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Abstract
In the medical field, the applications of ultraviolet (UV) radiation are limited to
skin or reachable sites due to the low penetration depth of UV into biological tissue.
Contrary to UV radiation, X-rays can penetrate the body with almost no attenua-
tion, but they result in toxic side effects. Inorganic scintillators absorb X-rays and
convert them into UV or visible photons and are usually used for medical imaging.
We propose the use of high density inorganic nanoscale scintillators with the ability
to absorb externally applied ionizing radiation directly at the site of application,
e.g., inside a tumor. These nanoscale scintillators convert this ionizing radiation
into UV photons in situ enabling, therefore, new biomedical applications for UV
radiation inside the body.
In this thesis, two specific new biomedical applications are discussed in detail: The
first application is the use of UV-B emitting nanoscale scintillators for highly local-
ized drugs released or activation of photoactivable therapeutics. The second novel
approach is the use of UV-C emitting nanoscale scintillators as radiation sensitizers.
However, size-reduction of inorganic scintillators, and most inorganic phosphors in
general, usually result in quenching of the photoluminescence properties, defects on
the surface of the particles and a decrease of radiation hardness.
Colloidal solutions of nearly monodisperse LaPO4:Gd3+ nanocrystals (5 nm) are
shown to strongly emit UV radiation upon excitation with tungsten Kα radiation
(59.32 keV) or vacuum UV radiation (160 nm). The UV emission of the particles
consists mainly of a single line at 311 nm corresponding to the 6P7/2→8S7/2 transi-
tion of Gd3+. This emission of the particles can be used to excite the fluorescence of
laser dyes dissolved in the colloids. The emission of the dyes is also observed in the
case of high dye concentrations, proving that the concept of using radiation with
a high penetration depth to excite a fluorescence emission with a low penetration
depth is feasible. Pr3+-doped LuPO4 emits UV radiation between 225 and 280 nm,
where DNA shows strong absorption bands. A systematic study of the lumines-
cence of LuPO4:Pr3+ is performed: Different doping concentrations, particle sizes,
and excitation sources were compared. Moreover, Pr3+ and Nd3+ co-doped LuPO4
results in increased UV-C emission independent of excitation source due to energy
transfer from Nd3+ to Pr3+. The highest UV-C emission intensity is observed for
LuPO4:Pr3+,Nd3+(1%,2.5%) upon X-ray irradiation. Finally, LuPO4 NPs co-doped
with different dopant concentrations are synthesized, and the biological efficacy of
the combined approach (X-rays and UV-C) is assessed using the colony formation
assay. Cell culture experiments confirm increased cell death compared to X-rays
alone due to the formation of UV-specific DNA damages, supporting the feasibility
of this approach.
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Abbreviations
3D Three-dimensional

6-4PPs (6-4) Photoproducts

BGO Bi4Ge3O12

Eg Band gap

CIE Commission Internationale de l’Eclairage
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CT Computed Tomography
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DNA Deoxyribonucleic Acid

DLS Dynamic Light Scattering
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GFP Green Fluorescent Protein

IR Infrared Radiation
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d50 Median Particle Size

NaSal Sodium Salicylate

NIR Near-Infrared Radiation

NP Nanoscale Particle

PSD Particle Size Distribution

RE Rare Earth
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SEM Scanning Electron Microscopy
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Chapter 1
Introduction

1.1. Biomedical Imaging and Medical Treatment
1.1.1. Prelude

An image is a visual representation of some measurable property of an object, a
person, or a phenomenon. Images can be formed and displayed in different ways
depending on the properties of the object and on the imaging system used to create
the image. Visible light, for example, can either penetrate through or be reflected
by an object so we can see its outline, colors, and texture. A camera harnesses the
reflected light and creates photographs, a permanent representation of how light
interacts with an object. For a long time, physicians and doctors relied only on
what they could directly see and depended solely on drawings and photographs to
treat illnesses. However, visible light ranging from 400 to 700 nm is only a small
part of the electromagnetic spectrum extending from gamma rays to radio waves.
This wide range of different wavelengths provides a great variety of possibilities for
diagnostic and treatment.

The interaction of electromagnetic radiation with matter depends on the energy of
the electromagnetic wave. Because biological tissue has a high water-content, water
is a significant contributor to the overall attenuation and, therefore, a suitable sur-
rogate for signals moving in and out of it.[1] Figure 1.1, for example, illustrates the
attenuation of water across the whole electromagnetic spectrum.[2,3] What stands out
the most are three low attenuation wavelength ranges which are known as trans-
mission windows: The X-ray window, the optical/near-infrared radiation (NIR)
window, and the radio frequency window. In other words, wavelengths within these
ranges can penetrate through water with almost no attenuation. The development
of systems which can measure radiation in these wavelengths and convert them into
images we can see and interpret has transformed medical imaging and has become
the pillar of medical diagnosis.

The radio frequency window (radio window in Figure 1.1) is routinely used to study
the physical processes of the body via magnetic resonance imaging. Neither magnetic
resonance imaging nor the radio frequency window will be further discussed in this
thesis. The focus of this work lies on the X-ray and optical/NIR windows, with
emphasis on their limitations and the opportunities that they present.
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Chapter 1. Introduction

Figure 1.1: Attenuation of liquid water from gamma rays to radio frequency wave-
lengths. The three low transition ranges known as transmission windows
are highlighted in gray. Moreover, the dominating effect between water
and a particular electromagnetic wavelength are presented. Adapted from
Pogue et al. (2015).[2]

1.1.2. The X-ray Window

The first Nobel Prize ever awarded in Physics was given to Wilhelm Conrad Röntgen
in 1901. His discovery of a previously unknown type of radiation (X-rays) enabled
not only many new medical applications at the time but also helped other Nobel
Laureates advance in their respective fields of research. Dorothy Crowfoot Hodgkin,
for example, determined the structure of penicillin and vitamin B12 based on X-ray
diffraction images (Nobel Prize in Chemistry, 1964). Some years earlier, Francis
Crick, James Watson, and Maurice Wilkins were awarded a Nobel Prize in Medicine
(1962) for the clarification of the structure of deoxyribonucleic acid (DNA) also
based on X-ray diffraction data.

