
4.3 Synthesis and Characterization of Water-soluble LaF5Ln*
NaNOPAMICIES ... 60
4.3.1 Synthesis of Water-soluble LaF3:Ln** Nanoparticles ..................... 60
4.3.2 Characterization of Water-soluble LaF5:Ln** Nanoparticles........... 61
4.3.3 The Application of LaF;:CeTb as Fluorescence Labeling ............. 64

Vil



N @03 Lo 11 1=1 o] o 66

5. LUMINESCENCE ENHANCEMENT OF CDTE NANOSTRUCTURE IN

LAF;:CE/CDTE NANOCOMPOSITES .....c.oooiiiiieee e 67

5.1 INFOAUCTION ... e 67

5.2 Experimental Details............cccco 68

5.3 Results and DiSCUSSION .......c..uuiiiiiiiiiiiiieee e 70

S TRC T I U PSR 70

B.B.2 TEM ettt ettt ettt ne et nneens 71

5.3.3 Optical Properties ... 73

5.3.4 Lifetime Measurement ... 76

5.3.5 Possible Mechanism for Luminescence Enhancement.................. 78

I 07 o] o Tod [0 1= o T o RSOOSR 83

6. SYNTHESIS AND CHARACTERIZATION OF LAF;:CE DOPED ORMOSIL .............. 84

6.1 INrOAUCTION ...t e e s e e e eeeanee 84

6.2 Experimental Section.............cccc 85

6.2.1 Synthesis of Water-soluble and Ethanol-soluble LaF;:Ce ............. 85

6.2.2 Synthesis of Amine Modified ORMOSIL ...........ccccciiiiiiiiiiiiieeen. 85

6.2.3 Synthesis of LaF3;:Ce Doped ORMOSIL ........ccccocvveeeeiiiiiiiiiieeeene 86

6.3 Characterization of Nanoparticle doped ORMOSIL ...........ccoceeiiiiieeiiiieennnne 87

6.4 ReSUIts and DiSCUSSION ........ueiieiiiiiee ittt 87

6.5 CONCIUSION ...ttt e e e e e e 95

7. SUMMARY AND FUTURE WORK ... .coitiiiiiiit ettt 96
APPENDIX

A, PUBLICATIONS ...ttt ettt st e e st esmteenteesneesteesneesneesneeenneens 98

B. CONFERENCE PRESENTATIONS.......oiiiiiiii ettt 101

REFERENGCGES ...ttt sttt et et e s e e e eae e ete e emeeemteeteesaeesneeaneeenee 105

BIOGRAPHICAL INFORMATION ...ttt ettt ettt nee e e see e e sneeseee e 126



LIST OF ILLUSTRATIONS
Figure Page
1.1 Energy level scheme of a number of the lanthanide i0NS ... 12

2.1 Optical (left panel) and fluorescence (right panel) photography of three
samples (A-70 °C; B-150 °C; C-180 “C)iiiiiiiiiiiiiiieie ettt e e e e e e e e e e neeaeeeaaae e s 24

2.2 XRD patterns of LaF;:Ce* nanoparticles synthesized at 70 (upper), 150
(middle), and 180 “C (IOWEK).......ueiie ettt ettt e e et e e e st e e e e e anbe e e e e anbeeeeenneeas 26

2.3 HRTEM images of LaF;:Ce* nanoparticles synthesized at (a) 70, (b) 150,
=L To I (o T <10 PRSP RRPRRR 27

2.4 Excitation and emission spectra of three powder samples prepared at 70,
150, and 180 °C (emission at 320 nm, excitation at 255 Nm). ... 28

2.5 Excitation and emission spectra of solution samples prepared at 70, 150,
and 180 °C. Spectra a1 and a2 are excitation and emission spectra for the
sample prepared at 70 °C (emission, 375 nm; excitation, 340 nm); b1 and b2
are excitation and emission spectra for the sample prepared at 150 °C
(emission, 468 nm; excitation, 400 nm); ¢c1 and c2 are the excitation and
emission spectra for the sample prepared at 180 °C (emission, 497 nm;

Loy o) = (o] T o 10 I o o ) USSR 30
2.6 Luminescence of the LaFg:Ce3+ solution prepared at 180 °C following 0.5,
1.0, 1.5, 2.0, 2.5, and 3.0 h of reaction tiMe. ..........uiiiiiiiiiii e e s 30

2.7 Emission spectra of the sample prepared at (a) 150 and (b) 180 °C excited
with different excitation wavelengths. .......... ..o 31

2.8 Comparison of emission sg)ectra of solution samples prepared at 150 °C
and excited at 400 nm: (1) Ce>*-DMSO; (2) LaFj:Ce nanoparticle solution; (3)
LE% -DIMSO ..ot 33

2.9 LaF;:Ce solution sample luminescence lifetime following 305 nm excitation.
The bi-exponential decay can be fit to components of 0.3 and 2.8 NSEC ........ccccvvrviiveeieiiicciiieenne. 34

2.10 Emissions of LaF;:Ce conjugated with different concentration of PpIX
compared with pure LaF;:Ce (excited at 468 NM ) .......oooiueiiiiiiiiiiie e 38

2.11 Emission comparisons among diluted LaF;:Ce, LaF;:Ce/PplX and PpIX
With INCreasing CONCENTIAtIONS ..........coiiiiiiiiiei e e e e e e e 39

2.12 The dependence of emissions at 633 nm in both PpIX and LaF;:Ce/PpIX
(oo T=T o g To 0o ] o) o o] I GO USSR 39



2.13 Particle size distribution of PLGA encapsulated LaF;:Ce/PplX.......cccccceiviiiiiiiiieei e, 40

2.14 Fluorescence microscopy images of encapsulated particles, confocal
microscopy images of cancer cell uptake and cytotoXiCity. ........ccueviriieriiiiiii e 41

3.1 Pictures of Eu-DMSO solution in room light (left) and under a UV lamp
23 o7 =1 i o] (4 To ] 1 R USSR 45

3.2 Excitation and emission spectra of Eu-DMSO solution. The excitation
spectrum was recorded by monitoring the emission at 617 nm and the emission
spectrum was taken by excitation at 394 MM ... 46

3.3 Excitation spectra of original Eu-DMSO and solution and dilutions (emission
[aaTe]aT1CeTy=To IR Al A o1 o ) T SRR 48

3.4 Emission spectra of original Eu-DMSO solution and dilutions (v/v) with
water and DMSO. The excitation is at 394 NM ..........coo i 48

3.5 Comparisons on intensity changes of emissions at (a) 617 nm (b) 592 nm
(c) 700 nm (d) 651 nm (e) 536 nm (f) 553 nm (g) 557 nm in Eu-DMSO dilutions
with DMSO and water, reSPeCHIVEIY..........eeiiiii e e 49

3.6 Excitation Spectra of original Eu-DMSO and dilutions with small amount of
{22 LT S (Y7 AT I RS RRR 51

3.7 Emission spectra of original Eu-DMSO and dilutions (v/v) with small amount
of water. The excitation is @t 394 NM ... ... e 52

3.8 The intensity changing trends of emission peaks at 613 nm and 617 nm

from water-diluted Eu-DMSO compound..............ooooiiiiiii 52
3.9 The dependence of ratio of 613 nm to 617 nm emissions in water-diluted

Eu-DMSO compound on water CONCENTIIatioN. ............ceiiiiiiiii i e 53
4.1 XRD pattern of LaFs:Ce®* nanoparticles synthesized in water...........cccccvviiiiii i, 58
4.2 HRTEM images of LaFs:Ce® nanoparticles synthesized in water (40K) .........cccooceeeeiiiieeenns 58
4.3 HRTEM images of LaF3:Ce* nanoparticles synthesized in water (800K) ............ccccceeiiiinis 59
4.4 Excitation and emission spectra of LaFj: ce* nanoparticles at different

FEACTION TIMIE ..ttt e et e e e et e e e bt e e e et e e e aa b e e e e b e e e e nanes 59
4.5 Excitation and emission spectra of LaF;: Tb (Lag7Tbg3F3) nanoparticles ........cccccoevveiennneennn. 62
4.6 Excitation and emission spectra of LaF3: Tb (LaggTbg2F3) nanoparticles ......ccccceevviennneennn. 63

4.7 Excitation and emission spectra of LaFz: TbYb (Lag4YbgasTbg 15F3)
NANOPAITICIES ...ttt e et e e et e e e et e e e s e e e e e e ee e e seannrene e e e e e e naanen 63

4.8 Excitation and emission spectra of LaF3z: CeTb nanoparticles...........ccccoooiiiiiiiiiiiiiiiiiiiin, 64

X



4.9 Representative HRTEM image of LaF;:CeTb nanoparticles ..........cccccccveeiiiiciiieeee e, 65

4.10 Representative fluorescence images of latent fingerprints labeled by
LaF3;:CeTb on aluminum (A), glass (B) and polymethylpentene plastic (C)
surfaces in the air-dried state and at room temperature. .............ooveeiiiiiiiiiiiiiiiiiiieeee s 66

5.1. XRD patterns of LaF;:Ce/CdTe composites (black, lower) and LaF;:Ce
=70 TR o] o 1= o SO 71

5.2 HRTEM images of LaF3;:Ce/CdTe nanocompotistes heated for (a) 1 hr and
(o) F T o T OO P PR ORPPTRRP 72

5.3 Optical absorption spectra of (1) LaF3:Ce nanoparticles, (2) CdTe quantum
dots and (3) LaF3:Ce/CdTe NanOCOMPOSIEES. ......uvviiiiiiiciiiiiiiee e sttt ee e e e e s e e e e e s e aeeeeeeeans 74

5.4 Emission spectra following excitation at 265 nm of (1) LaF;:Ce
nanoparticles, (2) CdTe quantum dots, and (3) LaF3;:Ce/CdTe nanocomposites.
The peaks labeled with * are due to the xenon lamp used for excitation. ............cccccceeiiiiiiiiiinnnnn. 74

5.5 Emission spectra of LaF;:Ce/CdTe nanocomposites prepared at room
temperature and annealing at 50 °C for 1, 2.5 and 3.5 hours respectively. The
excitation wavelength is at 265 nm. The peaks labeled with * are artifacts from
the INSTIUMENTALION. ... s 75

5.6 Photograph of CdTe quantum dot (left) and LaF3;:Ce/CdTe nanocomposite
(right) aqueous solutions under @ UV Jamp ........ooiiiiiiiiiiieeeee e 76

5.7 Lifetime measurements following 285 nm excitation of (a) LaF;:Ce
nanoparticles (emission 350 nm); (b) LaF;:Ce/CdTe nanocomposites (375 nm
emission); and (c) LaF3;:Ce/CdTe nanocomposites (emission 520 NM). ......cccocevveiiiiiiiiiiieeneeeenn. 78

5.8 Emission spectra of LaF3:Ce and LaF; excited at 265 NM..........oovviviiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeees 80

5.9 Emission spectra of LaF3;:Ce/CdTe and LaF3/CdTe nanocomposites. The
peaks labeled with * are artifacts from the instrumentation.............cccccco i 80

5.10 Emission spectra of LaF;/CdTe (1- before heating; 2- heating for 1 hr; 3-
heating for 2 hrs). The peaks labeled with * are artifacts from the
T (g UL LY a1 ¢ 11T o IS EERP 81

5.11 HRTEM images of LaF3;/CdTe nanocomposites annealed for 3.5 hrs. TEM
observations show that CdTe quantum dots were not converted to nanowires
during the synthesis of LaF3/CdTe NanoCOMPOSItES ...........eiiiiiiiiiiii e 82

5.12 Luminescence lifetimes of LaF;:CdTe samples excited at 280 nm before

(BH, upper) and after (AH, lower) Neating .........c.cooiiiiiiii i 83
6.1 Wet (upper) and dried (lower) ORMOSIL samples | .........ccoociiiiriiiiiiiiiie e 88
6.2 Wet (upper) and dried (lower) ORMOSIL samples 1l ...........ccoceiiiiiiiiiiiiiie e 88

X1



6.3 Water soluble LaF3;:Ce doped ORMOSILS with different doping
concentrations (WNP-0%; HA-3.63%; HB-7.01%; HC-10.17% ; HD-13.11%).....

6.4 Ethanol soluble LaF;:Ce doped ORMOSILS with different doping
concentrations (WNP-0%; EA-15.66%; EB-27.09%; EC-35.78% ; ED-42.63% )

6.5 XRD pattern of LaF;:Ce doped ORMOSIL showing LaFj;:Ce crystal
structure within ORMOSIL (compared with standard LaF;:Ce crystal).................

6.6 SEM image of ORMOSIL showing open porous structure............cccccoeecuveeene

6.7 Emissions of LaF;:Ce water-soluble nanoparticles doped ORMOSIL with
different doping concentrations ............ccccoo i

6.8 Emissions of LaF3;:Ce ethanol-soluble nanoparticles doped ORMOSIL with
different doping concentrations ...

Xii



LIST OF TABLES

Table Pa
2.1 Emissions of solution sample at 180 °C with different reaction times ...........c.cccceevevveeveveennn.

5.1 Lifetime comparisons of LaF;:Ce with LaF3:Ce/CATe.....ouimiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeee e

xiil



CHAPTER 1
INTRODUCTION

1.1 Nanotechnology

Nanotechnology has produced a significant impact on our economy and society. The
convergence of several scientific disciplines across chemistry, physics, biology, electronics, and
engineering etc. is leading to a multiplication of applications in materials manufacturing, medical
diagnosis and health care, biotechnology, security, computer chips and so on. Scientific and
technological discoveries in hanotechnology are growing at an unprecedented rate.

Nanotechnology is a relatively new but quickly evolving field. It is originated on
December 29, 1959, when Richard Feynman, the late preeminent physicist (Nobel Prize for
Physics 1965), gave a speech at the annual meeting of the American Physical Society at the
California Institute of Technology. His speech, entitled “There’s Plenty of Room at the Bottom,
An Invitation to Enter a New Field of Physics,” was remarkably prescient. Feynman proposed
employing “machine tools to make smaller machine tools, these in turn to be used in making still
smaller machine tools and so on all the way down to the atomic level.” This discussion was the
earliest vision of nanotechnology.

From a strictly historical point of view, the first to mention of nanotechnology was by J.
C. Maxwell, who in 1867 imagined in a thought experiment a tiny entity that could manipulate
individual molecules. A catalyst for the development of the modern field of nanoscience and
technology was the discovery of subatomic particles, particles smaller than the atom. The work
of G. J. Stoney and J. J. Thompson led to the discovery of electrons and to the development of
the field of particle physics. This work led to enquiry into the nature and substance of small

particles. In the 1920s, Irving Langmuir introduced the concept of a monolayer, which is a layer



of material one molecule thick. Over the next half century, the development of various scanning
microscopes enabled visualization and even manipulation of nano-sized structures.

Today, broadly defined, nanotechnology refers to technological study and application
involving nanoscale materials. The term ‘nanotechnology’ was first used by Taniguchi et al in
1974;1 they defined it as the processing, separation, consolidation, and deformation of materials
by one atom or by one molecule. Drexler then popularized the field of nanotechnology by
publishing two of the earliest books on the field: Engines of Creation: The Coming Era of
Nanotechnology and Nanosystems and Molecular Machinery, Manufacturing and Computation.
Later on, ‘nanoscience’ and ‘nanotechnologies’ have been defined by the Royal Society and
Royal Academy of Engineering® as follows: “Nanoscience is the study of phenomena and
manipulation of materials at atomic, molecular and macromolecular scales, where the properties
differ significantly from those at a larger scale”; likewise, “Nanotechnologies are the design,
characterization, production and application of structures, devices and systems by controlling
shape and size at nanometer scale”.

The term ‘nanoparticle’ is generally used to refer to a small particle with all three
dimensions less than 100 nanometers.? Nanoparticles are of great scientific interest as they are
effectively a bridge between bulk materials and atomic or molecular structures. A bulk material
should have constant physical properties regardless of its size, but at the nano-scale this is
often not the case. Size-dependent properties are observed such as quantum confinement in
semiconductor particles, surface plasmon resonance in some metal particles and
superparamagnetism in magnetic materials.

What is unique about nanoscale particulate matter is that, at the nanoscale level, the
known physical and chemical properties of substances are altered, providing new possibilities
for using the same substances only in nanosizes rather than in microsized particles. For
example, the bending of bulk copper (wire, ribbon, etc.) occurs with movement of copper

atoms/clusters at about the 50 nm scale. Copper nanoparticles smaller than 50 nm are
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considered super-hard materials that do not exhibit the same malleability and ductility as bulk
copper. The change in properties is not always desirable. Ferroelectric materials smaller than
10 nm can switch their magnetization direction using room-temperature thermal energy, thus
making them useless for memory storage. Suspensions of nanoparticles are possible because
the interaction of the particle surface with the solvent is strong enough to overcome differences
in density, which usually result in a material either sinking or floating in a liquid. Nanoparticles
often have unexpected visible properties because they are small enough to confine their
electrons and produce quantum effects. For example, gold nanoparticles appear deep red to
black in solution.