X-rays are crucial in science and medicine, because they can penetrate objects and
biological matter with negligible attenuation, as shown for water in Figure 1.1 (X-
ray window). This low attenuation depends on the density of the object or the
biological tissue: For example, bones absorb more X-rays than lung tissue, as shown
in Figure 1.2a. Therefore, the use of X-rays in combination with a photographic
film which blackens according to the amount of incident radiation allows the study
of the internal structures such as bones, muscle, fat, and air or metals in the body,
revolutionizing medical care (Figure 1.2b).

One disadvantage of this technique is that X-rays do not have molecular specificity
and cannot differ between tissues with similar densities. Hence, a contrast agent
is often added to enhance contrast in the critical area of examination. A second
disadvantage is that the resulting images are a two-dimensional projection of a

2



1.1. Biomedical Imaging and Medical Treatment

Figure 1.2: Values of the mass attenuation coefficient of bone (gray) and lung tissue
(black) measured as a function of photon energy (left). The attenuation
coefficients were obtained from the National Institute of Standards and
Technology database.[4] Depending on the density of a tissue, more or
less X-ray radiation is detected resulting in a black and white image. An
example image of a frontal chest X-ray of a male is presented to the right.
This figure was reproduced with the permission of Cambridge University
Press.[5]

three-dimensional (3D) object making the resulting images difficult to interpret. In
Figure 1.2b, for example, the heart of the patient could be thought of as bone due
to the bright white color, but the high X-ray attenuation is due to the heart being
a 3D organ full of blood. New techniques like Computed Tomography (CT), more
sensitive detectors (scintillators), and better focusing are widely used to overcome
these drawbacks. In CT, for instance, X-ray images are taken at different angles
with a narrow and focused beam that spins around the patient. The collected data
is mathematically reconstructed by a computer to produce a 3D transverse slide of
the body. The last and main disadvantage of X-rays is the high photon energy of
this radiation resulting in ionization of living tissue which may cause mutations or
cell death. Attenuation of an X-ray beam by water molecules in the cells (80%)
results in highly reactive free radicals. These free radicals diffuse through the cell
and damage biomolecules, particularly the DNA. Depending on the cell cycle phase
of the irradiated cells, mammalian cells can repair the injuries. However, these
repair mechanisms are not always sufficient to fix all the damage so that mutations
or chromosomal aberrations occur in healthy tissue leading to cell death. Therefore,
treatments are often fractionated and carefully planned to allow the regeneration of
healthy tissue and minimize possible side effects.[6,7]

Currently, low doses of irradiation are used for medical imaging, whereas high doses
are used to kill cancer cells, a treatment known as radiation therapy. Nonetheless,
the limiting factor in both applications is still the damaging effect of X-rays on
healthy tissue. Substantial progress has been made in the field of radiation oncol-

3
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ogy in recent years: In addition to optimizing conventional irradiation by controlling
dosage and better focusing, new approaches have been described such as protection
of the surrounding tissue from the effect of the radiation with antioxidants or improv-
ing the effectiveness of radiation by making cancer cells more sensitive to ionizing
radiation by using radiosensitizers.[8–13]

X-ray technologies are a rapidly developing field, and nowadays, X-ray examinations
are routine procedures in every hospital all around the world. Furthermore, X-rays
are being used for more than only body imaging or radiation therapy; for example,
they are often utilized to track the position of medical devices in the body such as
catheters. As a result, the global market sector for X-ray technologies is around
US$26 billion per year.[2,3]

1.1.3. The NIR Window

Infrared radiation (IR) is invisible to the human eye. It begins directly after the
last color in the visible region of the electromagnetic spectrum, red, and ends be-
fore microwaves at around 1 mm. Although we cannot perceive IR radiation, it is
usually felt as heat, a property that led to its discovery in 1800 by William Her-
schel. IR is usually subdivided into smaller sections: For example, the "Commission
Internationale de l’Eclairage" (CIE) recommends its division into three ranges: IR-
A, IR-B and IR-C. Whereas the ISO 20473 system divides IR radiation into three
parts: Near-IR (NIR), mid-IR (MIR), and far-IR (FIR). The wavelength ranges are
summarized in Table 1.1.[14,15] Throughout this thesis, we will use the ISO 20473
division and concentrate on the NIR range from 0.7-3 µm.

As shown in Figure 1.1, water exhibits a second minimal absorption of radiation
between 600 and 1300 nm, the second transmission window, also known as the di-
agnostic window. However, oxygenated and deoxygenated hemoglobin are main
absorbers within this range in vivo.[16,17] Nonetheless, between 650 and 900 nm, all
three components display the lowest radiation attenuation, a section known as the
first biological window.[18,19] A second biological window between 1000 and 1400 nm,
also within the NIR range, has been reported.[20] Amidst these biological windows,
NIR radiation can achieve penetration depths of around 8 to 10 cm in biological
tissue.[21,22] By detecting the NIR irradiation either scattered of or gone through
the sample, different tissue properties can be determined. NIR spectroscopy, for
example, provides information on oxygenation and microvascular function of some
tissues.[22–24]
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Table 1.1: Summary of commonly used subdivision schemes of IR radiation and cor-
responding denomination according to CIE and ISO 20473.[14,15]

Wavelength Range
µm Denomination

0.75 - 1.40 IR-A
1.40 - 3.00 IR-B
3.00 - 1000 IR-C
0.70 - 3.00 NIR
3.00 - 50 MIR
50 - 1000 FIR

One emerging clinical technology is the use of a fluorescence-imaging tag or dye that
can be excited by NIR radiation and the use of specific cameras to detect its fluores-
cence upon excitation. This approach offers additional benefits such as better sensing
and more specific detection.[25–27] Indocyanine green enhanced fluorescence-guided
procedures, for example, facilitate the assessment of vascularity upon anatomical
reconstruction.[17] One major drawback, however, is that a significant fraction of the
applied NIR radiation is dispersed within the tissue resulting in autofluorescence in
complex tissues or organs. This autofluorescence results in high background noise
and low detection sensitivity. Recently, it has been demonstrated that the second
biological window (1000-1400 nm) could allow better in vivo imaging in the deepest
parts of the body with almost negligible background fluorescence.[15,28] Nonetheless,
most of the medical approved chromophores display low quantum yield in this re-
gion and commercially available detectors are customized for wavelengths in the first
biological window.

A key aspect of the use of NIR is that it permits safe interactions deep into tissues
with no modification of the sample or its DNA and that it is non-invasive. Conse-
quently, long exposure times are not hazardous.[16,29] Nowadays, small and portable
screening devices using NIR technology such as the InfraScannerTM 2000 are used,
resulting in equipment costs of around US$19500. Compared to the heavy, mostly
fixed X-ray systems with complex safety requirements, NIR technology results in
lower equipment costs.[2,3] Therefore, NIR radiation techniques have made a pro-
found impact on medicine with many routine applications to assess health and even
treat disease, for instance, using NIR excited sensitizers in photodynamic therapy.
Moreover, NIR technology is a growing market estimated to reach US$822 million
in 2023.[2,3]

5



Chapter 1. Introduction

1.2. Optical Technologies

So far, we have revised X-rays and NIR radiation and the biomedical applications
that arise from their negligible attenuation in the body combined with suitable de-
tectors. Although X-ray and NIR imaging revolutionized the medical field, some
medical procedures, and especially some diagnosis techniques are still based on
the observation of doctors, i.e., Microscopy, endoscopy, and even some methods of
surgery are among the most common optical technologies. Optical technologies ex-
ploit the properties of visible radiation for medical imaging. Nonetheless, although
the human eye is the oldest detector in medicine, it lacks the ability to identify
molecular features or to differentiate between healthy or diseased tissue at early
stages.[18,19] Modern molecular imaging techniques are helping to to overcome these
limitations.

Recent advances in the field of immunology and molecular imaging in combina-
tion with new and improved fluorescent probes allow highly sensitive labeling of
detectable molecular features and therefore visualization of biological processes on
the molecular level.[2,3,30] Nowadays, numerous fluorescent dyes (fluorophores) can
be applied for probing the anatomy, metabolic rate, and immunologic and genetic
features of cells in vivo. Figure 1.3, for example, illustrates some of these detectable
features that can be specifically marked and tracked. Fluorescent dyes emit radia-
tion detectable by the human eye upon excitation at specific wavelengths with an
external source offering, among other advances, intraoperative guidance and optical
feedback to the user in real time.[31] Therefore, fluorescence-based techniques are
essential tools in modern biomedical research and are being integrated into many
optical technologies: The organic dye fluorescein, for example, has an emission max-
imum at 515 nm (cyan) and is used for angiography.

Although some of these fluorescing dyes have high emission quantum yields, the
interactions between biological tissue and visible light result in strong scattering of
the emitted light. Therefore, the penetration depth of the emitted fluorescence is
usually low ranging from 0.5 to 1 cm.[31] Thus, optical techniques are limited to the
surface of the body or endoscopically reachable sites. Further disadvantages arise
from the need of fluorescent dyes, which are prompt to photobleaching and must
often be excited with short wavelengths such as blue or even ultraviolet (UV) radia-
tion. The disadvantage of using UV radiation is its cell toxicity and low penetration
depth in the body. Therefore, its use is restricted to directly accessible sites.

Optical technologies have found more clinical applications than X-rays, or NIR tech-
nologies and its global market amounts to around US$72.4 billion.[3] Their use ex-
tends from optical diagnostic methods such as microscopy, fluorescence microscopy,
and confocal imaging (the backbone of histopathology) to light-activated therapy.
Since 1960, after the development of devices capable of emitting coherent light
through “light amplification by stimulated emission of radiation” (lasers), also nu-
merous optical laser-based applications are routinely used.[16,29]

6



1.3. Motivation

Figure 1.3: Illustration of detectable molecular features categorized into four sections
and the corresponding examples: Structural (blue), metabolic (green), im-
munologic (orange), and genetic (red). Structural and metabolic markers
can be found at high concentrations making them easier to detect. The re-
quired dye concentration usually decreases with molecular specificity and
sensitivity. This figure was reproduced with the permission of Optical
Society of America.[2]

1.3. Motivation
X-rays can penetrate the body with almost no attenuation, but they result in toxic
side effects without differentiating between tissue of similar physical properties. NIR
radiation can also penetrate through biological tissue and, contrary to X-rays, is
harmless. Nonetheless, it also lacks some tissue specificity unless it is combined
with fluorescent probes. The addition of these fluorescent molecules improves the
specificity of NIR techniques, but autofluorescence of biological tissue decreases
detection sensitivity. Fluorescent molecules are a major component of the optical
imaging techniques, which are the most sensitive, highly advanced and specified
imaging methods. However, optical technologies can only be used in reachable sites
due to the low penetration depth of visible light in the body. For some specific
applications, fluorophores can also be excited using UV radiation.[32,33] Nonetheless,
UV radiation is also toxic and rapidly absorbed by the body. What if we could
combine the strengths of all these technologies while reducing their limitations?

We propose the use of high density inorganic nanoscale particles with the ability
to absorb externally applied ionizing radiation directly at the site of application,
e.g., inside the body, and to convert this ionizing radiation into UV/NIR photons
with high efficiency (scintillation). Additional advantages of these nanoscintillators
result from their small size, which allows more precise property engineering such as
surface functionalization and coating with bioactive molecules and drugs support-
ing simultaneous in vivo targeting of specific molecules for imaging and treatment.
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Chapter 1. Introduction

Nonetheless, reducing the particle size of scintillators to the nanoscale is challenging
because the described advantages are accompanied by the loss of optical properties
along with low yielding synthesis methods.