The main reason for this difference between nanoparticles and macroparticles of the
same substance is the different surface-area-to-volume ratio, which is increased in the case of
the nanoparticle. Nanoparticles have a very high surface-area-to-volume ratio. This provides a
tremendous driving force for diffusion, especially at elevated temperatures. Sintering can take
place at lower temperatures, over shorter time scales than for larger particles. This theoretically
does not affect the density of the final product, though flow difficulties and the tendency of
nanoparticles to agglomerate complicate matters. The large surface-area-to-volume ratio also
reduces the incipient melting temperature of nanoparticles.3

1.2 Applications of Nanotechnology

Recently, the use of nanotechnology has increased in many scientific disciplines,
including electronics, stain-resistant clothing manufacture, and cosmetics. Nanotechnology may
especially hold the promise of significant improvements in human health and well-being.
Research has repeatedly shown that nanotechnology has many potential medical applications,
such as in bioimaging, drug delivery, and new cancer-fighting drugs.

Molecular imaging of live cells and whole organisms is an important tool for studying
cancer biology and determining the efficacy of tumor therapies. This type of visualization has

been helped tremendously by the development of fluorescent probes such as nanoparticles. In
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the fight against the pain, suffering, and death due to cancer, nanoparticles have been used in
living subjects to target tissue-specific vascular biomarkers* and cancer cells®® and to identify
sentinel lymph nodes in cancer®'. In addition, the use of nanoparticles as fluorescent tags in

cell biology13’14

will continue to make an impact.

Another major area of application is drug delivery. The goal is to improve contact
between a drug and its target, enabling the drug to combat the disease state more efficiently.
Certain characteristics of nanoparticles make them useful as carriers of active drugs. For
example, their small size allows them to pass through certain biological barriers. Also, they
often allow a high density of therapeutic agent to be encapsulated, dispersed, or dissolved
within them. This capability depends on the preparation process, during which nanoparticles
can be engineered to yield different properties and release characteristics for the entrapped
agent. Because of the versatility of chemistries and preparation methods in these systems,
surface functionalities can sometimes be incorporated into the nanoparticle. This facilitates
additional attractive possibilities, such as the attachment of ‘shielding’ ligands that prolong the
circulation of the nanoparticles in the blood stream, or the targeting of ligands for interaction
with specific cells or tissue.

The field of nano-sized labels has generated a great deal of attention, due to their high
photostability, biocompatibility, size, and composition-tunable luminescence emission from
visible to near-infrared wavelengths.''® Numerous articles have been devoted to more recent
developments, such as plasmon resonance, surface-enhanced phenomena, metal nanoshells

and semiconductor quantum dots. 2%

In the last decade, several optical biosensors have been
designed that can detect changes in the optical properties of the evanescent field of an optical
surface wave, which allows the quantification of molecular recognition processes, notably

antibody—antigen interactions.?*?® So far, this field has also been extended to single-molecule

detection techniques.?’



1.3 Synthesis of Nanoparticles

There are various liquid-phase methods for preparing nanoparticles, such as chemical
reduction, sol-gel, reversed micelle, hot-soap, pyrolysis, and spray pyrolysis. Chemical
synthesis of nanoparticles is a rapidly growing field with great potential for making useful
materials.?® Chemical synthesis permits the manipulation of matter at the molecular level.
Because of mixing at the molecular level, good chemical homogeneity can be achieved. Also,
by understanding the relationship between how matter is assembled on an atomic and
molecular level and the material’s macroscopic properties, molecular synthetic chemistry can be
designed to prepare novel starting components. Better control of particle size, shape, and size
distribution can be achieved in particle synthesis.

1.3.1 Nucleation and Growth from Solutions

Precipitation of a solid from a solution is a common technique for the synthesis of fine
particles. The general procedure involves reactions in aqueous or non-aqueous solutions
containing the soluble or suspended salts. Once the solution becomes supersaturated with the
product, a precipitate is formed by either homogeneous or heterogeneous nucleation.
Homogeneous and heterogeneous nucleation refers to the formation of stable nuclei with or
without foreign species respectively. After the nuclei are formed, their growth usually proceeds
by diffusion. In diffusion-controlled growth, concentration gradients and temperature are
important in determining the growth rate. To form mono-dispersed particles, i.e.
unagglomerated particles with a very narrow size distribution, all the nuclei must form at nearly
the same time, and subsequent growth must occur without further nucleation® or agglomeration
of the particles.

In general, particle size and particle-size distribution, amount of crystallinity, crystal
structure, and degree of dispersion can be affected by reaction kinetics. Factors influencing the
rate of reactions include the concentration of reactants, reaction temperature, pH, and the order

in which the reagents are added to the solution. A multi-element material is often made by co-
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precipitation of the batched ions. However, it is not always easy to simultaneously co-precipitate
all the desired ions, since different species may precipitate at different pH levels. Thus, special
attention is required to control chemical homogeneity and stoichiometry. Phase separation may
be avoided during liquid precipitation and homogeneity at the molecular level improved by
converting the precursor to powder form by using spray drying30 or freeze drying.31

1.3.2 Stabilization of Fine Particles against Agglomeration

Fine particles, particularly nanoscale particles, since they have large surface areas,
often agglomerate to form either lumps or secondary particles, thus minimizing the total surface
or interfacial energy of the system. When the particles are strongly stuck together, these hard
agglomerates are called aggregates. Many materials containing fine particles, some examples
of which include paints, pigments, electronic inks, and ferrofluids, are useful if the particles in
the fluid suspension remain unagglomerated or dispersed. Agglomeration of fine particles can
occur at the synthesis stage or during drying and subsequent processing of the particles. Thus it
is very important to stabilize the particles against adverse agglomeration at each step of particle
production and powder processing. Surfactants are used to produce dispersed particles in the
synthesis process or to disperse synthesized agglomerated fine particles.

Many technologies use surfactants.’**® A surfactant is a surface-active agent that has
an amphipathic structure in that solvent, i.e. a lyophobic (solvent repulsive) and lyophilic group
(solvent attractive). Depending on the charges at the surface-active portions, surfactants are
classified as either anionic, cationic, zwitterionic (bearing both positive and negative charges),
or non-ionic (no charges). At low concentrations, the surfactant molecules absorb on the
surfaces or interfaces in the system, and can significantly alter the interfacial energies.

Agglomeration of fine particles is caused by the attractive van der Waals force and/or
the driving force that tends to minimize the total surface energy of the system. Repulsive
interparticle forces are required to prevent the agglomeration of these particles. Two methods

are commonly used. The first stabilization method causes dispersion using electrostatic
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repulsion. Repulsion results from the interactions between a particle’s surface and the solvent.
Electrostatic stabilization of a dispersion occurs when the electrostatic repulsive force
overcomes the attractive van der Waals forces between particles. This stabilization method is
generally effective in dilute systems of aqueous or polar organic media. It is very sensitive to the
electrolyte concentration, since a change in concentration may destroy the electric double layer,
resulting in particle agglomeration.

The second stabilization method involves the use of steric forces. Surfactant molecules
can adsorb onto the surfaces of particles and their lyophilic chains will then extend into the
solvent and interact with each other. The solvent chain interaction, which is a mixing effect,
increases the free energy of the system and produces an energy barrier to the closer approach
of particles. When particles come into closer contact with each other, the motion of the chains
extending into the solvent is restricted, producing an effective barrier in both aqueous and non-
aqueous media, one less sensitive to impurities or trace additives than when using electric
stabilization. The steric stabilization method is particularly effective in dispersing high
concentrations of particles.

1.4 Characterization of Nanoparticles

Nanoparticle characterization is necessary for establishing understanding and control of
nanoparticle synthesis and applications. Characterization uses a variety of different techniques,
mainly drawn from materials science. Common techniques are electron microscopy [TEM,SEM],
atomic force microscopy [AFM], dynamic light scattering [DLS], x-ray photoelectron
spectroscopy [XPS], powder x-ray diffractometry [XRD], Fourier transform infrared spectroscopy
[FTIR], Matrix-Assisted Laser-Desorption Time-of-flight mass spectrometry [MALDI-TOF], and
ultraviolet-visible spectroscopy.

X-ray diffraction is the preferred method for examining the formation of the crystalline
assembly, provided the sample size is sufficient. The diffraction spectrum at the high-angle

range is directly related to the atomic structure of the nanoparticles, whereas the spectrum at
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the lower angle region is directly associated to the ordered assembly of nanocrystals.**** B

y
examining the diffraction peaks that are extinct in the spectrum, one may identify the
crystallography of the packing. This analysis is based on the assumption that each particle is
identical in size, shape, and even orientation, so that the extinction rules derived from diffraction
physics apply.

Scanning electron microscopy (SEM) is a powerful technique for imaging the surfaces
of almost any material. It is likely the most popular tool for material characterization. A modern
SEM can furnish a resolution of 1 nm, relatively simple image interpretation, and large depth of
focus, making it possible to directly image the 3D structure of nanomaterials. Transmission
electron microscopy (TEM), as a high spatial resolution structure and chemical microanalysis
tool, has been proven to be powerful for characterization of nanomaterials.*®* A modern
transmission electron microscope can directly image atoms in crystalline specimens at
resolutions close to 0.1 nm, smaller than interatomic distance. An electron beam can also be
focused to a diameter smaller than 0.3 nm, allowing quantitative chemical analysis from a single
nanocrystal. This type of analysis is extremely important for characterizing materials at a length
scale from atoms to hundreds of nanometers. Determining the shape of nanocrystals is an
important application of TEM. Using a combination of high-resolution lattice imaging and
possibly electron diffraction, the crystal structure and facets can be determined.

Photoluminescence spectroscopy is a contactless, nondestructive method of probing
the electronic structure of materials. Light is directed onto a sample, where it is absorbed and
imparts excess energy into the material in a process called photo-excitation. One way this
excess energy can be dissipated by the sample is through the emission of light, or
luminescence. In the case of photo-excitation, this luminescence is called photoluminescence.
The intensity and spectral content of this photoluminescence is a direct measure of various
important material properties. Photo-excitation causes electrons within the material to move into

permissible excited states. When these electrons return to their equilibrium states, the excess
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energy is released and may include the emission of light (a radiative process) or may not (a
nonradiative process). The energy of the emitted light (photoluminescence) relates to the
difference in energy levels between the two electron states involved in the transition between
the excited state and the ground state. The quantity of the emitted light is related to the relative
contribution of the radiative process.

Shape, size and ambient conditions are crucial parameters in understanding the
physics and chemistry phenomena of matter at the nanometer scale. The promising
technological applications of nanoscience depend on our capacity to control these parameters.
In particular, a correct understanding of the optical properties of nanostructures is essential.
Optical techniques, such as Raman, differential and anisotropy reflectance spectroscopy, light
absorption spectroscopy, surface enhanced Raman scattering (SERS), etc., can be powerful
tools for characterizing nanostructures because of their non-destructive and real-time character,
together with their in situ potentiality. Furthermore, optical spectroscopies provide statistical
properties of the whole sample. These attributes have allowed us to control the growth of

superlattices,37

and the growth of nanoparticles, correcting their shape and size during the
process. Optical spectroscopies can also be used as complementary tools of the structural
characterization techniques such as atomic force microscopy (AFM), scanning tunneling
microscopy (STM), transmission electron microscopy (TEM), etc., which provide the image of a
small piece of the sample, giving information about local properties and characterizing a few
nanoparticles at a time.
1.5 Lanthanides

Lanthanide Metals, traditionally referred to as the rare earth metals, are now widely

used in a variety of industries as important luminescent materials. The most common example

343 such as luminescent

of Lanthanides application includes light converting molecular devices
triphosphor materials in fluorescent lights and flat panel displays. The name “rare earth metal”

came from the rareness of the minerals in which the rare earth elements are concentrated.
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Even though they rarely concentrate into economically exploitable ore deposits due to their
geochemical properties, the rare earth elements are found in relatively high concentrations in
the Earth’s crust.

The Lanthanides (Ln) are the elements with atomic numbers 57-71. They come at a
break in the periodicity of the filing of the d-orbitals by the filling of the 4f orbitals. The
Lanthanides are also known for the “Lanthanide Contraction” which refers to the decrease in the
ionic radius of the Ln(lll) ions as their 4f orbitals are filled. Due to the poor shielding among f
electrons, the contraction causes an increase in the effective nuclear charge across the

lanthanide series.***®

Most lanthanide elements are dominated by the +3 oxidation state,
relatively stable with electron configuration of 6s® 5d° 4f". A few lanthanides have oxidation
states other than +3, for example, Eu and Yb have oxidation states of +2 and Ce has stable +4
state, but these are not stable in aqueous solution.* In addition, Sm** and Tm?* are stabilized
with an almost half-filled valence shell and an almost full valence shell.

The energy levels of some of the trivalent lanthanide ions are illustrated in Figure 1.1. It
shows that the energy levels for the lanthanide ions series are very well defined and are not
greatly affected by the crystal field. The crystal field around the ions will splits each energy
levels in sub-levels called Stark levels, which are within only hundreds of wave numbers of each
other, so the absorption and emissions for these ions are sharp and their emission position
does not change significantly. Photoluminescence is one of the most interesting features of
these lanthanide ions. Several lanthanide ions show luminescence in the visible or near-infrared
spectral regions upon irradiation with ultraviolet radiation. The color of the emitted light depends
on the lanthanide ion. For instance, Eu®* emits red light, To* green light, Sm* orange light, and
Tm®* blue light. Yb>*, Nd**, and Er®*" are well-known for their near-infrared luminescence, but
other lanthanide ions (Pr**, Sm**, Dy**, Ho*, and Tm®) also show transitions in the near-
infrared region. Gd*>* emits in the ultraviolet region, but its luminescence can only be observed

in the absence of organic ligands with low-lying singlet and ftriplet levels. In the case of the
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lanthanides, the emission is due to transitions inside the 4f shell, thus intraconfigurational f-f
transitions. Because the partially filled 4f shell is well shielded from its environment by the
closed 5s% and 5p6 shells, this shielding is responsible for the specific properties of lanthanide
luminescence, more particularly for the narrowband emission and for the long lifetimes of the
excited states. Ce** is a special case because this ion emits intense broadband emission due to

allowed f-d transitions.
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Figure 1.1 Energy level scheme and sizes of a number of the lanthanide ions**

The emission from lanthanide ions has been used extensively in biological systems.

The applications include luminescent labels of biologically-relevant molecules and detection of
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cellular functions in vivo, the elucidation of structure and function of enzymes and proteins.*>*®

The luminescence from lanthanide excited states can be quenched through non-radiative
energy transfer to stretching vibrations of nearby or coordinated solvent molecules, especially in
aqueous media where there are abundant of O-H oscillators resulting in Frank Condon overlap

49-51

of energy levels and stretching vibrations. The extent of quenching was found to be

inversely proportional to the energy gap between the emissive state and the ground state of the

metal >

Terbium is less readily quenched by O-H oscillators due to a less prominent Franck
Condon overlap. Both the luminescence lifetimes and intensities were found decreasing linearly
with increasing of H,O’s number in the inner coordination sphere of the cation.®*®* Due to the
efficient energy transfer from the excited states of lanthanide ions to the O-H oscillators of
bound water molecules, there is a correlation between the luminescence lifetime of the excited
state and the hydration number of lanthanide ions, which has been used to identify details of
solution phase in aqueous solution.”>*® On the other hand, the low intensities and quantum
efficiencies of lanthanide ions luminescence in solution could be improved by complex formation
with organic ligand where there is energy transfer from excited states of organic ligand to
emitting state of lanthanide ions. At the same time, ligands that shield the metal from inner
sphere solvation prevent the quenching of metal-based luminescence induced by coupling with

O-H oscillators, reducing the non-radiative quenching of the metal centered excited state.

1.6 Lanthanide-based Nanoparticles

Lanthanide-based nanoparticles have shown great potential for applications in the
general fields of detection and diagnosis as luminescent materials because of their long
lifetimes (us-ms), narrow emission bands and large Stokes shifts. Luminescence is a
phenomenon which material emits radiation after the absorption of radiation of higher energy.
For most Lanthanide ions, luminescence occurs from transitions of 4f" electron configuration to
higher energy states when UV or visible light excites the material. The successful use of highly

luminescent rare-earth doped nanoparticles, combining the various properties of doping ions
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and the nanoparticle matrix, has ensured the expanded use of nanoparticles. Multifunctional
nanoparticles can be tailored for detecting or tracking labeled biomolecules with several
complementary techniques,59 for facilitating the separation and detection of biomolecules,® or
for performing both diagnosis and therapy.61 Replacement of organic dyes with inorganic
fluorophores, such as lanthanide compounds (Yb, Er),62 is an interesting strategy for
synthesizing efficient luminescent multifunctional nanoprobes, because the lanthanide ions
exhibit advantageous optical properties. As they are characterized by high photostability, long
luminescence lifetime (1 ms), narrow emission bands, and a broad absorption band, lanthanide
ions are indeed very well suited for elaboration of highly luminescent and photostable

nanoprobes®*®*

without emission intermittency. Kennedy et al demonstrated that Eu,O;
nanoparticles can be applied as a fluorescent label in an immunoassay for atrazine with good
sensitivity.® Biolabeling can also be performed with Eu** chelates dispersed in silica particles.®
Moreover, a large palette of colors can be easily obtained by a convenient choice of lanthanide
ions.®® In contrast to quantum dot, the color of the emitted light does not depend on the size of
the fluorescent nanoparticles, but only on the nature of the lanthanide ions, therefore avoiding
formation of motley particles and a cumbersome purification step. LaF; was chosen as the host
matrix because this material has very low vibrational energies,67 thus minimizing the quenching
of the excited state of the rare earth ions. This is especially important for the rare-earth ions
emitting in the near-infrared part of the spectrum, because they are very sensitive to quenching
by high-energy vibrations.® Despite their numerous advantages, development of highly
luminescent lanthanide-ion-doped nanoparticles was impeded by the lack of efficient synthetic
routes.