The focus of this project is the development of inorganic nanoscale particles (≤150 nm)
which absorb X-ray radiation and convert it into UV photons. These nanoscale scin-
tillators are made of high density materials and their targeted doping or co-doping
with trivalent lanthanides (Ln3+) such as Pr3+, Nd3+, or Gd3+ results in excellent
scintillators that emit in the deep spectral range between 190 and 315 nm enabling
their use as UV emitters combined with magnetic imaging (Gd3+) or NIR imaging
(Nd3+) in the second biological window as outlined in Figure 1.4.

In other words, the objective of this research is the development of a reproducible
synthesis method, the optimization and the characterization of nanoscale scintilla-
tors with the following properties:

I High density for targeted contrast improvement and broad X-ray absorption
cross-section

I High radiation and chemical stability for prolonged use
I Strong UV emission for useful interaction with biomolecules and NIR emission

in the second biological window
I Low toxicity for future in situ applications

Furthermore, high density nanoscale scintillators improve X-rays attenuation at the
point of use. Therefore, lower irradiation doses could be used for imaging, as well
as for treatment of cancer. The strong UV radiation emitted by these nanoscale
scintillators could not only be used to excite fluorescent samples inside the body
but even to improve the biological damages of X-rays during radiation therapy.
While, at the same time, keeping further located tissue unharmed, due to its low
penetration depth as displayed in Figure 1.4a. Moreover, in turn, NIR emission
between 1000 and 1400 nm could be used to track the particles in the body without
invasive procedures and with low autofluorescence as illustrated in Figure 1.4b.

1.4. Scope
The focus of this project is the design of efficient UV emitting nanoscale scintillators,
in this case, it means: A reproducible synthesis method independent of Ln3+ (Pr3+,
Nd3+, Gd3+) dopant, or dopant concentration, samples in the nanoscale range with
strong UV emitting properties, low toxicity and radiation hardness. Although NIR
emission is a desired optical property for the herein synthesized nanoscale particles
and it will be fully characterized, this thesis does not deal with its improvement.

Following this introductory chapter (Chapter 1), we will discuss the two main
topics of this thesis in detail: Inorganic scintillators for medical imaging and UV
radiation. Chapter 2 will focus on their historical background, mechanism, and
state of the art applications. Another significant topic in this thesis are LaPO4 and
LuPO4, as well as the chosen dopants Ln3+ (Pr3+, Nd3+, Gd3+), which will also be
surveyed in this chapter. The final section of Chapter 2 will evaluate two particular
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Figure 1.4: Illustration of the basic concept proposed in this thesis: (a) High density
nanoscale scintillators which due to their high density improve contrast
upon X-ray irradiation (white particle). Furthermore, only in combination
with X-rays, they emit UV radiation (represented with the color violet)
capable of activating or interacting with biomolecules such as DNA. (b)
Before the use of X-rays and to control the right positioning of the particles,
a laser can be used to excite the particles which emit NIR (represented
with the color red), making them easier to localize.
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applications for the herein synthesized particles and will explain the advantages of
their highly localized UV emission: Single-line UV-B emission to activate molecules
and the use of UV-C emitting nanoscale scintillators as radiation sensitizers for
radiation therapy.

After the experimental part of this thesis is described thoroughly in Chapter 3,
we will present and discuss our results in Chapter 4. This chapter will be divided
into four sections to provide a better understanding, and throughout these sections
we will give a detailed physical and chemical characterization of the synthesized
samples with a subsequent study of their scintillation and optical properties using
two different excitation sources: X-rays and vacuum UV. Chapter 4 will also describe
our efforts to improve the emitted UV radiation by applying a shell of undoped
material to the nanoscale samples or by increasing the particle size, and finally by
co-doping the particles. The last section of Chapter 4 will present the preliminary
studies on the possible applications for the nanoscale scintillators.

In the last chapter of this thesis, namely Chapter 5, the results will be shortly
summarized and some recommendations for future research work will be provided.
The research presented in this thesis and all the related results were obtained at
the Münster University of Applied Science and the University of Osnabrück. The
preliminary results aiming towards the use of synthesized particles as radiation sensi-
tizers for radiation therapy were conducted in cooperation with the Wellman Center
for Photomedicine of the Massachusetts General Hospital/Harvard Medical School
where the biological and cell assays presented in Chapter 4 were performed.
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Chapter 2
Theory and Background

2.1. Inorganic Scintillators for Medical Imaging
2.1.1. Scintillators: A Brief Review

As discussed in the introduction, the discovery of X-rays in 1895 revolutionized
medical imaging. Nonetheless, the success of X-ray imaging goes hand in hand
with the development of suitable ionizing radiation detectors, namely scintillators,
semiconductors, or photosensitive devices.[34,35] Although the field of scintillators
is quite extensive and diverse, the following pages of this thesis concentrate on
inorganic scintillators for X-ray based medical imaging with special focus on Ln3+
activated materials. These kind of Inorganic scintillators or inorganic phosphors
absorb high energy radiation such as X-rays or gamma rays and efficiently convert
them into UV/visible (VIS) photons.

The first detectors for ionizing radiation were photographic films. However, the in-
teraction of X-rays with this material was weak, resulting in long patient exposure
times and low-quality images due to the movement of the patient during this time.
Because of the potential toxic side effects of X-rays, exposure times had to be min-
imized, and better detectors were needed. These requirements were met one year
after the discovery of X-rays with the introduction of CaWO4. A screen made of
CaWO4 was placed in direct contact with a photographic film. Upon the absorption
of X-rays, this material emitted UV radiation, which in turn was easily detected
by the photographic film.[36–38] This scintillator material prevailed for 75 years in
medical imaging before more suitable scintillators were found.[36–39]

After the success of CaWO4, some other inorganic phosphors were proposed. How-
ever, it is only in the past four decades that the development and optimization of
scintillators have prospered. The growing need for better medical imaging and new
imaging techniques as well as the development of highly sensitive photomultiplier
tubes, prompted the development of new scintillators.[40,41] A complete assessment of
these materials can be found in the review articles written by Blasse (1994), Nikl et.
al.(2017) or in the book "Inorganic Scintillators for Detector Systems" from Lecoq
et. al. (2017).[36,37,39]

Some of the most outstanding scintillator materials are thallium-activated NaI in-
troduced by Hofstadter in 1949, the first single crystal scintillator.[42] Bi4Ge3O12,
referred to as BGO, was first reported in 1973. Nowadays, BGO is the most com-
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monly used oxide-based scintillator and it forms the basis for the largest electro-
magnetic radiation calorimeter in the world.[37,43–45] It is important to highlight that
Ce3+ activated crystals have received extensive attention due to the fast decay time
of the 5d − 4f transition and the considerable light output they achieve in some
materials.[39,46,47] Moreover, Ce3+ emission matches the sensitivity curves of most
detectors with a maximal sensitivity at around 300 nm.[48]

Table 2.1: List of some comercially available scintillators including density, emission
maximum, light output, and decay time.[36,37,39,49–51]

Material Density
g cm−3

Emission Max.
nm

Light Output
photon MeV−1

Decay time
ns

LuAlO3:Ce3+ 8.34 365 12000 18
YAlO3:Ce3+ 5.55 350 17000 27
Gd2SiO5:Ce3+ 6.71 440 8000 60
Lu2SiO5:Ce3+ 7.40 420 30000 40
Lu3Al5O12:Ce3+ 6.90 520 5600 58
Lu2Si2O7:Ce3+ 6.20 380 30000 30
LuPO4:Ce3+ 6.53 360 17000 25
LuBO3:Ce3+ 7.40 410 10000 39
LuF3:Ce3+ 8.3 310 8000 23
LuCl3:Ce3+ 3.86 330 49000 26
LuBr3:Ce3+ 5.29 358 61000 35
(Lu,Y)2SiO5:Ce3+ 7.1 425 27000 40
Lu3Al5O12:Pr3+ 6.7 310 20000 30
Y3Al5O12:Pr3+ 4.6 320 10000 40

Primary research focused on improving the performance of scintillators as radia-
tion converters for established medical imaging methods, which means that they
have been mostly optimized to be transparent single crystals or ceramics grown
at high temperatures over a long time using, for example, the Czochralski method
(≥1700 ◦C).[48,52–57] As a result, nowadays there is a wide spectrum of inorganic scin-
tillators such as oxides, halides, chalcogenides for a wide variety of applications and
with many different properties, some examples with their corresponding physical
and optical properties are presented in Table 2.1.[36,37,39,44,49–51]
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2.1.2. Interactions of X-rays with Ln3+ Activated Scintillators

Inorganic scintillators consist of a host lattice that absorbs high energy radiation
and one or more dopants which can act as activators and/or sensitizers. Generally,
these dopants are Ln3+ ions.

The scintillation mechanism of Ln3+ activated inorganic scintillators is usually di-
vided into three stages illustrated in Figure 2.1 on page 14:

1. Conversion,
2. diffusion,
3. and luminescence.[36,37,39]

Conversion depends on the energy of the incident radiation and the scintillator
lattice resulting in three different interactions: The photoelectric effect (≤100 keV),
Compton scattering (100–1022 keV), and pair production (≥1022 keV). This small
review will concentrate on the photoelectric effect since the photon energies used for
medical applications are around 100 keV.[58]

The photoelectric cross section has sharp discontinuities when the photon energy
coincides with the binding energy of atomic shells and is particularly large for the
K-shell. As a consequence of photoabsorption in the K-shell, characteristic X-rays or
Auger electrons are emitted resulting in the formation of secondary electrons, which
in turn, can transfer their energy to another electron of the same or of neighboring
atoms. Finally, the whole process results in the formation of conduction band elec-
trons and valence band holes (e−–h+ pairs) in the material. The amount of energy
absorbed depends on the host lattice.

From a physical point of view: The transmitted intensity of the mono-energetic
X-ray beam I is a function of the density of the irradiated material ρ, the layer
thickness d, and the mass attenuation coefficient (µ/ρ):

I = I0

e(µ/ρ)d with µ ∝ λ3, Z3 (2.1)

Furthermore, µ is proportional to the third power of the effective nuclear charge
number Z. Thus, the greater the density of the material and the higher the nuclear
charge number Z, the lower the transmitted intensity and the higher the absorp-
tion. The density of human tissue, for example, is approximately the same as for
water 1 g cm−3 which explains the difficulties for delimiting the targeted area during
treatment (see Figure 2.2). Therefore, materials with a high nuclear charge number
and density are required.

Diffusion occurs after the formation of (e−–h+) pairs: These mobile charge carriers
migrate independently through the host material, e− in the conduction and h+ in
the valence bands. Only if the (e−–h+) pair reaches a Ln3+ and if the recombination
is efficient and faster than the lifetime of the emitting excited state, luminescence
takes place.

Luminescence in inorganic scintillators occurs after one electron of the Ln3+ has
been excited into a higher state. The characteristic emission (UV/VIS) of the Ln3+
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Chapter 2. Theory and Background

Figure 2.1: Schematic representation of the general scintillation mechanisms in Ln3+
activated inorganic materials. This mechanism is divided into three con-
secutive stages: Conversion (formation of e−–h+ pairs), diffusion of these
mobile energy carriers to the emitting centers, and luminescence.[59]
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Figure 2.2: Values of the mass attenuation coefficient (µ/ρ) of LuPO4 (black) and
of water (gray) plotted as a function of photon energy. The attenuation
coefficients were obtained from the National Institute of Standards and
Technology database.[4]

follows the transition from this excited state to the initial state. This whole process
is known as scintillation and is summarized in Figure 2.1.[35,59,60]

In almost all applications where scintillators are used, the accuracy, timing and spa-
tial resolution of the measurements increases with the amount of detected photons
during the scintillation process. An important number specifying the quality of a
scintillator is the so-called light yield defined as the number of scintillation photons
(Nph) emitted after the absorption of a single X-ray quanta with energy (Ex). The
light yield depends on the three main factors as described by equation 2.2. Ne−h is
the number of created (e−–h+) pairs, S is the transfer efficiency of these (e−–h+)
pairs energy to the luminescence center (Ln3+) of the scintillator, and Q is the
photoluminescence quantum yield of the same.