For doped materials, their properties could be achieved by altering and controlling the
doping material, which enables properties that are not innately present in a material.®®"

However, the doping of bulk materials has been largely exploited, in particular for demands for

further miniaturization of components and systems. As a result, nano-sized materials have
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received greater attention because of the unique properties resulting from quantum size

confinement.®*™

The natural evolution of these efforts has led to progress in developing
practical applications for doped nanomaterials as semiconductors, insulators, energy
converters, magnets, and other functionally enhanced materials. One promising application for
doped nanomaterials is as a solid-state source of luminescence. Bulk luminescent materials, or
phosphors, are employed in a broad range of applications such as cathode ray tubes, projection
television screens, fluorescent tubes, X-ray detectors, and biomedical probes. However,
luminescence based on bulk materials offers extremely limited opportunities for further
reductions in size, complexity, and power consumption. Fortunately, due to the physics of
quantum size confinement, nanoscale phosphors provide a convenient route for further
advancing solid-state luminescence applications. As compared to bulk materials, nanoparticles
may exhibit greater electron-hole overlap, thereby vyield greater oscillator strength and
enhanced luminescence quantum efficiency. Rare earth-doped insulator nanoparticles such as
Y,0s: Eu**, LaFs:Eu®, and LaPO,Tb* represent a new type of high efficiency luminescent

material.”"7®

Quantum size confinement is not as critical for insulator nanoparticles as it is for
semiconductor nanoparticles. However, surface effects due to the large surface-to-volume
ratios will affect both semiconductor and insulator nanoparticles. Insulator nanoparticles may
exhibit some novel properties that make them suitable for numerous applications. For example,
as phosphors, nanoparticle insulators can be more efficient and produce less light-scattering
than micrometer-sized particles. Also, as a biological labeling agent, insulator nanoparticles are
74-79

much less toxic than semiconductor nanoparticles.

1.7 Properties of Quantum Dots

Quantum dots, the so-called nanocrystals, are nano-sized semiconductor particles
composed of II-VI group or IlI-V main group elements. Since the electrons and holes within are
quantumly confined in all three spatial dimentions, in other words, the size of a semiconductor

quantum dots is smaller than that of the “free” exciton (electron-hole pair), the continuous

15



bandgap structures of the bulk material would become discrete when excited to higher energy
states. As a result, the concept of bulk energy level of bulk semiconductor can no longer be
applied to quantum system. The crystals are essentially too small to form an intrinsic band gap.
There will be a series of excited, discrete bound states approaching an ionization limit
corresponding to a positively charged crystallite and a free electron in a vacuum, which makes
quantum dots have unique properties that are between those of bulk materials and those of
discrete molecules.

1.8 Lanthanide-based Nanoparticles Doped ORMOSILS

Lanthanide-based organic-inorganic hybrid materials have drawn a strong interest
because these materials have a high potential for different applications such as optical

8082 | these materials, a molecular

amplifiers, high-power lasers, radiation detection probe, etc.
lanthanide complex is embedded in an inorganic host matrix (like the sol-gel-derived materials).
Generally speaking, these hybrid materials have superior mechanical properties and better
processability than the corresponding pure lanthanide complexes. Furthermore, embedding a
lanthanide complex in a hybrid matrix enhances luminescence output but remains its thermal
stability.®®

The formation of organically modified silicates (ORMOSIL) is based on the sol-gel
process. Sol-gel process is a chemical synthesis technique which is used for the production of
glasses, gels, and ceramic powders.?*®® The advantage of this process is not only that it allows
the preparation of glasses at a lower temperature than traditional melt process, but also it is
possible to encapsulate organic compounds or metal complexes in sol-gel glasses with different

8% The starting products for the synthesis of silicate sol-gel galsses are

shapes.
tetraethylorthosilicate (TEOS, Si(OC,Hs),), which is mixed with water and a mutual solvent to
form a homogeneous solution. Another frequently used alkoxide precursor is
tetramethylorthosilicate (TMOS, Si(OCHz;),). Silanol groups (Si-OH) are formed by partial

hydrolysis of the alkoxide. Then condensation reactions take place in solution before hydrolysis
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is completed to produce silicic acid. As a result, Si-O-Si siloxane bonds are formed from these
condensation reactions. A simplified reaction scheme of hydrolysis and condensation of a
tetraalkoxysilane Si(OR), is as below:

Hydrolysis:

Si(OR)4 + nH,O - Si(OR)4.,(OH), + nROH
Condensation:

(RO)3Si-OR + HO-Si(OR); » (R0O);Si-O-Si(OR); + ROH
or

(RO);Si-OH + HO-Si(OR); — (R0O);Si-O-Si(OR); + H,O
Besides the type of alkoxide used for the hydrolysis, other reaction parameters include: mole
ratio of H,O to Si, solvent, catalyst, PH, temperature, as well as pressure. Oligomers and
polymers are formed during the initial phases of the condenstation reaction, which leads to the
formation of colloidal particles in the solution, together with the colloidal particles formed by the
hydrolysis of the tetraorthosilicate precursor, which are formed sol. The interconnecting network
is formed when the colloidal particles undergo additional polymerization reactions, then gel is
formed when the viscosity of the solution increases during the gelation process. Usually the gel
needs some time for aging before having a drying process.

The purely inorganic glasses prepared by the controlled hydrolysis of metal alkoxides
have some disadvantages especially their brittle mechanics properties. Due to the surface
tension of the liquid in the pores, these glasses crack easily. However, the disadvantage can be
overcome by incorporation of organic components in the backbone of the xerogel network.%%
Different types of hybrid materials such as ORMOSIL can be formed based on different organic
modifiers. During the formation of ORMOSIL, the tetraalkoxysilane precursor is partially or
totally replaced by trialkoxysilyl compounds with an organic group R’, the organotrialkoxysilanes
R’-Si(OR);. The organic group R’ of the organotrialkoxysilane could be an alkyl or aryl group

with a functional group such as amino, isocyanate, epoxy and vinyl group. Precursors with
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nonreactive R-groups like an alkyl or a phenyl group are acting as network modifiers which
make the network less rigid and brittle.

Doping is one of the general methods used to incorporate luminescent complexes into
organic hybrid materials such as ORMOSIL.** To dope the complex into ORMOSIL, the
complex needs to be added into the silica sol prior to gelation. During the gelation, the complex
is trapped in the pores of the silica host. It is also possible to dope the complex in silica matrix
by adding the metal salt and ligand to the silica gel where the complex is formed in the
environment of gel.

1.9 Objective of the Dissertation

In this dissertation, the synthesis of lanthanide fluoride nanoparticles doped with cerium
in organic solvent dimethyl sulfoxide (DMSO) is reported, and its applications as an agent in
photodynamic therapy for cancer treatment are discussed in Chapter 2. Most lanthanide ions
have interactions with DMSO when DMSO is used as solvent, however, the complex of Eu®*
with DMSO shows very strong characteristic emissions of Eu ion which becomes supersensitive
when water is introduced into Eu-DMSO solution. This phenomenon makes Eu* in DMSO
becoming a new probing for water measurement, the details are presented in Chapter 3. Since
for most biological applications, the nanoparticles are required to be water-soluble, lanthanide
fluoride nanoparticles doped with Ln** ions (Ln = Ce**, Tb*, Ce* and Tb*, Yb®* and Tb*") are
synthesized in water and the application in fluorescence labeling is discussed in Chapter 4.
Based on the LaF;:Ce nanoparticles synthesized in water, the mechanism of possible energy
transfer from LaF3;:Ce to CdTe quantum dots is discussed in Chapter 5. This material is
particular for application in radiation detection, in this complex, light emitted from Ce* which is
in UV region is transferred to quantum dots CdTe, which results in enhanced emissions of CdTe
in visible region. Since hybrid matrix materials have superior mechanical properties and a better
processability than the pure molecular lanthanide complexes, moreover, embedding a

lanthanide complex in a hybrid matrix enhances its thermal stability and luminescence output,
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LaF3:Ce was embedded into ORMOSIL silica network and the properties of this hybrid material
are discussed in Chapter 6. Chapter 7 summarizes the work which has been done in this

dissertation and further discusses the future directions of investigation.
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CHAPTER 2
LUMINESCENCE PROPERTIES OF CE** DOPED LAF; NANOPARTICLES IN DMSO
2.1 Introduction
Lanthanide-based nanocrystals have shown great potential for use as luminescent

95,96
In

materials due to electronic transitions within the 4f shell of the trivalent lanthanide ions.
particular, an increasing interest in using Lanthanide-based nanoparticles (NPs) has developed
due to their higher photo stability and luminescence compared to organic dyes.””* As a result,
they are becoming highly favored for biological applications such as bioconjugation due to their
physical and optical properties.98 Besides the applications in biological system, recent interest in
radiation detection has also spurred new interest in Lanthanide-based material such as LaF;:Ce
and LaF;:Ce, Tb nanoparticles because of the high emission yield and short luminescence
lifetime of Ce®".

The synthesis process and spectroscopic properties of Lanthanide (lll)-doped
nanoparticles have attracted more considerable interest due to their applications in biological

99100 LaF; is an ideal material for various phosphors since this material has very low

system.
phonon energy and thus the quenching of the excited state of the lanthanide ions will be
minimal. Among many routes taken to impart biological activity to NPs, bioconjugation of
proteins to luminescent particles stabilized with polyethylene glycol [H(OCH,CH,)nOH, PEG] is
the most common. The biological advantage of covalently attaching NPs to biological
macromolecules, such as peptides and proteins, with PEG chains (commonly referred to as
PEGylation) is that it allows for suppression of antigenic and immunogenic epitopes, and

65101 Eyrthermore, the hydrophilic

prevents recognition and degradation by proteolytic enzymes.
nature of PEG is an excellent ligand to render water soluble NPs. The synthesis and

photoluminescence of LaF3;:Ce,Tb and LaF3;:Tb nanoparticles have been reported by several
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102,103

groups. Thoma and co-workers '

have reported the X-ray excited luminescence of solid

LaF; and CeF; at various temperatures. Rodnyi and co-workers'®

have studied the X-ray
excited luminescence of LaF;:Ce crystals and proposed a mechanism for the origin of the fast
decay component. Jouda and co-workers'® have studied the X-ray excited luminescence of
rare earth trifluorides. Recently, Liu et al. reported X-ray luminescence of LaF;:Ce, Tb and
LaF3:Tb water-soluble nanoparticles, and its potential application for radiation detection in
water.'”’

In this chapter, we report the investigations on LaF; based NPs that are doped with
ce* in Dimethyl Sulfoxide (DMSO) with PEG as stabilizer. DMSO is a common solvent for
many polymers and a vehicle for drug delivery. A unique capability of dimethyl sulfoxide is its
ability to penetrate living tissues without causing significant damage. The synthesis of doped
nanoparticles from aqueous solution has been investigated and reported extensively.108
However, little work has been done on the formation of doped nanoparticles in DMSO. DMSO is
a clear, colorless to yellowish liquid with a characteristic bitter odor and taste. It is soluble in
water, ethanol, acetone, diethyl ether, benzene, and chloroform and is a good solvent for
unsaturated, nitrogen-containing, and aromatic compounds.mg'111 DMSO has been used widely
as a cryoprotective agent for protection of live cells and tissues against freezing damage as well
as a cryopreservative in allogous bone marrow and organ transplants.111 DMSO itself is also a
drug which was approved by the Federal Drug Administration (FDA) in 1970 for the treatment of
musculoskeletal disorders in dogs and horses and later in 1978 in humans for the therapy of
interstitial cystitis, which is a painful disabling urinary bladder inflammation."'? DMSO itself has
many other clinical properties. It has been used successfully as an adjuvant, for its analgesic
properties, in the treatment of pulmonary adenocarcinoma, rheumatologic, and dermatologic
diseases and chronic prostatitis, and as a topical analgesic.'"”'"" In addition, DMSO is also
considered as a magic bullet for cancer by alternative cancer treatment advocates.'”® DMSO

4

readily crosses the blood brain barrier'™ and has anti-inflammatory and reactive oxygen
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species scavenger actions. DMSO has been used for the local treatment of extravasation

5

in chemotherapy,11 and it can reduce the ulcer size from Adria extravasation and cure

116,117

necrosis. It has been reported that DMSO increases radioiodination vyield for

8

radiopharmaceuticals11 and it can be used as an adjunct to tissue expansion for breast

" 1t has also been used in the treatment of traumatic brain edema and

reconstruction.
schizophrenia, and it has been suggested as a treatment of Alzheimer’s disease.'®

Of foremost importance to our understanding of the possible functions of DMSO in
biological systems is its ability to replace some of the water molecules associated with the
cellular constituents or to affect the structure of the surrounding water. It has been reported that
DMSO at various concentrations can penetrate the body membranes of both lower animals and
man. The process is reversible, and the integrity of most membranes is not affected except at

121

extremely high concentrations of 90-100%. “* This property has been exploited as an indicator

or probe to study changes in the barrier properties of human skin in certain disease states such

122

as atopic dermatitis ““ or damage due to exposure to ultraviolet radiation."®® In addition, DMSO

has the ability to enhance the transport of other drugs through the membranes, and therefore, is

a successful drug carrier for disease targeting.'"

DMSO is mutagenic for Salmonella
typhimurium (S. typhimurium) TA1573 and TA2637 and Escherichia coli (E. coli) WP2uvrA in
the Ames mutagenicity assay with a preincubation modification." This property plus its unique
membrane penetration makes DMSO potentially useful for bacteria decontamination. These
properties indicate that DMSO is worthy of study and the formation of nanoparticles in DMSO
may find potential applications such as cell imaging, drug delivery, bacteria, or virus sterilization.

However, little attention has been paid to the formation of nanoparticles in DMSO. The

formation of CdS nanoparticles in DMSO has been reported by the chemical reaction of

125,126 127

cadmium salts with Na,S or elemental sulfur. " Actually, DMSO may function as a solvent,
stabilizer, or sulfide source for the synthesis of sulfide nanoparticles. For instance, Hodes et al.

reported that CdS nanoparticles can be prepared in DMSO without using other sulfide
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reagent.127 Our group has also reported the luminescence properties of sulfide nanoparticles

28 Here we

and ZnS:Mn”doped nanoparticles made in DMSO without other sulfide sources.
report the formation and luminescence of LaF:Ce®* nanoparticles prepared in DMSO. In
addition, luminescent lanthanide-DMSO compounds were also formed along with the

nanoparticles, and this provides a new method for formation of nanocomposite materials with

multicolor luminescence.

2.2 Experimental Section

2.2.1 Synthesis

Lanthanum(lll) nitrate hydrate (La(NO3) 3 -XH,0, 99.9%), cerium(lll) nitrate hexahydrate
(Ce(NO3) 3+ 6H,0, 99.9%), ammonium fluoride (NH4F, 99.9%), and poly(ethylene glycol)
bis(carboxymethyl) ether (PEG) were purchased from Sigma-Aldrich. All of the reagents were
used as received, without further purification. LaF5:Ce* nanoparticles were synthesized by a
wet-chemistry method. Typically, 9 mmol of La(NOj3) 3, 1 mmol of Ce(NO3) 3, and 30 mmol of
NH4F were added into 50 mL of dimethyl sulfoxide in a three-necked flask. 1 ml of PEG was
added to the mixture as a stabilizer to prevent the particles from aggregating. In this work,
Ce(NO3) 3 was used as the dopant at a concentration of 0.1 M. The chemicals were mixed
thoroughly with stirring for half an hour at room temperature, and then the mixture was
subsequently heated to three different temperatures (70, 150, and 180 °C) under vigorous
magnetic stirring and nitrogen protection. A suspension formed gradually upon stirring. The
color of the samples changed from white to yellow at 150 °C and to dark yellow at 180 °C;
however, the sample at lower temperature (70 °C) remained colorless (see Figure 2.1). The
nanocrystals obtained were collected by centrifugation, washed with deionized (DI) water and

0.5% acetic acid solution several times, and stored in DI water.
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Figure 2.1 Optical (left panel) and fluorescence (right panel) photographs of three
samples synthesized under different temperatures (A-70 °C; B-150 °C; C-180 °C)

2.2.2 Characterization

The identity, crystalline structure, size, and shape of the nanoparticles were observed
by X-ray diffraction and high resolution transmission electron microscopy (HRTEM). The X-ray
powder diffraction (XRD) patterns of LaF;:Ce®* nanoparticles were recorded in the range of 20°
< 26 < 80° using a Siemens Kristalloflex 810 D-500 X-ray diffractometer operating at 40 kV and
30 mA with a radiation beam of A = 1.5406 A. The nanoparticles in solution were brought onto
holey carbon covered copper grids for HRTEM observations. The HRTEM images of the
particles were obtained with a JEOL JEM-2100 electron microscope with accelerating voltage of
200 kV. The excitation and emission spectra were measured using a Shimadzu RF-5301PC
fluorescence spectrophotometer. Luminescence lifetimes were collected using the frequency-
doubled output of a synchronously pumped picosecond dye laser operating at 610 nm. The
doubled output was focused onto the samples and emission collected at right angle to the input.
The emission was spectrally filtered and the lifetime measured using time-correlated single-
photon counting. The instrument resolution was determined to be about 50 ps full width at

halfmaximum (fwhm) using a standard scattering material.
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2.3 Results and Discussion

2.3.1 XRD

Figure 2.2 shows the XRD patterns of LaF3: ce* nanoparticles synthesized at 70, 150,
and 180 °C, respectively. The XRD results are in good agreement with the trigonal tysonite LaF;
structure as described in the reportsm‘130 and from bulk LaF; and CeF; crystals (JCPDS cards
32-0483 and 08-0045). The broadening of the XRD diffraction lines is the result of the small
particle size. The particle size can be estimated from the Scherrer equation, D = 0.90A/8 cos 6,
where D is the average crystallite size, A is the X-ray wavelength (0.15405 nm), and 6 and 8 are
the diffraction angle and fwhm of an observed peak, respectively. The strongest peak (111) at
26 = 27.8° was used to calculate the average crystallite size (D) of the nanoparticles.'*'®
Based on the calculation, the estimated average crystallite sizes of LaFj;:Ce nanoparticles
prepared at 70, 150 and 180°C are about 15 nm, 10 nm and 8nm, respectively. No XRD signals
were observed for impurity phases, indicating that ce*is likely doped into LaF; crystal lattice.