Nph = Ne−hSQ (2.2)

Ne−h = Ex
βEg

(2.3)

Assuming that all Ne−h produced by the uptake of X-rays are completely transferred
to the Ln3+ (S = 1) and that the quantum yield of the same is unity (Q = 1), the
fundamental limit on the light yield is determined by the band gap (Eg) of the
scintillator material and the empirical parameter β. β is a constant that specifies
the energy necessary to create one (e−–h+) pair and is close to 2.5 for most wide
band gap inorganic compounds.[41,46,61,62]

However, wide band gap scintillators such as oxides and fluorides often demonstrate
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much less light yield than the calculated limit. The reason for this effect is an in-
efficient energy transfer (S) from the host to the Ln3+, the core determining factor
controlling the light yield value of the scintillator.[35,41,63] Contrary to wide band
gap scintillators, narrow band gap materials (sulfides, iodides, bromides, chlorides)
demonstrate a light yield approaching the fundamental limit. However, these mate-
rials are not suited for the efficient scintillating emission of several Ln3+ ions.

These equations show that the scintillation process is characterized by a multiplica-
tion mechanism as up to several tens of thousands of UV/VIS photons are generated
per one absorbed X-ray quanta (known as light-yield). Moreover, essential require-
ments for efficient scintillators are a high absorption cross-section for the stimulating
radiation, efficient energy transfer, high conversion efficiency, and long-term chem-
ical stability. The focus of this thesis is one particular class of materials doped
with Pr3+ or Gd3+ as an activator: Phosphates. These wide band gap materials are
distinguished by a characteristic luminescence in the UV-spectral range and have
therefore been used for some time as efficient scintillators.

2.2. Nanoscale Scintillators
Increasing research focusing on nanotechnology has led to many new developments
and applications in the field of inorganic nanoscale scintillators.[64–66] Nanoscale par-
ticles (NPs) are usually defined as particles with a diameter of ≤100 nm and often
display different properties than those of the same bulk materials. One of the most
important advantages of NPs is that the surface of these particles can be modi-
fied, for example: Water-solubility can be tailored and even coating with bioactive
molecules or drugs is possible. These active molecules on the surface could allow
simultaneous in vivo targeting of specific molecules for imaging. Furthermore, due
to recent advances in immunology and bioconjugation, molecular features of cancer
cells can be targeted directly.[67,68] Moreover, it has been reported that particle sizes
≤200 nm diffuse from blood vessels directly into tumors via leaky vessels in a process
known as the Enhanced Permeability and Retention (EPR) effect.[69]

More recently, nanoscale scintillators have emerged as a hot topic, as demonstrated
by the large number of articles published in these past years. Chen et al. (2018),
for example, presented perovskite nanoscale crystals which emit tunable light across
the whole visible spectrum unlike the same bulk materials with fixed transition
energies.[70] Also, various lanthanide-based nanoscintillators made of different classes
of lattices have been presented.[66] Guo et al. (2018), for instance, synthesized Eu3+
doped NaGd(WO4)2, NIR emitting nanorods for optical in vivo imaging which can
also act as contrast agents.[71] Meanwhile, in the same year, Ou et al. reported X-
ray scintillating nanotags made of NaGdF4:Tb3+/NaYF4 core/shell particles for the
high-sensitivity detection of biomarkers. Furthermore, Gd2(WO4)3:Tb3+ nanoscale
scintillators have been docked to Merocyanine 540, which modifies the cell mem-
brane. Upon X-ray irradiation, the Gd2(WO4)3 lattice acts like an antenna absorb-
ing the high radiation energy and transferring it to Tb3+. In turn, Tb3+ activated
the Merocyanine 540 initiating phototherapy. Parallelly, the NPs can be traced via
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CT or magnetic resonance imaging.[72]

Various, mainly solvent-based, synthetic methods have been developed to produce
rare earth NPs. Solvent-based syntheses are carried out in solution and offer the
most advantages in the field of nanotechnology: NPs are unstable due to the high
area-to-volume ratio resulting in excess of energy on the surface of the particles.
However, solvent base synthesis methods allow the separation of the nanoscale par-
ticles in a solution using organic molecules on the particle surface, the so-called
ligands.[73] These molecules keep the NPs apart during the synthesis and allow the
formation of completely separated NPs in stable, colloidal suspensions. Furthermore,
ligands on the surface of the NPs are crucial for subsequent surface modification or
biofunctionalization, i.e., the binding of biomolecules to the ligands, a process also
known as bioconjugation. Furthermore, solvent-based syntheses can be carried out
under relatively mild conditions and allow particle growth and surface properties to
be monitored, providing particles with different sizes depending on the solvent, or
complexing agents used.[74]

These manufacturing processes have led to the development of several NP formula-
tions already available on the market, such as Doxil® and Abraxane®. Both prepara-
tions are approved for the clinical treatment of cancer. Other procedures to obtain
NPs are laser ablation, hydrothermal and solvothermal processes, microemulsion,
and sol-gel processes.[75] Although many methods have been developed for the syn-
thesis of rare earth NPs with different dopants such as Eu3+, Ce3+, Tb3+, and Er3+,
there is little data on Pr3+ doped NP.