The ionic radius of Ce®** (1.034 A) is very close to that of La®" (1.061 A), therefore, Ce** can

easily substitute for La®* ions in LaF; crystals.
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Figure 2.2 XRD patterns of LaF;:Ce** nanoparticles synthesized at 70 (upper), 150 (middle),
and 180 °C (lower).

2.3.2 TEM

Figure 2.3 a shows high-resolution TEM images of LaFs:Ce* nanocrystals synthesized
at 70 °C. As observed in the images, most of the nanoparticles are nanorods of about 20 nm
long and 5 nm wide. There are also some nanoparticles with spherical shape with diameter of
10 nm. Image b and c¢ in Figure 2.3 display high-resolution TEM images of LaF;:Ce**
nanocrystals synthesized at 150 and 180 °C. Most nanoparticles formed are in spherical shape,
and the average sizes are around 12 nm for 150 °C sample and 10 nm for 180 °C sample,
which are consistent with the sizes obtained with XRD. The HRTEM images of the LaFs:Ce*
nanoparticles indicate high crystalline quality as evidenced by the clear lattice fringes in the
inset images. The interplanar spacings shown in Figure 2.3 a-c are about 3.5 A along the [1210]
and [2110] directions. These values are very close to the plane distance of 3.4 A measured by
X-ray diffraction. The result is also in agreement with the results observed in LaF;

nanoplates.131
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Figure 2.3 HRTEM images of LaF3:Ce®* nanoparticles synthesized at (a) 70, (b) 150, and (c)
180 °C.
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2. 3.3. Luminescence Properties.
A. Powder Samples.

102108 ce® is a strong

The luminescence of LaF;:Ce® has been studied extensively.
emitter with nanosecond luminescence lifetimes which makes it very attractive for applications
in radiation detection.'? Spin-orbit interaction splits the ground-state configuration of ce® with
about 2000 cm™ apart between °F,, and °Fs, ground levels. The first excited state is also spin-
orbit split into ?D3, and “Ds, levels.'® The fluorescence excitation and emission spectra of the
powder samples prepared at 70, 150, and 180 °C are shown in Figure 2.4. All three samples
display emission peaks around 311 nm, which is attributed to transitions from the lowest 5d

excited state to the spin-orbit split ground f state.’>"*

The peaks from excitation spectra of the
three samples are attributed to the f to d transitions of ce* ion, as the LaF; absorption onset is

significantly higher in energy.
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Figure 2.4 Excitation and emission spectra of three powder samples prepared at 70, 150,
and 180 °C (emission at 320 nm, excitation at 255 nm).
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B. Solution Samples.

The luminescence properties of solution samples are much more complicated than
those of solid samples as shown in Figure 2.4. The excitation and emission spectra of the
solution samples prepared at 70, 150, and 180 °C are displayed in Figure 2.5. Obviously, the
excitation and emission spectra of solution samples are different from those of solid samples
which were precipitated from the solutions; the peaks shift from 311 nm in powder samples to
longer wavelengths greater than 375 nm as the chemical reaction temperature increases. In
addition, the excitation and emission wavelengths are dependent on the reaction time as shown
in Figure 2.6. For the solution sample prepared at 180 °C, the emission peak shifts from 483 to
645 nm when the reaction time increases from 0.5 to 3 h (see Table 2.1). Furthermore, the
emission intensity increases with increasing reaction time. Obviously, there are two emission
peaks when the reaction time is longer than 1.5 h, and the relative change in the intensity of the
two peaks is responsible for the emission shift. It is also observed that the emission peaks shift
to longer wavelengths at longer wavelengths of excitation (Figure 2.7a,b). This is a typical
phenomenon of selective excitation when the material has multiple luminescence centers or

emitting states.'*>"38

Table 2.1 Emissions of solution sample at 180 °C with different reaction times

Reaction Time (hour) Emission peak (nm)
0.5 483

1.0 523

1.5 554, 635

2.0 601, 635

25 614, 645

3.0 616, 649
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Figure 2.5 Excitation and emission spectra of solution samples prepared at 70, 150, and 180
°C. Spectra a1 and a2 are excitation and emission spectra for the sample prepared at 70 °C
(emission, 375 nm; excitation, 340 nm); b1 and b2 are excitation and emission spectra for the
sample prepared at 150 °C (emission, 468 nm; excitation, 400 nm); c1 and c2 are the excitation
and emission spectra for the sample prepared at 180 °C (emission, 497 nm; excitation, 430
nm).
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Figure 2.6 Luminescence of LaF3:Ce3+ solution prepared at 180 °C with reaction time of 0.5,

1.0, 1.5, 2.0, 2.5, and 3.0 h.
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Figure 2.7 Emission spectra of the sample prepared at (a) 150 °C and (b) 180 °C excited with
different excitation wavelengths.
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C. Luminescence Mechanism.

Nanoparticle powders can be precipitated from the solution samples by adding dioxane,
and the luminescence spectra of the nanoparticle powders are almost the same as that of
LaF;:Ce* nanoparticles reported in the literature."®""32"3* Both XRD and TEM measurements
demonstrated that the nanoparticle powder obtained from the solutions is LaFj: ce*
nanoparticles; therefore the solutions do contain LaF3:Ce3+ nanoparticles. However, the
luminescence properties (excitation and emission wavelengths as well as intensity) of the
solutions are almost the same before and after the nanoparticle powders were precipitated from
the solutions. This indicates that LaF3:Ce3+ nanoparticles are not responsible for the
luminescence from the solution samples. To uncover the origin of the luminescence from the
solution samples, lanthanum(lll) nitrate hydrate and cerium(lll) nitrate hexahydrate were
refluxed in DMSO at the same temperatures as used for the nanoparticle syntheses.
Surprisingly, the DMSO solutions boiled with lanthanum(lll) nitrate hydrate (La3+/DMSO) or
cerium(lll) nitrate hexahydrate (Ce3+/DMSO) exhibit intense luminescence as shown in Figure
2.8 for the solution prepared at 150 °C, The emission of Ce*'/ DMSO solution peaks at 460 nm,
while the La**/DMSO solution emission peaks at 640 nm. When DMSO was refluxed with both
lanthanum(lll) nitrate hydrate and cerium(lll) nitrate hexahydrate, the excitation and emission
spectra are very similar to the DMSO solution in which LaFs:Ce* nanoparticles were prepared.
Therefore, it is likely that metalorganic compounds of Ce® with DMSO and La*" with DMSO are
responsible for the Iuminescence from DMSO solution samples in which LaF3:Ce3+

nanoparticles were synthesized.
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Figure 2.8 Comparison of emission spectra of solution samples prepared at 150 °C with a
excitation wavelength of 400 nm: (1) Ce**-DMSO; (2) LaF3:Ce nanoparticle solution; (3) La®-
DMSO.

The details about the structures and Iluminescence origin of the metalorganic
compounds of Ce** and La®* with DMSO are still under investigation. However, it is clear that
the luminescence of solution is not from intrinsic emission of intra ion transitions of La®* or Ce**
ions. It is well-known that La**, Y**, Lu®**, and Sc* ions have no 4f electrons, therefore they
have no electronic energy levels that can induce excitation and luminescence processes in or
near the visible region.®® The luminescence lifetimes of d-f transitions of Ce®*" are typically
about 20-25 ns. However, the luminescence lifetimes of the solution samples are much shorter
(0.36 and 2.8 ns; see Figure 2.9). This is strong evidence that the luminescence of the solution
samples is not from the intra ion transitions of La®* or Ce®* ions. Most likely, the emissions of
the solution samples originate from metal-to-ligand charge-transfer (MLCT) excited states as
reported in similar metal organic compounds.140 It is interesting to observe that the emission of

the solution samples shifts to longer wavelengths at higher reaction temperatures and longer
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reaction times. At short reaction times, the luminescence of solution appears more similar to the
ce*-DMSO spectrum, but as the reaction time and temperature increase, more La*-DMSO
metal organic compounds are formed. La*-DMSO metal organic compounds have longer
emission wavelengths; therefore as more La*-DMSO metal organic compounds are formed,
the overall emission shifts to longer wavelengths. Increases in luminescence self-absorption at

higher concentrations could also contribute to this shift."®
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Figure 2.9 LaF;:Ce solution sample luminescence lifetime following 305 nm excitation. The bi-
exponential decay can be fit to components of 0.3 and 2.8 nsec.
In solid samples, the emission from d to f transition of ce* in LaF;:Ce nanoparticles is
very strong, while no such emission is observed from LaF;:Ce nanoparticles in the solution
samples. This is most likely due to quenching by energy transfer from Ce® ions to Ce*-DMSO

and La**-DMSO compounds because the emission of ce* overlaps with the absorption of the

compounds. It is also interesting to observe that LaF;:Ce nanoparticles are smaller in size when
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prepared at higher reaction temperature, as shown in Figure 2.2. This is contrary to results
when making nanopatrticles in water or inert organic solvents: usually the higher the reaction

temperature, the larger the particle size.""'*

The likely reason for this behavior is that the
formation of the metal organic compounds between ce* or La** with DMSO competes with the
formation of LaF3:Ce nanoparticles. Increases in reaction temperature or time favor La*-DMSO
metal organic formation at the expense of nanoparticle LaF; formation. Consequently, the
nanoparticles are smaller in size at higher temperatures since the amount of La®* metal organic
compounds increases. Furthermore, this competition not only affects the particle size, but also
the shapes as shown in Figure 2.3.

Due to the unique penetration of DMSO to cell membranes, DMSO with luminescence
as reported in this chapter may be used for cell imaging and probing. In our pilot studies, we
have applied nanoparticles in DMSO for cell imaging in comparison with CdTe quantum dots.
As observed by fluorescence and confocal microscopy, the CdTe quantum dots diffuse into the
porcine and human lens capsule and into human cortical lens fibers, but they do not pass

through the intact lens capsule.143

However, nanoparticles in DMSO can pass through the intact
lens capsule and penetrate into the lens cells. Therefore, this type of new luminescent agent
may be used for cell imaging. The luminescence properties are more like organic dyes (such as
Rodamine B) rather than nanoparticles in aqueous solution. However, attention should be paid
to the sample dose as DMSO indeed can damage some cells. DMSO is miscible with water;
therefore the luminescent DMSO-lanthanide complex should be diluted with water or buffer
solution for cell imaging. The application of luminescent DMSO-lanthanide complexes for

biological imaging and detection is currently being investigated in our group.

2.4 Applications in Biomedical Imaging and Cancer Treatment

2.4.1 Introduction
Due to the emissions induced by MLCT excited states, LaF3;:Ce in DMSO exhibits

special luminescence properties which are quite different from its characteristic emissions of
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LaF3:Ce in aqueous solution or other solid phosphors. In order to explore some potential
applications in biomedical system, we conjugated LaF;:Ce in DMSO with protoporphyrin IX
(shortened as PplX), then coated the complex with Poly(Lactic-Co-Glycolic Acid) (shortened as
PLGA). PplIX is an efficient photosensitizer which has been applied as a clinically useful photo
sensitizer for photodynamic theraphym; PLGA is a copolymer which is used in a host of Food
and Drug Administration (FDA) approved therapeutic devices due to its superior biocompatibility
and biodegradability, It has been successfully used as a biodegradable polymer because it
undergoes hydrolysis in the body to produce the original monomers, lactic acid and glycolic
acid. These two monomers under normal physiological condition are by-products of various
metabolic pathways in the body. Since the body effectively deals with these two monomers,
there is very minimal systemic toxicity associated with using PLGA for drug delivery or
biomaterial applications. Also, the possibility to tailor the polymer degradation time by altering
the ratio of the monomers used during synthesis has made PLGA a common choice in the
production of a variety of biomedical devices such as: grafts, sutures, implants, prosthetic
devices, micro and nanoparticles. It has also been used successfully in delivery Amoxicillin in
treating listeriosis (treatment of Listeria monocytogenes infection). Based on these applications,
we synthesized PLGA encapsulated LaF3;:Ce/PplIX and studied the cytotoxicity effect of PLGA
encapsulated particles regarding their ability in generating oxidant injury within PC3 cells by
using confocal microscopy. The results show this material has a potentially promising
application in photodynamic therapy.
2.4.2 Synthesis of PLGA Encapsulated LaF3;:Ce/PplX

Firstly, 9 mg of PpIX was added into a mixed solution of 1 ml of DI water and 10 ml of
acetonitrile, in another container 14.11 mg of PLGA was added into 10 ml of DMSO. Under
vigorous magnetic stirring, the chemicals were dissolved thoroughly after being stirred for about
three hours under room temperature. Secondly, different amounts of PplV solution were added

dropwisely into 2 ml of LaF3:Ce in DMSO (the same sample as the one in section 2.2 with a
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reaction temperature of 150°C). Based on luminescence measurements, select the one with
optimal energy transfer between LaF;:Ce and PplX for encapsulation within PLGA by using the
solution prepared in the first step, The mixture was stirred for two more hours to allow
encapsulation to complete.
2.4.3 Luminescence Property of Encapsulated LaF3:Ce/PplV

Figure 2.10 shows emissions of LaF3;:Ce conjugated with different concentrations of
PpIX compared with pure LaF;:Ce. Due to the emissions induced by MLCT excited states as
discussed in section 2.3, LaF;:Ce in DMSO emits light at 519 nm when excited at 468 nm.
When LaF;:Ce is conjugated with PplX, being affected by the crystal field of PplX, the
emissions from MLCT excited states are split into two peaks at 524 nm and 556 nm with a lower
amount of PplX, then two more peaks are shown at 487 nm and 594 nm as concentration of
PpIX increases. At the same time, the emissions from LaF;:Ce decrease while increase from
PpIX with increasing concentration of PplX. In order to find out if there is energy transfer from
LaF3;:Ce to PplX, Figure 2.11 compares emission changes of LaF;:Ce dilutions with DMSO,
LaF3;:Ce conjugated with increasing amount of PplX and increased concentrations of PpIX
solutions. It is clearly seen that the decreasing emissions of LaF;:Ce in LaF;:Ce condjugated
PpIX is not just because of the decreasing concentration of LaF;:Ce caused by adding more
PplX, similarly, the increasing emissions of PpIX in LaF;:Ce conjugated PplIX is not simply
caused by increasing concentration of PplX compared with the emissions from pure PplX
solutions. One possibility for the luminescence quenching in one accompanied by luminescence
enhancement in another is energy transfer between the two materials. In order to find out the
optimal amount of PplX used for conjugation with LaF;:Ce to achieve efficient energy transfer,
we recorded the emission intensity changes with increasing concentration of PplX as shown in
Figure 2.12. It is clearly seen that emissions from PplIX starts quenching after reaching one
certain concentration (say 9 drops) as a result of concentration quenching. Correspondingly,

after this specific point, the 633 nm emissions from conjugate complex of LaF3:Ce/PpIX stop
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increasing and tend to stay in similar intensities. Therefore, we concluded that the conjugate
complex formed from 2 ml of LaF3;:Ce and 9 drops (9/30 ml) of PpIX has the most efficient
energy transfer from LaF;:Ce to PplX. Based on this ratio, we encapsulate the conjugate

complex into PLGA for further biomedical studies.
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Figure 2.10 Emissions of LaF3:Ce conjugated with different concentration of PpIX compared
with pure LaF;:Ce (excited at 468 nm)
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2.4.4 Morphology and Cytotoxicity Study on PLGA Encapsulated LaF3;:Ce/PplV to Cancer Cells
The shape and size distribution of PLGA encapsulated LaF;:Ce/PpIX were studied with
a confocal laser scanning microscopy (Zeiss LSM 510 Meta) and LM 20 (Nanosight, USA). Left
figure in Figure 2.13 shows particle size distribution of PLGA encapsulated LaF3;:Ce/PplX. The
sizes of the particles are in a range of less than 50 nm and the sharp peaks show very narrow
size distributions in upper figure, which indicates the particles have uniform sizes. The peaks at
37 nm and 45 nm show a large amount of particles have sizes around 37nm and 45 nm. The
right figure is scattered intensity and particle size distribution, which shows clearly the particle

size distribution of the population, with an average diameter of 41 nm.

Figure 2.13 Particle size distribution of PLGA encapsulated LaF;:Ce/PplV

The tumor cellular uptake capability and cytotoxicity of PLGA encapsulated
LaF3;:Ce/PpIX were studied with human prostate cancer cell line (PC;). Figure 2.14 shows
fluorescence microscopic images of PLGA encapsulated LaF3;:Ce/PpIX. The dark dots in figure
A are complexes of LaF3;:Ce conjugated with PplX, which are encapsulated within thick cells of

PLGA. The bright green area shown in figure B indicates the uptake of the encapsulated
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particles in cytoplasm of PC; is very efficient, the dark nuclear area shows that the particles did
not penetrate into the nuclear. Figure C shows cancer cells after the incubation of 24 hrs, where
blue nuclei and red cytoplasm show healthy mitochondria. Mitochondria with decreased
membrane potentially cause the monomer formation of JC1 molecules which yield green
fluorescence as shown in large area of cells, this indicates that LaF;:Ce/PplX encapsulated
PLGA causes large percentage of cells with mitochondrial perturbation. With efficient uptake by
cancer cells and large mitochondrial perturbation to cancer cells, PLGA encapsulated
LaF3:Ce/PpIX may find application as a promising agent in photodynamic therapy for cancer

treatment.

Figure 2.14 A. Fluorescence microscopic image; B. Confocal microscopy shows efficient uptake
of encapsulated particles in cytoplasm of PCj cells in 24 hrs; C. Cytotoxicity study on particles
under confocal microscopy after incubation of 24 hrs. Healthy cells show blue nuclei and red
cytoplasm, while green fluorescence shows monomer caused by decreased membrane.
2.5 Conclusion

LaF;:Ce* nanoparticles were successfully synthesized in dimethyl sulfoxide by
chemical reactions of lanthanum nitrate hydrate and cerium nitrate hexahydrate with ammonium
fluoride at different temperatures. However, the luminescence of the LaF3:Ce3+ nanoparticle
powders precipitated from the DMSO solution is markedly different from that of the solution
samples. UV emission at around 310 nm attributed to Ce®" d-f transitions was observed in the

solid samples; however, this emission was absent in the solution samples. The solution
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samples show emissions from UV to blue and red depending on the reaction temperature and
duration. The luminescence lifetimes of the solution samples are much shorter than the decay
lifetime of Ce** emission. When lanthanum(lll) nitrate hydrate and/or cerium(lll) nitrate
hexahydrate were heated in DMSO, similar emissions were observed. This indicates that ce*-
DMSO and La**-DMSO compounds formed in solution are likely responsible for the
luminescence of the solution samples. The formation of these metal organic compounds may
compete with the formation of the LaF3:Ce nanoparticles, and this competition likely influences
the shapes and the sizes of the nanoparticles. Thus, at higher temperatures, the nanoparticles
are smaller in size, a result that is contrary to nanoparticle formation in water or inert solvents.
The LaF;:Ce in DMSO has found a potential application as an agent in photodynamic therapy
for cancer treatment when the conjugation of LaF;:Ce in DMSO with PplX is encapsulated
within PLGA. The efficient uptake and great damages to cancer cells make this nanomaterial

promising in photodynamic therapy for cancer treatment.
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CHAPTER 3
THE APPLICATION OF HYPERSENSITIVE LUMINESCENCE OF EU*" IN DIMETHYL
SULFOXIDE AS A NEW PROBING FOR WATER MEASUREMENT

3.1 Introduction
The emission from lanthanide ions has been studied extensively in these years

because of their wide applications in various areas such as luminescence imaging,“‘r”46

luminescent labels and the detection of cellular functions*”'*°

etc. Luminescence of Ln(lll) ions,
characterized by sharp, narrow emission spectroscopy bands corresponding to the ff transitions
of the metal ion, has proven useful as a sensitive detection method in biological systems. The
luminescence from lanthanide excited states can be quenched through non-radiative energy
transfer to stretching vibrations of nearby or coordinated solvent molecules, especially in
aqueous media where there are abundant of O-H oscillators resulting in Frank Condon overlap
of energy levels and stretching vibrations.***"'*® Europium was the first lanthanide that has
been studied in solution due to its more efficient luminescence compared with other lanthanide
ions.> Back in 1939, Freed et al. found that the intensities of the spectral emission lines of

147

europium (IlI) were affected by the solvent in which it was studied. ™" Furthermore, the changes

in the intensity of the Eu (lll) luminescence upon binding to proteins and enzymes have been

55,148-150

utilized to examine the ligation sphere within the active site, therefore, the luminescence

quenching rates have become valuable data in evaluating hydration in the primary coordination
sphere of complexes of Eu ion.>* 911152

Lanthanide-DMSO compounds may find some new and interesting applications due to
their unique properties. The properties and applications of DMSO in biomedical systems have

been described in Chapter 2. Moreover, DMSO is miscible with water and it is very common

that the two solvents are mixed for some specific applications. In a sense, it is important to
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detect water in DMSO and this has been done using the luminescence decay lifetimes from

Eu® ions.? Barthelemy et al calculated the degree of hydration of Eu(lll) from the luminescence

148

decay rate constants to determine water amount in DMSO, ™ Stefan and Gregory measured

the lifetimes of Eu(lll) and found the linearity of response to water concentration in DMSO

solution. ™

Here we report the strong emissions of Eu (lll) in DMSO which becomes
supersensitive when water was introduced, the dependence of emission changes on water
provides a new and convenient method for water measurement in DMSO.

3.2 Experimental Details

Europium (lll) nitrate pentahydrate, (Eu(NO3); -5H,0, 99.9%) and Dimethyl Sulfoxide
(DMSO) were both purchased from Sigma-Aldrich. The reagents were used as received,
without further purification. The synthesis of Europium-DMSO compounds is straightforward.
2.14 g Eu(NO3); -5H,0 were firstly dissolved into 25 ml DMSO and then boiled at 150 °C with
vigorously stirring for 2 hours under the protection of nitrogen. In order to find out the
luminescence quenching effect of Eu-DMSO on coordinating solvent containing OH group, the
sample was diluted with same calculated amount of DMSO and DI water respectively with
different sets of concentrations for comparison. The excitation and emission spectra were
measured on a Shimadzu RF-5301PC fluorometer. All measurements were conducted at room
temperature.

3.3 Results and Discussion

Our previous research found that some of the lanthanide-DMSO compounds such as
Ce-DMSO and La-DMSO show very strong emissions in longer wavelength area other than
their characteristic emissions, which have been considered as the emissions induced by metal

to ligand charge transfer (MLCT),"*

however, the situation is totally different for Eu-DMSO. Eu-
DMSO compounds show the typical luminescence of Eu®* which is similar to that of Eu(lll) ions
in aqueous solution or other solid phosphors, no obvious MLCT emissions were observed.

However, unlike the weak luminescence from aqueous solution of Eu(lll) due to the low
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absorption cross section of the ions in the UV-visible region, Eu-DMSO has very strong
luminescence as displayed in Figure 3.1. The excitation and emission spectra of Eu-DMSO are
shown in Figure 3.2. The sharp and narrow bands in excitation and emission spectra are
corresponding to the f - f transitions of the Eu ion, the emissions within the range of 575-725 nm
are due to 5D097F1_4 transitions of Eu®".""% The two weak emission peaks at 536 and 555
nm are originated from transitions of 5D1—>7F1 and 5D1—>7F2 of Ei*"." The absorption peaks in

the excitation spectrum are from the ground state of "F, to the high energy levels of Eu®* and

their assignments are labeled in the spectrum in Figure 3.2.

Figure 3.1 Pictures of Eu-DMSO solution in room light (left) and under a UV lamp excitation
(right).
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Figure 3.2 Excitation and emission spectra of Eu-DMSO solution. The excitation spectrum was
recorded by monitoring the emission at 617 nm and the emission spectrum was taken by
excitation at 394 nm.

Figures 3.3 and 3.4 show excitation and emission spectra of Eu-DMSO solution in
comparison with the spectra when different amounts of water and DMSO were dropped into the
compound. Clearly, the excitation and emission intensities of Eu** in DMSO are decreased
when water or DMSO is added into the solution. However, the intensity decreases caused by
adding water are almost five times greater than that by the same amount of DMSO. Figures 3.5
compares the emission intensity changing trends corresponding to all emission peaks in water
and DMSO dilutions. The emission intensity decreases gradually with increasing concentration
of DMSO added, but drops sharply at first, and then decreases gradually with increasing
concentration of water added, which indicates that the quenching rate induced by DMSO and
water are quite different. It is even more interesting to see that the emission of °Dy—>'F, of Eu®*

in Eu-DMSO is hypersensitive when encountering with water. The °*Dy—'F, emission band is
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split into two peaks at 613 and 617 nm as a result of J-mixing in crystal field expansion and

spin-orbit interaction."*®

In original Eu-DMSO compound, the peak at 617 nm is stronger than
that at 613 nm. After different amount of DMSO being added into the compound, the emission
intensity of °Dy—'F, transition is decreased gradually but the relative intensities of the two
peaks at 613 and 617 nm are not varied. However, when the same amount of water is dropped
into the Eu-DMSO compound, not only the emissions are decreased but the relative intensities
of the two peaks at 613 and 617 nm are changed remarkably. That is the emission peak at 617
nm becomes weaker than that at 613 nm as water concentration increases, which is opposite to
that in Eu-DMSO compound. This indicates that the quenching mechanisms by water and
DMSO are different. By adding water, the quenching on the peak at 617 nm is much faster than
that on the peak at 613 nm. While the quenching on two peaks at 613 and 617 nm by adding
DMSO is at the same step and obviously this quenching is simply due to the decrease of the
Eu®" concentration. However, the quenching mechanism by water is more complicated. The
quenching of emission intensities is due to coupling of the Eu excited state to O-H oscillators of
water molecules where some of the energy from Eu excited state has been transferred to the O-

H oscillators of bound water molecules.®***
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Figure 3.3 Excitation spectra of Eu-DMSO original and solution and dilutions (emission
monitored at 617 nm)
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Figure 3.4 Emission spectra of original Eu-DMSO solution and dilutions (v/v) with water and
DMSO. The excitation is at 394 nm.
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Figure 3.5 Comparisons on intensity changes of emissions at (a) 617 nm (b) 592 nm (c) 700 nm
(d) 651 nm (e) 536 nm (f) 553 nm (g) 557 nm in Eu-DMSO dilutions with DMSO and water,
respectively
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In order to observe the gradual variation in the two peaks at 613 and 617 nm, reduced
amounts of water were added into Eu-DMSO compound, Figure 3.6 and 3.7 show the changes
in the excitation and emission spectra with water concentration changes from 0.5 % to 14.3 %.
It shows that as water concentration reaches to 6.2%, the two peaks have almost equal
intensity, and then as water concentration is increased, the 617 nm peak is gradually quenched
and becomes weaker than the peak at 613 nm. The intensity changing trends of two peaks at
613 and 617 nm corresponding to the concentration of water added are displayed in Figure 3.8
and the dependence of intensity ratio of 613 nm to 617 nm emissions on water concentration is
shown in Figure 3.9. A linear fitting shows that the intensity ratio is changed linearly with the

water concentrations added to the Eu-DMSO solution as

R; = 0.769P, + 0.916
or

P, = (R, —0.916)/0.769.

Where P, stands for the volume concentration of water in Eu-DMSO in percentage, R,
stands for the intensity ratio of two emission peaks at 613 nm to 617 nm. This relationship
provides a new method for the measurement of water in DMSO and this method is much easier
and more convenient than the lifetime measurement because the measurement of the emission
spectra is much easier than the lifetime measurement. In addition, the cost by using the method
described here is much cheaper than that by lifetime methods. It is believed that the reported
method can be used for other solvent detection in DMSO such as ethanol, acetone, diethyl
ether, benzene, chloroform, phosphate buffered saline (PBS) buffer solutions, and cell culture
media which are under investigation. However, we need to point out that when the
concentration of water is higher than 50%, the emission peak at 617 nm disappears, so the

method of using the ratio of the 613 and 617 nm peaks is limited to the concentrations from 0 to
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50%. For water concentrations higher than 50%, the intensities of Eu®

decreased gradually with the increasing of water, so the intensity change

determination of water in DMSO.
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Figure 3.6 Excitation Spectra of original Eu-DMSO and dilutions with small amount of water

(v/v)
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Figure 3.7 Emission spectra of original Eu-DMSO and dilutions (v/v) with small amount of water.
The excitation is at 394 nm.
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Figure 3.8 The intensity changing trends of emission peaks at 613 nm and 617 nm from water-
diluted Eu-DMSO compound
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Figure 3.9 The dependence of ratio of emission intensities of 613 nm to 617 nm in water-diluted
Eu-DMSO compound on water concentration.

3.4 Conclusion

Unlike the other Lanthanide-DMSO compounds, Eu-DMSO emits very strong
characteristic emissions of Eu®* as observed in the luminescence spectra and X-ray
luminescence measurements. Luminescence quenching behavior of Eu in DMSO was
investigated with great details. Four main emission peaks of Eu® at 593, 617, 656 and 700nm
are corresponding to transitions of °Dy—>'F1, >Do—'F,, °Do—>'F5 and °Do—>'F,, respectively. It is
interesting to be found that the 617 nm emission peak had a shoulder at 613 nm, the coupling
of Eu ion with O-H oscillators had a great effect on relative emission intensities between these
two peaks when Eu-DMSO encountered with water, which resulted in different quenching
rates on these two peaks. The ratio of emission intensity of 613 nm to 617 nm has a nearly

perfect linear dependence on increasing water concentration in Eu-DMSO. This linear
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relationship provides a very convenient and valuable method for water determination in

DMSO.
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CHAPTER 4
LUMINESCENCE PROPERTIES OF LN* DOPED LAF; NANOPARTICLES IN WATER
4.1 Introduction
Fluorescent labeling of molecules is a common and very useful technique in biological
science. LnF;-based nanoparticles could have a number of advantages for use as probes in
bioconjugation applications over other biolabels, since emissions from lanthanide ions involve f-
orbital electrons and are much narrower than those observed from organic molecules. The
quantum yield of lanthanide emission is high in the absence of quenching and photobleaching
effects which are commonly observed in fluorescent dye molecules, but not observed in
lanthanide ions. In addition, LnF3;-based nanoparticles have a number of advantages as probes
used in bioconjugation applications over other biolabels, such as inherent long-lived
luminescent lifetimes and long-term stability of the nanoparticle signal. In recent years, some
research in this area confirmed that Ln** doped LnF; can be turned into biolabels with some

159-161

specific binding to proteins. Most reaction processes of labeling compounds with target

162

biomaterials require the presence of water, ™ therefore, site-specific, photostable and water-

soluble nanoparticles are needed for achieving ultrasensitive labeling and detection of
biomaterials. Different methods have been used to synthesize LnFs-based nanoparticles.'®"*
However, most LnF; nanoparticles that are synthesized so far are not water soluble or
biocompatible, which greatly limits their application in biological systems. Here we report the
synthesis of LaF;: Ce nanopowder and Ln** doped LaF; nanoparticles (Ln3+ refers to Tb*",
Tb*+Yb* and Tb**+Ce® with surface functionalized with poly(ethylene glycol)
bis(carboxymethyl) ether (COOH-PEG-COOQOH), they are all water-soluble and have surface-

reactive carboxylic (-COOH) functional group capable of labeling amide group of target
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biomaterials. The investigation of luminescent properties and potential application as labeling
agents for ultrasensitive and time-gate imaging is detailed in sections 4.2 and 4.3.

4.2 Synthesis and Characterization of LaF;:Ce*" Nanopowder

4.2.1 Synthesis of LaF;:Ce* Nanopowder

Lanthanum (lll) nitrate hydrate (La(NOjs); X H;O, 99.9%), Cerium (lll) nitrate
hexahydrate (Ce(NO3); 6H,0,99.9%), ammonium fluoride (NH4F, 99.9%), Poly(ethylene glycol)
bis(carboxymethyl) ether were purchased from Sigma-Aldrich. All reagents were used as
received, without further purification. LaF5:Ce™** nanoparticles were synthesized using the wet-
chemistry method. Typically, 9 mmol of La(NOj3);, 1 mmol of Ce(NO;); and 30 mmol of NH,F
were added to 50 ml water in a three-necked flask, 1 ml of Poly (ethylene glycol) PEG was
added dropwise to the mixed chemical solution. PEG is a water soluble polymer composed of
repeating ethylene oxide units flanked by alcohols with a formula of HO-CH,—(CH,-O-CHa)n-
CH,-OH. Structurally, the polar and uncharged nature of PEG renders itself hydrophilic
characters, which has been approved to be used as hydrophilic neutral surface coating ligand.
Thus, the material coated with PEG allows to be synthesized and analyzed under aqueous
conditions. In this work, Ce(NO;); was used as dopant at the concentration of 0.1 M. The
chemicals were mixed thoroughly with stirring for half an hour at room temperature; the mixture
was subsequently heated to 100°C under vigorous magnetic stirring and nitrogen protection. A
white suspension was formed gradually upon stirring. The nanoparticles obtained were
collected by centrifugation, washed with DI water several times, then stored in DI water.
4.2.2 Characterization of LaF;:Ce®* nanopowder

The LaFs:Ce* nanoparticles were characterized with high-resolution transmission
electron microscopy (TEM). Images were taken with a JEOL JEM-2100 instrument, with
accelerating voltage of 200 kV. Samples for TEM were prepared by depositing a drop of a
colloidal aqueous solution of the powder sample onto a carbon-coated copper grid. The excess

liquid was wiped away with filter paper, and the grid was dried in air. The X-ray powder
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diffraction (XRD) patterns of LaF5:Ce* nanoparticles were recorded in the range of 20° <206
<80° from a Siemens Kristalloflex 810 D-500 X-ray diffractometer under an operating mode of
40 kV and 30 mA with A=1.5406 Angstrom radiation. The emission and excitation spectra of the
samples were measured using a Shimadzu fluorescence spectrometer (RF-5301PC) with a
400W monochromatized xenon lamp.