Unfortunately, continuous irradiation with X-rays degrades the scintillator material
and produces surface defects. Because of the high surface-to-volume ratio of NPs,
surface defects play a more important role here than in their bulk or single-crystal
counterparts.[76] Therefore, the formation of surface defects is a serious problem when
downscaling scintillators. Another difficulty that arises due to the small particle size
is a low photoluminescence quantum yield: Emitting Ln3+ ions located close to the
particle surface are often affected by a different crystal field compared to other ions
in the center of the particle and display a very low quantum yield owing to various
quenching processes active on the surface of the particle.[63,76]
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2.3. Rare Earth Orthophosphates
Rare earth (RE) orthophosphates are an essential class of host materials for Ln3+
doping because of their excellent multicolor luminescent properties, high thermal
and chemical stability, resistance to radiation and low solubility in water with pK
values ranging from 10−25 to 10−27 at around 25 ◦C.[77–79] Also, previous research
has established that REPO4 host crystals are able to accommodate several Ln3+
in different concentrations, and even at high concentrations the crystalline struc-
ture is not compromised.[80] REPO4 compounds have been extensively used in high-
performance luminescent devices, as catalyst or labels for biological detection, and
even as a solid-state repository for radioactive waste.[81] Moreover, phosphates al-
ready have several medical applications due to their excellent biocompatibility.[82]

In this thesis, we will concentrate on LaPO4 and LuPO4 as host lattices for UV-
emitting materials, due to their promising chemical properties such as wide Eg
(allowing UV-C and UV-B emission), high density, and simple crystal structures
with only one lattice site for the dopant. A small overview of the properties of these
materials is presented in Table 2.2.

REPO4 crystallizes in different structures depending on the ionic radius of the RE
such as monazite, rhabdophane or xenotime. The crystal structure and morphology
also depends on pH, temperature, and reaction time.[78,83] Monazite and xenotime
are the stable, most common phases: Monazite accommodates the larger lighter RE,
whereas xenotime incorporates the smaller heavier elements. In both cases, the REs
are accompanied by isolated PO4 tetrahedra.[78,84]

Table 2.2: Summary of chemical and physical properties of LaPO4 and LuPO4.[78,84,85]

Properties LaPO4 LuPO4
Body Color white white
Density 5.08 g cm−3 6.53 g cm−3

Ionic radius 1.197Å 0.977Å
Crystal System monoclinic tetragonal
Mineral Type monazite xenotime
Eg 8.4 eV 8.8 eV
Space Group P 1 21/a 1 (14) I 41/a m d z (141)
n 1.79 1.68
pK 26.15 25.39

2.3.1. Lanthanum Phosphate (LaPO4)

LaPO4 is an insoluble material, which is insensitive to hydrolysis and very stable.[79]
In nature, it is an essential component of the mineral monazite. LaPO4 crystallizes in
the monazite structure. The space group of this structure is P 1 21/a 1 (14) for light
and larger lanthanides, where the Ln3+ cations are nine-fold coordinated.[81,83,85] The
undoped LaPO4 becomes a luminescent conversion material only by targeted doping
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Figure 2.3: Section of the LaPO4 crystal structure and its unity cell in black. LaPO4
crystallizes in the monazite system and is nine-fold coordinated. The figure
was drawn using the Vesta Software and the reference data ICDD (04-019-
5468).[86,87]

with Ln3+, the position of absorption and emission depending on the respective
dopant.

Lanthanum compounds are used in a wide range of applications, for example: In
batteries used in hybrid or electric cars or for hydrogen storage. Lanthanum com-
pounds have also found some medical applications. The Food and Drug Adminis-
tration Agency approved it in the form of its carbonate under the name Fosrenol®,
and it is used as a phosphate binder for the treatment of renal failure. Further com-
mercial applications of lanthanum compounds are found in the field of fluorescence
lamps. For this purpose, LaPO4 is doped with Ln3+ ions such as Ce3+, Gd3+, and
Tb3+.

2.3.2. Lutetium Phosphate (LuPO4)

LuPO4 is a long known and a well-established chemical compound with a high
density (6.53 g cm−3) as well as a wide band gap (8.85 eV), thus large enough to
allow UV-C emission.[88] LuPO4, as well as LaPO4 is an insoluble stable material.
LuPO4 and several other phosphates of the heavier lanthanides crystallize in the
tetragonal xenotime structure with the space group I41/amd.[81,83,85] Because of the
lanthanide contraction phenomenon, Lu3+ is the smallest lanthanide and it is eight-
fold coordinated in the LuPO4 crystal. Like LaPO4, LuPO4 displays luminescence
only upon doping with an activator.
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Figure 2.4: Section of the LuPO4 crystal structure and its unity cell in black. LuPO4
crystallizes in the tetragonal system and is eight-fold coordinated. The
figure was drawn using the Vesta Software and the reference data ICDD
(04-016-9759).[86,92]

Lutetium compounds are mainly used as scintillators. Increasing efforts have been
devoted to Ce3+-doped LuPO4 scintillators, because they exhibit high light yield
(17 200 photon MeV−1) and have a short luminescence decay time (25 ns). These
properties make LuPO4:Ce3+ suitable for fast response applications such as positron
emission tomography, where time resolution is of maximal importance.[89–91] In re-
cent years, literature has also focused on Pr3+ or Nd3+ as dopants for the same
application, due to their even faster decay times.[89]

In the medical field, the efficacy of several Lutetium-177 (177Lu) isotope radiophar-
maceuticals has been demonstrated.[93,94] Nonetheless, there are currently no 177Lu
containing pharmaceuticals with regulatory approval for routine clinical use. It is,
however, expected that approved 177Lu radiopharmaceuticals will be commercialized
in the near future.[93] Furthermore, due to the large atomic number of Lutetium
(Z=71) and high X-ray mass absorption, Lu-based materials are being investigated
as promising contrast agents during routine CT imaging.[26,68,94]

Because the scintillating materials mentioned above are insoluble in water, the tar-
geted transport and tissue-specific binding of the microcrystalline phosphates in
biomedical applications would be complicated. The proposed in situ UV emitting
scintillators can only work, if they are localized intracellularly or at least in the
proximity of the target, therefore body-specific barriers must first be overcome. The
use of LaPO4 or LuPO4 in the nanoscale could overcome most of these difficulties,
due to the potential of nanoparticles (NPs) to travel through the human body. Fur-
thermore, the use of drugs or other therapeutics on the surface of the NPS could
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enable multimodal applications.