Figure 4.1 shows the XRD patterns of the LaF3:Ce®* nanoparticles synthesized in water.
The peak positions and intensities are consistent with the data reported in the JCPDS standard
card (32-0483) of pure hexagonal lanthanum fluoride crystals. The sizes of the nanocrystals
were calculated from the XRD pattern based on the Debye—Scherrer formula, assuming that all
the particles are spherical in shape. The results show that the size of the nanoparticles
produced is about 16 nm.

Figures 4.2 and 4.3 show the high-resoluton TEM images of the LaF;:Ce*
nanocrystals. It can be seen in Figure 4.2, with 40K magnification, that the nanocrystals are
well dispersed and the shape of the LaFg:Ce3+ nanoparticles is spherical. Figure 4.3 shows an
800K-magnified TEM image of LaF3:Ce* nanocrystals, in which clear lattice fringes are
evidence of crystalline quality. The size of the nanoparticles is about 15 nm, which is consistent
with the size obtained from XRD measurement.

Figure 4.4 shows the excitation and emission spectra of LaF5:Ce* nanocrystals at
different reaction time from 1 hr to 11 hrs. These samples all have the same emission peak at
343 nm, which was attributed to 5d-4f transitions of the Ce ion. The intensity of emission
decreases as reaction time is increased; the sample with reaction time of 1 hr has the strongest

emission.
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Figure 4.1 XRD pattern of LaFg,:Ce3+ nanoparticles synthesized in water

Figure 4.2 HRTEM images of LaF;:Ce* nanoparticles synthesized in water (40K)
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Figure 4.3 HRTEM images of LaF3:Ce®* nanoparticles synthesized in water (800K)
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Figure 4.4 Excitation and emission spectra of LaF3: ce* nanoparticles at different reaction time
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4.3 Synthesis and Characterization of Water-soluble LaF5:Ln>" Nanoparticles

4.3.1 Synthesis of Water-soluble LaF3:Ln*" Nanoparticles

Lanthanum (Ill) nitrate hydrate (La(NO3); -XH,O, 99.9%), Cerium (lll) nitrate
hexahydrate(Ce(NO;); 6H,0,99.9%), Terbium (lll) nitrate pentahydrate(Tb(NOj3); -5H,0,
99.9%), Ytterbium (lll) nitrate pentahydrate(Yb(NO3); -5H,O, 99.9%), Ammonium fluoride
(NH4F, 99.9%), poly(ethylene glycol) bis(carboxymethyl) ether were purchased from Sigma-
Aldrich. All of the reagents were used directly, without further purification.

LaF5Tb** nanoparticles were synthesized using the wet-chemistry method with different
dopant concentrations as shown in the molecular formulas: Lag7TbysF3; and LaggThgoFs.
Typically, the Lag7Tbg 3F3 hanoparticle was synthesized according to the following protocol: 2.8
mmol of La(NO3);-XH,0, 1.2 mmol of Tb(NO3); -5H,0 and 10.5 mmol of NH4F in 10 ml water
solution were added to 90 ml water in a three-necked flask, 1 ml of PEG was added dropwise to
the mixed chemical solution as stabilizer to prevent the particles from aggregation. The
LaggThg oF3 nanoparticle was synthesized following the same protocol as the former except that
3.2 mmol of La(NOj3);-XH,0 and 0.8 mmol of Tb(NOj3); -5H,0 was used instead of 2.8 mmol of
La(NO3)3:XH,O and 1.2 mmol of Tb(NOj3); -5H,0. The chemicals were mixed thoroughly by
stirring for half an hour at room temperature; the mixture was subsequently heated to 100" C
under vigorous magnetic stirring and nitrogen protection. A white suspension was formed
gradually upon stirring. The nanoparticles obtained were collected by centrifugation, washed
with DI water several times, and then re-dissolved in DI water.

LaF3:Yb3+Tb3+ nanoparticles (Lag4Ybg 45Tbg 15F3) were synthesized as follows: 1.6 mmol
of La(NO3)3-XH,0, 0.6 mmol of Tb(NO3); -5H,0, 1.8 mmol of Yb(NO3); -5H,0 and 10.5 mmol of
NH4F in 10 ml of water solution were added to 90 ml of water in a three-necked flask, 1 ml of
PEG was added dropwise to the mixed chemical solution as stabilizer to prevent the particles
from aggregation. The chemicals were mixed thoroughly by stirring for half an hour at room

temperature; the mixture was subsequently heated to 100" C under vigorous magnetic stirring
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and nitrogen protection. A white suspension formed gradually upon stirring. The nanoparticles
obtained were collected by centrifugation, washed with DI water several times, then re-
dissolved in DI water.

Lan:Ce‘?”'Tb3+ nanoparticles (Lag4Ceo45Tbg.15F3) were prepared as follows: 1.6 mmol of
La(NO3);-XH,0, 0.6 mmol of Tb(NO3;); -5H,0, 1.8 mmol of Ce(NOj3); -6H,O and 10.5 mmol of
NH4F in 10 ml water solution were added to 90 ml of water in a three-necked flask, 1 ml of PEG
was added dropwise to the mixed chemical solution as stabilizer to prevent the particles from
aggregation. The chemicals were mixed thoroughly by stirring for half an hour at room
temperature; the mixture was subsequently heated to 100" C for 2 hours under vigorous
magnetic stirring and nitrogen protection. A white cloudy solution formed homogeneously upon
stirring. The nanoparticles were formed directly as water-soluble particles.

4.3.2 Characterization of Water-soluble LaF3.'Ln3+ Nanoparticles

The fluorescence spectra of the samples were measured using a fluorescence
spectrometer (RF-5301PC) with a 400W monochromatized xenon lamp and 3/3 slit widths.
Figures 4.5 and 4.6 show the excitation and emission spectra of Lag;Tbg3F3; and LaggThgoF3;
nanoparticles. Both Figure 4.5 and Figure 4.6 show four sharp emission peaks, at 490 nm, 543
nm, 584 nm and 621 nm, although the intensity of emissions in Figure 4.5 is stronger than that
in Figure 4.6. The emission peaks are generally assigned to °D,>'F; (j=3-6) transitions of Tb®".
We conclude that Lag;Tbg3F3; water-soluble nanoparticles have stronger luminescence than
LaggThooF3 nanoparticles. Figures 4.7 and 4.8 show excitation and emission spectra of
Lag4Ybo4sTbo15F3 and Lag4Ce45Tbg 15F3 water-soluble nanoparticles, respectively. The four
emission peaks at 487, 540, 584 and 622 nm in both kinds of nanoparticles are corresponding
to the strong and typical °D,>’F, (J=3-6) transitions of doped Tb**. In LaF;:CeTb nanoparticles,
very weak emission peaks at 334 and 363 nm are likely originated from the doped ce* (
compared with figure 4.4) and self-trapped exciton emission from LaF; host,”® the decreased

Ce®* emission under the same excitation wavelength as used to excite LaF3;:Ce nanoparticles
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and enhanced Tb*>* (compared with other Tb** doped LaFs;) indicate an efficient energy transfer
happening from Ce** (donor) to Tb®" within the lattice host of LaFs,">""® which is the direct
reason that emission of Lag 4Ceq 45Tbg 15F 3 is significantly stronger than that of Lag 4Ybg 45Tbg 15F3

since no energy transfer was observed in the case of Lag4Ybg 45Tbg 15F 3.
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Figure 4.5 Excitation and emission spectra of LaF3: Tb (Lag;Tbo3F3) nanoparticles
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Figure 4.6 Excitation and emission spectra of LaF3: Tb (LaggThg2F3) nanoparticles
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Figure 4.7 Excitation and emission spectra of LaF3z: TbYb (Lag4Ybg45Tbg.15F3) nanoparticles
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Figure 4.8 Excitation and emission spectra of LaF;: CeTb nanoparticles

4.3.3 The application of Lay 4Ceg 45Tho.15F 3 as fluorescence labeling

Among all the above water-soluble nanoparticles, we further studied the potential
application of Lag 4Ceg45Tbg.15F3 (will be shortened as LaF;:CeTb) in labeling because of its high
fluorescence efficiency. The representative HRTEM image of LaF3;:Ce, Tb as shown in figure
4.9 indicates most of the particles are spherical with a diameter around 20 nm, and a few are
nano-rods. The particles are highly crystalline as evidenced by the clear lattice fringes from
[121] and [211] planes. From these fringes, the atomic plane distance was measured and found
to be around 0.33 nm, which is very close to the plane distance of 0.32 nm reported by Yanes et
a|.171

Latent fingerprint residues were employed as a testing platform to assess the

fluorescence labeling efficiency of LaF;:CeTb nanoparticles to trace biomaterials deposited on
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nonporous fingerprints on different substrates such as thin aluminum foil, micro glass slide and
polymethylpentene plastic Petri Dish. After a certain reaction time, the nanoparticles were
removed. After being rinsed with DI water, the surface was allowed to dry before imaging. The
LaF;:CeTb nanoparticles labeled fingerprint images as shown in figure 4.10 were captured by
our collaborator Dr. Kwan H. Cheng at the Texas Tech University.172 Bright dots showing in the
images are representing sweat pores within friction ridges of fingermarks, which were clearly
evidenced on aluminum and plastic surfaces. However, only labeled friction ridges were
observed on glass surface. Overall, LaF;:CeTb possesses excellent potential for trace

biomaterials detections on a surface.

Figure 4.9 Representative HRTEM image of LaF3:CeTb nanoparticles
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Figure 4.10 Representative fluorescence images of latent fingerprints labeled by LaF;:CeTb on
aluminum (A), glass (B) and polymethylpentene plastic (C) surfaces in the air-dried state and at
room temperature.
4.4 Conclusion

We synthesized Ln®" doped LaF; nanoparticles in water using the wet-chemistry
method. The X-ray diffraction (XRD) pattern shows that LaF;:Ce was synthesized.
Transmission electron microscopy (TEM) clearly shows the nanocrystal’s lattice fringes. Also,
the average size of these nanoparticles is about 15 nm, which is consistent with the size
obtained from XRD measurement. The nanoparticles have an emission peak at 343 nm,
which was attributed to the 5d->4f transitions of the Ce ion. Intensity of emission decreases
as reaction time is increased; the sample with a reaction time of 1 hr has the strongest
emission. Water-soluble LaF3; nanoparticles doped with Tb* and coped with other Ln* are
synthesized with strong emissions at 490 nm, 543 nm, 584 nm and 621 nm. These emissions
are attributed to °D4>'F; (j=3-6) transitions of Tb*". The further fluorescence imaging shows
LaF;:CeTb nanoparticles could be targeted to trace biomaterials in fingerprints, which
indicates LaF3;:CeTb nanoparticles could be potentially useful as labeling agents for

ultrasensitive and time-gate imaging.
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CHAPTER 5
LUMINESCENCE ENHANCEMENT OF CDTE NANOSTRUCTURES IN LAF;:CE/CDTE
NANOCOMPOSITES
5.1. Introduction
Luminescent nanoparticles have many potential applications including medical labeling,
imaging, photodynamic activation and radiation detection.'®""*'"® For radiation detection, the

76177 To meet these

sensitivity, response time and energy resolution are important.
requirements, a scintillator must have a high luminescence quantum efficiency, a short
luminescence lifetime, high stopping power, as well as high carrier mobility-lifetime.177 ceisa
great activator exhibiting a very fast response in radiation detectors of medical imaging systems
employed in diagnostic radiology.m'181 Currently, ce* doped scintillators meet most of the
requirements and have become popular scintillators for radiation detection and dosimetry."”®"®’
However, Ce** doped scintillators have their own shortcomings. For example, some ce* doped
scintillators such as LaBrs;:Ce®* have very high quantum efficiency and energy resolution, but
their hygroscopic property makes them impractical for many applications. In addition, most ce*
doped scintillators have emission within the ultraviolet (UV) range. This is an issue as UV light is
often limited in detection systems and many materials are not transparent in the UV range.
Quantum dots such as CdTe and CdSe have very high quantum efficiencies as a consequence
of quantum size confinement.'®® %' |ndeed, quantum dots have very high luminescence
quantum efficiency up to 98%'® and short luminescence lifetimes in the nanosecond range.185'
¥ Therefore, in principle, semiconductor quantum dots could be promising for the application of
radiation detection because of their short lifetimes and high sensitivities. However, the stopping
188

power of most II-VI quantum dots is low and their scintillation luminescence is very weak.

Nanocomposites composed of CdTe quantum dots and LaF;:Ce* nanoparticles may overcome
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the shortcomings of ce* doped scintillators and semiconductor quantum dots, therefore, they
can provide improved properties for radiation detection. This combination may solve these
problems because ce* doped scintillators have high stopping power and high scintillation
efficiency. The possible energy transfer from Ce*" doped scintillaton nanoparticles to
semiconductor quantum dots may be very high since the emission of Ce® ions and the
absorption of the quantum dots can be adjusted to be largely overlapped by simply changing
the size of the quantum dots. In this chapter, we report the synthesis and luminescence
enhancement of CdTe nanostructures in LaF;:Ce/CdTe nanocomposites, and explore their
potential application as a new kind of phosphor for radiation detection and solid state lighting.

5.2. Experimental Details

CdTe/LaF3;:Ce nanocomposites were prepared by a wet-chemistry method in two steps.
In the first step, CdTe quantum dots coated with thioglycolic acid (TGA) surfactant were
synthesized. In the second step, LaF3:Ce nanopartilces were attached to CdTe quantum dots to
form LaF;:Ce/CdTe nanocomposites. To synthesize CdTe quantum dots, Cd**-containing
solution was prepared by dissolving 0.7311 g of Cd(ClO4),-6H,0 in 125 ml of water. Then, TGA
(0.396 mole) was added to the solution and the pH value adjusted to ~11 by the addition of
0.1M NaOH. The solution was then purged with nitrogen for at least 30 min. H,Te gas was
generated by the chemical reaction of excess aluminum telluride with 0.5M sulfuric acid in an
inert atmosphere (nitrogen) and was combined with the above solution containing Cd** ions

189 After the completion of the reaction a yellow solution of CdTe

using the setup as described.
nanocrystal nuclei was obtained. This solution was then refluxed at 100 °C to promote crystal
growth with the particle size controlled by the reaction time.

To form LaF;:Ce/CdTe nanocomposites, 6.3 mmol of La(NO;)3:6H,O and 0.7 mmol of
Ce(NO3);-6H,0 were first dissolved in 15 ml of deionized water and then mixed with 10 ml of

the CdTe nanoparticle solution prepared in step-1, 1 ml diethylene glycol (DEG) was added to

the mixture solution as a surfactant. Ce(NOs); was used to provide the Ce*" dopant with doping
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concentration of 0.1M. The chemicals were mixed thoroughly, and then 20.1 mmol of NH4F
water solution with a volume of 5 ml was added drop wise to the mixture solution under stirring
at room temperature. The reaction solution was stirred at room temperature for 0.5 hours and
subsequently was heated to 50 °C for different reaction times up to 3.5 hours under protection
of nitrogen. The product was centrifuged, washed with de-ionized water three times and dried at
40 °C in a vacuum atmosphere. Similarly, LaF3/CdTe nanocomposites (undoped with Ce3+)
were prepared and their structures as well as luminescence properties were investigated for
comparison with those of the LaF;:Ce/CdTe nanocomposites.

The identity, crystalline structure, size and shape of the nanoparticles were observed by
X-ray diffraction and high-resolution transmission electron microscopy (HRTEM). The X-ray
powder diffraction (XRD) patterns of LaF3:Ce/CdTe nanocomposites were recorded in the range
of 20°< 26 < 80° using a Siemens Kristalloflex 810 D-500 X-ray diffractometer operating at 40
kV and 30 mA with a radiation beam of A=1.5406 Angstrom. The nanocomposites in solution
were brought onto holey carbon covered copper grids for HRTEM observations. The HRTEM
images of the particles were obtained with a JEOL JEM-2100 electron microscope with
accelerating voltage of 200 kV. The excitation and emission spectra were measured using a
Shimadzu RF-5301PC fluorescence spectrophotometer. Luminescence lifetimes were collected
using the frequency-doubled output of a synchronously-pumped psec dye laser operating at 610
nm. The doubled output was focused onto the samples and emission collected at right angle to
the input. The emission was spectrally filtered and the lifetime measured using time-correlated
single photon counting. The instrument resolution was determined to be about 50 picoseconds

FWHM using a standard scattering material.
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5.3. Results and Discussion

5.3.1 XRD

Figure 5.1 shows the XRD patterns of LaF;:Ce/CdTe and LaF;:Ce. The results of the
XRD are in good agreement with the trigonal tysonite LaF; structure as described in the
reports'®'% and from bulk LaF; and CeF; crystals (JCPDS Card 32-0483 and 08-0045). No
XRD signals were observed for CdTe in LaF3;:Ce/CdTe nanocomposites which is most likely
due to its low concentration. The particle size can be estimated from the Scherrer equation, D =
0.90M\/Bcose, where D is the average crystallite size, A is the X-ray wavelength (0.15405 nm),
and e and B are the diffraction angle and full-width at half maximum (FWHM) of an observed
peak, respectively. The strongest peak (111) at 2e = 27.8° was used to calculate the average

crystallite size (D) of the nanoparticles, '**'®

which produces an estimation on particle size to
be about 15 nm. No XRD signals were observed for impurity phases indicating that Ce*" is likely
doped into the LaF; crystal lattice. The ionic radius of ce® (1.034 A) is very close to that of La**

(1.061 A), therefore, Ce* can easily substitute the occupation of La** ions in LaF; crystal

lattices.
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Figure 5.1 XRD patterns of LaF3;:Ce/CdTe composites (black, lower) and LaF3:Ce (red, upper).

5.3.2 TEM

Figure 5.2 displays the HRTEM images of LaF;:Ce/CdTe nanocomposites. Oval shaped
nanostructures are observed with an average dimension of about 22 nm long and 10 nm wide,
which is consistent with the XRD results. In the nanocomposites, there are two kinds of
nanostructures in the HRTEM images, nanowires and nanoparticles. The spacing between
adjacent lattice planes is about 0.39 nm shown in figure 5.2, which corresponds to the (110)
plane of the wurtzite CdTe lattice. In the nanoparticles, the interplanar spacing is about 0.36 nm
which is corresponding to the interplanar spacing of (0001) planes in the hexagonal LaF;
structure.” The HRTEM observations demonstrate that CdTe and LaF3;:Ce nanostructures are

in close proximity in the composites. During the synthesis, CdTe quantum dots have been
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converted to nanowires shown in figure 5.2 (b) from oval-shaped nanocomposites shown in

figure 5.2 (a).

(b)

Figure 5.2 HRTEM images of LaF;:Ce/CdTe nanocompotistes heated for (a) 1 hr and (b) 3.5
hrs
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5.3.3 Optical Properties

Figure 5.3 displays the optical absorption spectra of LaF;:Ce nanoparticles, CdTe
quantum dots, and LaF;:Ce/CdTe nanocomposites. In the measurement, the concentration of
CdTe quantum dots is kept constant between the CdTe quantum dots and LaF3:Ce/CdTe
nanocomposites samples. Similarly, the concentration of LaF;:Ce nanoparticles is the same in
LaF3;:Ce and LaF3;:Ce/CdTe nanocomposites samples. The absorption spectrum of CdTe
quantum dots is similar to those reported in literatures."""® The absorption spectrum of
LaF3:Ce is similar to that of the LaF;:Ce/CdTe nanocomposites with the main absorption band
attributed to the LaF;:Ce nanoparticles. The absorption from CdTe quantum dots is very weak
and barely observed. This may be due to the conversion of the quantum dots to nanowires as
observed by TEM as shown in figure 5.2 (b). The change of three dimensionally quantified
quantum dots to two dimensionally quantified nanowires reduces the nanostructure absorption
coefficient.'®® Figure 5.4 shows emission spectra of LaF;:Ce nanoparticles, CdTe quantum dots,
and LaF3;:Ce/CdTe nanocomposites. The CdTe quantum dots have a green emission at 547
nm. The emission peak at around 342 nm in LaFs:Ce is attributed to the 5d->4f transition of

133134 Two emissions

Ce* from the lowest 5d excited state to the spin-orbit split ground f state.
peaking at 368 and 541 nm are observed from LaF3;:Ce/CdTe nanocomposites, they are
attributed to the LaF3;:Ce nanoparticles and CdTe quantum dots, respectively. Compared with
the emissions in pure CdTe quantum dots and LaF;:Ce nanoparticles, in LaF;:Ce/CdTe
nanocomposites, the emission originated from CdTe quantum dots shifts to shorter wavelength
and the emission from Ce*" shifts to longer wavelength. As compared to pure CdTe quantum
dots and LaF;:Ce nanoparticles, the emission from LaF;:Ce nanoparticles decreases in intensity
while the emission from CdTe quantum dots increases in intensity in the nanocomposites. The

excitation wavelength is 265 nm for the luminescence measurement in Figure 5.4, and the

absorbance at 265 nm is almost identical for both LaF;:Ce and LaF;:Ce/CdTe samples. This

73



indicates that the luminescence quantum efficiency of CdTe in LaF3:Ce/CdTe nanocomposites

is much higher than in pure CdTe nanoparticles.
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Figure 5.3 Optical absorption spectra of (1) CdTe quantum dots, (2) LaF3:Ce nanoparticles, and
(3) LaF3;:Ce/CdTe nanocomposites
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Figure 5.4 Emission spectra following excitation at 265 nm of (1) LaF;:Ce nanoparticles, (2)
CdTe quantum dots, and (3) LaF;:Ce/CdTe nanocomposites. The peaks labeled with * are due
to the xenon lamp used for excitation.
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Figure 5.5 shows LaF3;:Ce/CdTe nanocomposite emission spectra prepared at room
temperature and followed by heating at 50 °C for 1, 2.5 and 3.5 hours, respectively. As the
annealing time increases, the LaF3:Ce nanoparticle emission decreases but the CdTe quantum
dot emission increases gradually. We note that the CdTe quantum dot emission shifts to longer
wavelengths at longer reaction time while the Ce* emission in LaF3:Ce nanoparticles remains
at the same position. This emission color change is visible to even the naked eyes as shown in
Figure 5.6. It is clearly observed that the nanocomposites are significantly brighter than the
quantum dots. As observed by TEM, CdTe nanoparticles are converted to nanowires during the
heating process during the formation of the nanocomposites. The mechanism of the conversion
from quantum dots to nanowires is not yet clear, but it is likely that the red shift in emission
wavelength is due to the formation of nanowires as previously reported in the literature.™' As
the heating time increases, more and more nanowires are formed. This is perhaps also the

reason of the increase in CdTe emission with increasing reaction time.
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Figure 5.5 Emission spectra of LaF3;:Ce/CdTe nanocomposites prepared at room temperature
and annealing at 50 oC for 1, 2.5 and 3.5 hours respectively. The excitation wavelength is at
265 nm. The peaks labeled with * are artifacts from the instrumentation.
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Figure 5.6 Photograph of CdTe quantum dot (left) and LaF;:Ce/CdTe nanocomposite (right)
aqueous solutions under a UV lamp.

5.3.4 Lifetime Measurement

One possible mechanism for the CdTe luminescence enhancement in LaF;:Ce/CdTe
nanocomposites is considered as energy transfer from LaF;:Ce nanoparticles to CdTe
nanowires. The decrease of the Ce*" emission along with the increase of CdTe emission in
intensity is a good indication that energy transfer from Ce® to CdTe may take place in the
nanocomposites. To reveal if there is energy transfer between them, the Ce®* luminescence
lifetimes in LaF;:Ce and LaF;:Ce/CdTe as well as the CdTe lifetime in LaF;:Ce/CdTe were
measured as shown in Figure 5.7, the data were collected in table 1. For the fast component,
the lifetime of Ce decreases from 3.2 ns in LaF3:Ce to 1.5 ns in LaF;:Ce/CdTe, and for the slow
component, the lifetime of Ce decreases from 24.5 ns in LaF;:Ce to 12.5 ns in LaF;:Ce/CdTe
(Table 1). The reduction of the Ce® lifetime is consistent with energy transfer from Ce* to CdTe

which would lead to an observed luminescence enhancement in LaF;:Ce/CdTe composites.
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According to the Forster resonance energy transfer (FRET) theory, FRET efficiency is related to

the quantum yield and the fluorescence lifetime of the donor molecule as following:

E=1-1/m

where I}, and I}, are donor fluorescence lifetimes in the presence and absence of an acceptor,
respectively. Based on this formula, the energy transfer efficiency from LaF3;:Ce to CdTe were
calculated as 53% for the fast component and 49% for the slow component, respectively.
However, energy transfer may also change the lifetime of the acceptor if the lifetimes of the
donor and acceptor are different. For example, if the donor lifetime is significantly longer than
the acceptor lifetime, in the energy transfer system, the lifetime of the acceptor should be the
same or similar to that of the donor as found in BaFBr:Eu**/CdTe nanocomposites.'®® Here in
the LaF3;:Ce/CdTe nanocomposites, it is noted that the CdTe nanowire lifetime is almost the
same as in pure CdTe quantum dots™®® and is about a factor of two shorter than the donor
(Ce™) lifetime. This cannot exclude that energy transfer from Ce®* to CdTe in LaF3:Ce/CdTe
nanocomposites but indicates that the energy transfer rate is not high and energy transfer is not
the only reason for the enhancement. In addition, as the Ce®* emission peak effectively
overlaps the CdTe nanowires absorption, emitted light from Ce* can be reabsorbed by the
CdTe nanowires in the nanocomposites. This could also be another factor responsible for the

luminescence enhancement.
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Figure 5.7 Lifetime measurements following 285 nm excitation of (a) LaF3;:Ce nanoparticles
(emission 350 nm); (b) LaF;:Ce/CdTe nanocomposites (375 nm emission); and (c)
LaF3:Ce/CdTe nanocomposites (emission 520 nm).

Table 5.1 Lifetime comparisons of LaF;:Ce with LaF3:Ce/CdTe

Sample Excitation/ emission Lifetime T1 Lifetime T2 curve
LaF;:Ce 285 nm/350 nm 3.2ns 24.5 ns a (Ce”)
. 285 nm/375 nm 1.5 ns 12.5ns b (Ce™)
LaF;:Ce/CdTe 285 nm/520 nm 0.6 ns 52 ns c (CdTe)

5.3.5 Possible Mechanism for Luminescence Enhancement

Energy transfer is one possibility for the luminescence enhancement observed. In
addition to energy transfer, there might be other factors such as surface modification by
annealing that increases the CdTe luminescence efficiency. LaF; coating and the configuration
conversion from quantum dots to nanowires could also have an effect. To determine whether
annealing is responsible for the enhancement, pure CdTe quantum dots were annealed at 50 °C

for 1, 2 and 3.5 hours under the same conditions as for LaF;:Ce/CdTe nanocomposites. The
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results indicate that the CdTe quantum dot emission increases about 5% in intensity for 1 hour
annealing, and then decreases in intensity with 2.5 and 3.5 hour annealing. Therefore,
enhancement by annealing could be excluded. To determine if coupling with pure LaF;
nanoparticles is the reason for the luminescence enhancement, LaF; nanoparticles and
LaF;/CdTe nanocomposites were prepared for comparison with both LaF;:Ce nanoparticles and
LaF3:Ce/CdTe nanocomposites. Surprisingly, Ce* emission was detected in pure LaF;
nanoparticles but its intensity is nine times weaker than in LaF;:Ce nanoparticles (Figure 5.8).
The Ce®* emission is likely due to Ce* contamination in the La(NOs;) 3 precursor. In the
LaFs/CdTe nanocomposites, the emissions of Ce* and CdTe quantum dots are five times
weaker than those in LaF3;:Ce/CdTe nanocomposites (Figure 5.9). After annealing at 50 °C for 1
hour, the Ce*" emission in LaF3/CdTe nanocomposites increased slightly but the CdTe emission
was almost the same. After annealing for 2 hours, both the Ce* and CdTe quantum dot
emissions are quenched in intensity (Figure 5.10). These observations exclude the contributions
of annealing as well as LaF; coating to the CdTe luminescence enhancement in the

LaF3:Ce/CdTe nanocomposites.
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Figure 5.8 Emission spectra of LaF;:Ce and LaF; excited at 265 nm.
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Figure 5.9 Emission spectra of LaF;:Ce/CdTe and LaF3;/CdTe nanocomposites. The peaks
labeled with * are artifacts from the instrumentation.
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Figure 5.10 Emission spectra of LaF3/CdTe (1- before heating; 2- heating for 1 hr; 3-heating for
2 hrs). The peaks labeled with * are artifacts from the instrumentation.

The HRTEM images of LaF3;/CdTe nanocomposites with no ce* doping annealed for
3.5 hrs are shown in Figure 5.11. By comparing the TEM results between LaF;:Ce/CdTe (Figure
5.2b) and LaF3/CdTe (figure 5.11), it is noted that in LaF;:Ce/CdTe, the CdTe quantum dots are
converted to nanowires, while this conversion does not occur in LaFs/CdTe nanocomposites.
The CdTe lifetime in LaF3/CdTe nanocomposites before heating and after heating for one hour
are shown in Figure 5.12. The two samples show very similar emission spectra and lifetimes.
This also indicates there is no conversion of the quantum dots into nanowires in LaFs/CdTe
nanocomposites. The conversion of CdTe quantum dots to nanowires is most likely the reason
for the red shift of the CdTe emission observed in LaF;:Ce/CdTe since the increase of the

19119 However, the conversion of general

dimensionality results in narrowing energy gap.
quantum dots to nanowires does not cause luminescence enhancement because the increase

of the dimensionality reduces luminescence yield."”""'® It is interesting that the luminescence
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enhancement of quantum dots CdTe in LaF3;:Ce/CdTe nanocomposites seems correlated with
the formation of nanowires. Rare earth ions such as Ce* can have unique properties and have

been used as catalysts for crystal growth.'#"%®

It has been reported that several rare-earth
elements, including Y, Ce, Tb, La, Ho, Gd, and Pr, together with Ni form bimetallic catalysts
during carbon nanotube synthesis. The addition of rare-earth elements can improve the
nanotube yield and as a result affects the structure of the material."”’ In our experiments, we
observe that when Ce*" ions are added to the nanoparticle synthesis, the nanoparticle solubility
and luminescence efficiency are enhanced. There is a possibility that ce* ions catalyze CdTe

nanowire formation and also passivate defect sites. This would result in both luminescence

enhancement and formation of nanowire.

Figure 5.11 HRTEM images of LaF3/CdTe nanocomposites annealed for 3.5 hrs. TEM
observations show that CdTe quantum dots were not converted to nanowires during the
synthesis of LaF;/CdTe nanocomposites.
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Figure 5.12 Luminescence lifetimes of LaF;:CdTe samples excited at 280 nm before
(BH, upper) and after (AH, lower) heating.

5.4. Conclusion

In summary, LaF;:Ce/CdTe nanocomposites were successfully synthesized using a
two-step wet chemistry method. CdTe quantum dots were converted into nanowires during the
synthesis of LaF;:Ce/CdTe nanocomposites, while in LaF3/CdTe nanocomposites no such
conversion was observed. As a result, The luminescence of CdTe in LaF;:Ce/CdTe
nanocomposites is about five times stronger than pure CdTe quantum dots while no
enhancement was observed from undoped LaF;/CdTe nanocomposites. Energy transfer, light-
re-absorption and defect passivation are considered as possible reasons for the luminescence
enhancement. The LaF;:Ce/CdTe nanocomposites with enhanced luminescence may find their

applications in radiation detection and solid state lighting.
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CHAPTER 6
SYNTHESIS AND CHARACTERIZATION OF LAF;:CE DOPED ORMOSIL
6.1. Introduction
In the past two decades, research on sol-gel science has been concentrated primarily
on inorganic oxides. Generally, the sol-gel process consists of hydrolysis and condensation
reactions, in which alkoxysilanes are mixed with a low molecular mass, such as

tetramethoxysilance (TMOS) or tetraethoxysilane (TEOS), with water in a mutual solvent like

| 94,199-201 202-207

methanol or ethano Doping of silica xergels by nano sized particles has trigged
the interest of scientist since the sol-gel method starts from a homogeneous solution, which
gives a better control over distribution and property of the nanoparticles embedded silica matrix.
However, Silica xerogels produced by conventional sol-gel process are generally brittle and stiff
since capillary pressure collapses the nano-porous structure to a dense structure during normal
drying.”® Organically modified silicates (ORMOSIL) have been considered as a better solid
matrix due to their flexibility, permeability and porosity by incorporating organics into gel-derived
silica.**?%*?'® ORMOSIL bulk and powder materials as incorporated with nanoparticles have

been found to be good phosphors with high relative emission in’[ensi’[y.m'213

As a great activator
in exhibiting a very fast response in radiation detectors of medical imaging systems employed in
diagnostic radiology, ce* doped nanoparticles has been found a great deal of applications in

radiation detection and dosimetry_214-z17

The synthesis and photoluminescence of LaF;:Ce,Tb
and LaF3;Tb nanoparticles have been reported by several groups.”’® In this chapter, we
investigate the physical and luminescence properties of LaF;:Ce doped ORMOSIL, as well as

the potential applications of the material in radiation detection.
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6.2. Experimental Section

Lanthanum (lll) nitrate hydrate (La(NOj); ‘X HO, 99.9%), Cerium (lll) nitrate
hexahydrate (Ce(NO3); -6 H>0,99.9%), ammonium fluoride (NH4F, 99.9%), poly(ethylene glycol)
bis(carboxymethyl), ethanol, tetramethylorthorilicate (TMOS), 3-aminopropyltriethoxysilane, and
nitric acid (HNO3) were all purchased from Sigma Aldrich and used as received, without further
purification.

6.2.1 Synthesis of Water and Ethanol Soluble LaF;:Ce

Firstly, LaF3;:Ce nanoparticles were synthesized in two different formations: water-
soluble and ethanol-soluble nanoparticles. To form LaF3;:Ce water-soluble solution, 3.52 mmol
of La(NO3)3; and 0.88 mmol of Ce(NO3)3.6H,O were first dissolved in 15 ml of de-ionized water,
Ce(NOs); was used as a doping material providing Ce* to form LaFzCe. 1 ml
polyethyleneglycol (PEG) was added to the above solution as a stabilizer. After the chemicals
were mixed and dissolved in water thoroughly, 14 mmol of NH4F water solution with a volume of
5 ml was added drop wise to the mixture solution under stirring at room temperature. The
reaction solution was stirred at room temperature for 0.5 hours and subsequently heated to
50°C for 2 hours under the protection of nitrogen. The product was centrifuged, washed with
de-ionized water for three times and dried at 40°C in a vacuum atmosphere and re-dispersed
into 20 ml de-ionized water. Similarly, ethanol-soluble LaF3;:Ce nanoparticle solution was
synthesized by following the above procedure except using ethanol as solvent in each steps
instead of water. Due to the solubility difference of LaF;:Ce nanoparticles in water and ethanol,
the concentrations of solutions are 0.22 M for water-soluble nanoparticles and 0.16 M for
ethanol-soluble nanoparticles.

6.2.2 Synthesis of Amine Modified ORMOSIL

The synthesis of ORMOSIL was based on sol-gel process. Sol-gel process is a method

of-material preparation by room temperature reaction of organic precursor. The particles in the

colloidal sol are linked to form a gel, which is subsequently dried to form a porous material. The
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hydrolysis and polycondensation associated with sol-gel process are reactions of metal-organic
compounds, such as silicon alkoxide (tetramethyl orthosilicate — TMOS or tetraethyl
orthosilicate — TEOS) mixed with water, catalyst (acid or base) and a solvent (such as methanol
or ethanol) to achieve homogeneity of the material. In the case of inorganic—organic hybrid
system of ORMOSILs, the silicate network may be modified by organic substitute groups, such
as alkyl (e.g., methyl or ethyl) groups or other functional groups (e.g., 3-glycidoxypropyl or 3-
isocyanatopropyl) which may form organic copolymers by crosslinking process. In our
experiments, we used amine-functionalized 3-aminopropyltriethoxylsilane (APTES) combined
with tetramethylorthosilicate (TEOS) to produce ormosils with surface modification of amines.
Typically, two solutions were prepared separately, one is the mixture of 11 ml of TMOS, 2 ml of
de-iodized water, 25 ml of Ethanol and 0.155 ml of HNOj (solution 1), another one is the
mixture of 2 ml of APTES and 10 ml of ethanol (solution 2). De-iodized water was used to
promote hydrolysis process and HNO; was used as a catalyst.

The detailed procedures for synthesizing ORMOSIL are as follows: firstly solution 1 was
thoroughly stirred in a beaker for 30 minutes to initialize the hydrolysis process, then solution 2
was added and mixed rapidly, the resulting sol was consequently casted into molds made of 5
ml volume polyethylene syringes, open ends of the molds were covered by three layers of
Parafiim. Gelation takes place about 3 seconds to 5 minutes after these steps, varying with
different doping materials. After 5 hours of aging, samples removed from molds were becoming
wet gels. To obtain the dry gel, we used a convenient and simple way by punching 1 small
pinhole in the covered parafilm every two days for slowing down the drying process to prevent
the gel from cracking. The drying process usually takes 15 days by this way.

6.2.3 Synthesis of LaF3;:Ce Doped ORMOSIL

To dope LaF;:Ce nanoparticles into ORMOSIL, we used two different sources of

nanoparticles: water-soluble LaF;:Ce and ethanol-soluble LaF3;:Ce. The first set of samples

were using LaF;:Ce water-soluble nanoparticles substitute the corresponding same amount of
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de-iodized water of solution 1 in the process of synthesis of ORMOSILS, from which four
LaF3:Ce doped ORMOSILs were synthesized with different doping concentrations of 0.001964
M, 0.0039 M, 0.0059 M and 0.0078 M. The second set of samples were using LaF;:Ce ethanol-
soluble nanoparticles as doping source, similarly, portion of ethanol of solution 1 in ORMOSIL
synthesis was substituted by ethanol-soluble LaF3;:Ce nanoparticles solution. Accordingly,
another set of four LaF;:Ce doped ORMOSILs were synthesized with different doping
concentrations of 0.0145 M, 0.029M, 0.0435M and 0.058M.

6.3. Characterization of Nanoparticle Doped ORMOSIL

The X-ray powder diffraction (XRD) patterns of LaF;:Ce®* nanoparticles were recorded
in the range of 20° < 26 < 80° from a Siemens Kristalloflex 810 D-500 X-ray diffractometer under
an operating mode of 40 kV and 30 mA with A=1.5406 Angstrom radiation. Scanning Electron
Microscope (SEM) image was taken with a scanning electron microscope operation Zeiss
Supra-40. The emission and excitation spectra of the samples were measured using a
Shimadzu fluorescence spectrometer (RF-5301PC) with a 400W monochromatized xenon lamp.
Excitation and emission spectra were measured using a Shimadzu RF-5301PC fluorescence
spectrophotometer.

6.4. Results and Discussion

The synthesis of ORMOSIL is very sensitive to the ratio of reaction agents in each
solution. Change of ratio of reaction agents may cause ORMOSIL intend to crack or become
opaque. By using our protocol, we synthesized ORMOSIL with and without doping with LaF;:Ce
water-soluble nanoparticles. Figure 6.1 and 6.2 shows wet and dried ORMOSIL samples
without doping and doped with LaF;:Ce with the doping mole concentration of 0.001964 M. All
wet and dried samples are transparent which meet one of the most important requirements for
application of radiation detection since transparent ORMOSILs allow making imaging arrays
with better spatial resolution and gamma selectivity. The shapes of wet ORMOSIL samples are

columns with diameter of 1 cm and length of 6 cm, however, the dried sample shrinked a lot
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with diameter of 0.35 cm and length of 2 cm. According to the volume change of the ORMOSIL
after dried, we estimated that the nanoparticle mole concentration in dried samples should be

24.5 times as much as in wet samples.

Figure 6.1 Wet (upper) and dried (lower) ORMOSIL samples

Figure 6.2 Wet (left) and dried (right two) ORMOSIL samples
88



Based on the results we obtained, we varied the nanoparticles loading by using two
different formations of nanoparticles: water-soluble and ethanol-soluble LaF;:Ce nanoparticles.
The original mole doping concentration of ORMOSIL: LaF;:Ce were 0.001964 M, 0.0039 M,
0.0059 M and 0.0078 M when using water-soluble LaF3;:Ce nanoparticles, 0.0145 M, 0.029M,
0.0435M and 0.058M when using ethanol-soluble LaF;:Ce nanoparticles. Transferring the mole
concentration of the nanoparticle loading in wet ORMOSILs into weight percentage loading in
dried ORMOSILs, we obtained the LaF;:Ce nanoparticle loading of ORMOSIL samples by using
LaF3;:Ce water-soluble solution are 3.63%, 7.01%, 10.17% and 13.11%, while nanoparticle
loading of ORMOSIL samples by using LaF3;:Ce ethanol-soluble solution are 15.66%, 27.09%,
35.78% and 42.63%. Figure 6.3 shows water-soluble LaF;:Ce doped ORMOSIL with
nanoparticle loading increased from 3.63% on the left to 13.11% on the right. They are all
showing transparent except the very right sample with the highest loading concentration of
13.11%, this indicates nanoparticle loading by using water-soluble LaF;:Ce can reach up to
somewhere between 10.17 % and 13.11% to show transparent for radiation detection
application, while it became opaque beyond 13.11%. Ethanol-soluble LaF;:Ce doped ORMOSIL
samples are shown in figure 6.4, within four samples, only the left one with the lowest loading
percentage of 15.66% in this set of sample was transparent, the rest three all became opaque
with increasing loading nanoparticles. It indicates that using ethanol-soluble LaF3;:Ce as doping
material can increase the nanoparticle loading in ORMOSIL effectively, the nanoparticle loading
percentage reached a point between 15.66% and 27.09% where LaF;:Ce doped ORMOSIL
started changing from transparent to opaque. Comparing these two sets of samples, even
though the solubility of LaF;:Ce in ethanol is lower than in water, due to the large ratio of
ethanol to water in the process of ORMOSIL synthesis, using LaF;:Ce ethanol-soluble
nanoparticles is an effective way to increase the nanoparticle loading in ORMOSIL. The
samples shown in Figure 6.3 and 6.4 displayed homogenous color distribution within the entire

samples. During the synthesis of ORMOSIL, the metal clusters were incorporated into the
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ORMOSIL matrices by dissolving metal salts into the precursor solution prior to gelation. We
used APTES as organic source which also helped anchor the dopant to the silica network of the
ORMOSIL, thereby avoiding precipitation of the salt, besides being a reagent, APTES was also

acting as the (base) catalyst.

\ awm |
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Figure 6.3 Water —soluble LaF;:Ce doped ORMOSILS with different doping
concentrations (WNP-0%; HA-3.63%; HB-7.01%; HC-10.17% ; HD-13.11% )
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Figure 6.4 Ethanol-soluble LaF;:Ce doped ORMOSILS with different doping concentrations
(WNP-0%; EA-15.66%; EB-27.09%; EC-35.78% ; ED-42.63% )
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Figure 6.5 shows XRD pattern of ORMOSIL doped with ethanol-soluble LaF;:Ce
nanoparticles compared with that of pure LaF3;:Ce crystals. The results of the XRD are in good

188,189 and from

agreement with the trigonal tysonite LaF; structure as described in the reports
bulk LaF; and CeF; crystals (JCPDS Card 32-0483 and 08-0045). No XRD signals were
observed for impurity phases, indicating that ce® is likely doped into the LaF; crystal lattice.
The ionic radius of Ce®" (1.034 A) is very close to that of La® (1.061 A), therefore, Ce® can
easily substitute the occupation of La* ions in LaFs crystal lattices. This result indicates that
nanomaterial remains its crystal structure even after it is doped into ORMOSIL, which ensures
LaF;:Ce doped ORMOSIL can be used for application in radiation detection without losing any
radiation detection capability of nanomaterial. SEM image as shown in figure 6.6 provides
information visually on morphology of LaF;:Ce doped ORMOSIL bulk material. It shows the

material has open porous structure which allows the radiation detection capability of LaF;:Ce

remains high efficiency.
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Figure 6.5 XRD pattern of LaF;:Ce doped ORMOSIL showing LaF3:Ce crystal structure within
ORMOSIL (compared with standard LaF3:Ce crystal)
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Figure 6.6 SEM image of ORMOSIL showing open porous structure
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Figure 6.7 shows emission spectra of LaF;:Ce water-soluble nanoparticles doped
ORMOSIL with different doping concentrations (WNP-0%; HA-3.63%; HB-7.01%; HC-10.17% ;
HD-13.11% ). The ORMOSIL without doping has very weak emissions peaked at 363 nm, this

phenomena is similar to that reported by Kang,218

during the sol-gel process, the silicate
framework Si-O-Si was synthesized from the reaction of tetraethoxysilane (TEOS) with nitric
acid by eliminating methyl formate instead of water under an anhydrous condition,”"® where
decomposed formate could create C substitutional defects which are considered as the reason
for the 363 emission. After doped with LaF3;:Ce nanoparticles, due to the emission induced by
5d->4f transition of Ce** , the emissions are all blue-shift. The intensity of emissions increased
as doping concentration increased and then reached to the maximum with doping concentration
of 10.17%, the further increased doping concentration of 13.11% has not lead to a stronger
emission. This could be the result that ORMOSILS pores formed from the silicate networking
have been saturated with nanoparticles under this situation, therefore, the emission of extra
doping nanoparticles was quenched as scattering light which shown opaque rather than
transparent in figure 6.3.

Figure 6.8 shows emission spectra of LaF;:Ce ethanol-soluble nanoparticles doped
ORMOSIL with different doping concentrations ( EA-15.66%; EB-27.09%; EC-35.78% ; ED-
42.63% ). Similar to the emissions of those doped with water-soluable nanoparticles, all the
emissions of ethanol-soluble LaF3;:Ce doped ORMOSIL have been blue shifted compared with
the defect emission of ORMOISL without any doping. The emissions of the samples were
increased first then decreased with a maximum at doping concentration of 27.09%. The reason
for the decreased emissions is similar to the previous water-soluble doped ORMOSIL. When
the doping concentration was increased beyond the capability of silicate networking, the
emission of Ce* started to quench until the defect emission of ORMOSIL dominated, which
also made sample lose their transparency. Based on the observation of transparency of the

samples shown in figure 6.4, we conclude that there must be a maximum doping concentration
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with a value between 15.66% and 27.09% at which point sample start to transform from

transparency to opaque.
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Figure 6.7 Emissions of LaF3;:Ce water-soluble nanoparticles doped ORMOSIL with different
doping concentrations
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Figure 6.8 Emissions of LaF3:Ce ethanol-soluble nanoparticles doped ORMOSIL with different
doping concentrations
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6.5 Conclusion

Even through ORMOSIL have a better flexible solid matrix than typical silica xerogels,
due to the large portion of ethanol content, rapid evaporation makes producing crack-free
ORMOSIL is still a challenging issue. LaF3:Ce doped Crack-free ORMOSILs were synthesized
by controlling the drying speed. Water-soluble and ethanol-soluble LaF;:Ce nanoparticles were
doped into ORMOSIL with different doping concentrations. By using water-soluble LaF;:Ce, the
doping concentrations can reach up to 10.17% to remain transparent and strong luminescent of
the material, while due to the larger content of ethanol reagent compared with water, ethanol-
soluble LaF3;:Ce can be doped into ORMOSIL with doping concentration above 15.66% to
maintain transparent and luminescent properties. As LaF3:Ce has been widely used as radiation
detection material due to the fast response of Ce3+, using ORMOSIL as carrier, this material

may find promising applications in radiation detection.
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CHAPTER 7

SUMMARY AND FUTURE WORK

In this dissertation, LaF;:Ce nanoparticles were synthesized in DMSO which has been
proved to be a carrier of drugs across membranes without causing significant damage. The
luminescence of LaF3;:Ce powder which was precipitated from the DMSO solution is markedly
different from that of the solution sample. The former emission is attributed to ce® d-f
transitions while the emission of the solution samples is originated from metal-to-ligand charge-
transfer excited states. We further investigated the biological application of LaF3:Ce in DMSO
by conjugating the particles with PpIX and then encapsulating the complex into PLGA. The
results show efficient uptake and damage to cancer cells. Therefore, this material could be very
promising as an agent in photodynamic therapy for cancer treatment.

The case for Eu-DMSO complex is different from above stated. In this complex, very
strong characteristic luminescence of Eu was observed but no such emissions induced by
metal-to-ligand charge-transfer excited states as observed in LaF3;:Ce in DMSO. It is very
interesting to be found that the emission of Eu** in Eu-DMSO complex becomes hypersensitive
when water was introduced into the solution, moreover, the strongest emission at 617 nm had a
shoulder peak at 613 nm, and these two peaks were affected by the coupling of Eu ion with O-H
oscillators in an opposite way. We found that the ratio of emission intensity of 613 nm to 617 nm
has a nearly perfect linear dependence on increasing water concentration in Eu-DMSO, which
provides a very convenient and valuable method for water determination in DMSO. This method
could be also used for other solvent detection in DMSO such as ethanol, acetone, diethyl ether,
benzene, chloroform, phosphate buffered saline (PBS) buffer solutions, and cell culture media

which are well worth investigating in the future work.
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Water-soluble nanoparticles were synthesized by doping different lanthanide ions in
LaF;. Ce and Tb co-doped LaF; with a molecular formula of Lag4Ceg4s5Tbg.15sF3 had the
strongest emissions due to energy transfer from ce* to Tb*. Due to the strong luminescence
and long decay lifetime, this material can be used for trace biomaterials detections on surfaces.

Ce* has been well known as a great activator exhibiting a very fast response in
radiation detectors of medical imaging systems for diagnostic radiology. However, its emission
within the ultraviolet range limited the environment in which the detection systems work since
many materials are not transparent in the UV region. Quantum dots have high luminescence
quantum efficiency but their stopping power is low which results in very weak scintillation
luminescence. Nanocompound formed by CdTe quantum dots and LaF;:Ce nanoparticles
optimize both stopping power and scintillation efficiency. Energy transfer efficiency was
calculated as 53% for the fast component and 49% for the slow component. The energy transfer
efficiency could be improved by further optimizing the synthesis process.

Hybrid matrix materials such as ORMOSIL have superior mechanical properties and a
better processability than the pure molecular lanthanide complexes. Moreover, embedding a
lanthanide complex in a hybrid matrix enhances its thermal stability and luminescence output,
We synthesized LaF;:Ce embedded ORMOSIL by using two different LaF;:Ce sources, the
nanoparticle doping concentration can be reached up to 15.66% to keep its transparent and
luminescent properties. Increasing the nanoparticles loading could be a challenge work in the
future. Furthermore, it would be promising for the application in radiation detection if the
complex of LaF3:Ce with CdTe could be successfully doped into ORMOSIL. Both synthesis of
ORMOSIL and CdTe require certain PH, which makes it harder to coordinate both without
quenching the luminescence of CdTe. Synthesis of CdTe in sol at the starting point might be a

solution to avoid this problem.
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