2.4. UV Radiation
2.4.1. General Considerations - UV Radiation

UV radiation was discovered in 1801 by Johann Wilhelm Ritter. He observed
that "invisible" radiation, beyond the visible spectrum, reduces silver chloride bet-
ter than visible light.[95] This spectral region was given the name of ultraviolet
(UV) radiation. Since 1890, UV radiation has been a main subject of research
within medicine, especially after Niels Ryberg Finsen successfully applied it to treat
cutaneous tuberculosis.[96] Thirteen years later, his research and efforts won him
the Nobel Prize in medicine, and his discoveries laid the foundation for modern
phototherapy.[96–98] Nowadays, UV radiation is an effective and routine treatment
for skin diseases, and artificial UV radiation sources are widely used in medicine,
some examples are listed in Table 2.3.[99][100] Although further applications are plau-
sible, UV therapy is limited to the body surface due to the low penetration of UV
radiation into tissue.[101]

Table 2.3: Types of artificial UV radiation sources.[99][100]

Type Lamps Wavelength

Hg Discharge Lamps
Low Pressure 185, 254 nm
Medium Pressure 200-400 nm
Xe 230-800 nm

Discharge D2 110-400 nm

Excimer LASER

ArF∗ 193 nm
Xe2* 172 nm
KrCl* 222 nm
XeBr* 282 nm

LED (Al,Ga)N 205-370 nm

2.4.2. Mechanisms of UV-induced biological damage

UV radiation describes electromagnetic radiation with wavelengths between 100 and
380 nm. According to DIN 5031-7, UV-Radiation can be divided into four groups
based on their respective biological effects on Bacillus subtilis or Escherichia coli:
Vacuum UV (VUV) (100–200 nm), UV-C (200–280 nm), UV-B (280–315 nm), and
UV-A (315–380 nm).[102] The biological effects of UV radiation on cells and bacteria
have been intensively investigated. One important aspect is the direct absorption of
UV radiation by the DNA. The DNA consists of four different nucleic bases (Adenine,
Cytosine, Guanine, and Thymine) and is held together by an alternating backbone
of a sugar group, a phosphate group and weak hydrogen bonds. The basic structure
of thymine and cytosine builds on that of pyrimidine, while adenine and guanine can
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Figure 2.5: Illustration of a single DNA strand (top) and of the main DNA lesions
induced by UV radiation, represented with violet arrows (bottom). This
figure was reproduced with the permission of Elsevier B.V. (modified).[103]

be derived from purine. DNA exhibits an absorption peak at 260 nm. Therefore, UV
radiation, in particular, UV-C is directly absorbed by the DNA resulting in direct
and indirect DNA lesions.[103] As a consequence of these lesions, the structure of the
DNA helix is modified, and if it remains unrepaired, they interfere with the DNA
transcription and replication causing the death of the cell or organism.[104,105]

Direct DNA damage results from the absorption of UV radiation, thymine and
cytosine react with adjacent pyrimidine molecules in the DNA double helix and
form cyclobutane pyrimidine dimers (CPD) by covalently bonding to one another.
As a result, four-membered rings are formed which result from the coupling of two
carbon double bonds of two adjacent pyrimidine units and prevent base pairing
during DNA replication. Another common damage caused by UV radiation are (6-
4) photoproducts (6-4PP). 6-4PP result from the linkage of the C6 position of a
pyrimidine to the C4 position of an adjacent pyrimidine. These DNA lesions occur
less often than CPDs (3:1 ratio).[103] Nonetheless, they have a stronger mutagenic
effect. An overview of the mentioned and other interactions of UV radiation and
DNA can be found in Figure 2.5. If the DNA damage is not repaired by the cellular
mechanisms, the cells die by activation of the apoptotic pathway. Also, UV-radiation
induces the expression of the gene relevant for the formation of the tumor suppressor
protein p53. This protein activates cell cycle arrest. Furthermore, UV radiation can
directly activate the "death receptor" Fas or initiate the release of the tumor necrosis
factor, which also leads to cell death.[106]
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Indirect DNA and cell damage results from the interaction of UV radiation
with biomolecules in biological tissue. Upon irradiation with UV, singlet oxygen
molecules, hydroxyl radicals, H2O2, superoxides, and other free radicals are gener-
ated. These active species, in turn, also damage the DNA and provoke biological
responses, some with potential toxic effects such as the peroxidation of cell mem-
brane components, and oxidative stress.[102,103,107–109]

Uehara et. al (2014), for example, reported the effect of various doses of UVA,
UVB, and UVC radiation (254, 302, and 365 nm) on human pancreatic carcinoma
cells (MiaPaCa-2TET−ON53BP1-GFP). The cells were irradiated in vitro, and their
survival rate was measured using the colony formation assay seven days later (Figure
2.6). This study showed that within the tested doses, UV-A radiation minimally
affected cell proliferation, whereas UV-B and UV-C inhibited cell proliferation even
at low concentrations. UV-C radiation, in particular, demonstrated the strongest
toxic effect.[107,108] In other words: The smaller the wavelength, the more DNA
damage is induced, and therefore, higher cell-growth inhibition is produced.

Figure 2.6: Effect of UV irradiation on the cell proliferation of MiaPaCa-
2TET−ON53BP1-GFP cells 7 days after irradiation with different doses.
The cells were stained with crystal violet (top) and evaluated with Imaje
J (bottom). This figure was reproduced with the permission of John Wiley
and Sons (modified).[107]
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The penetration of UV-B and UV-C into biological tissue (penetration depth) has
also been investigated. Prior studies using carcinoma cells with the ability to express
the green fluorescent protein (GFP) in response to DNA damage have shown that
UV-B radiation can penetrate up to 80 µm into excised tumors (100 mm3) . UV-C,
on the other hand, is rapidly absorbed by cells within the first 40 µm of the excised
tumors. Other groups have reported similar results on a brain cancer model, a
non-invasive ear-tumor imaging model, among others.[110–112]

2.4.3. UV-A Range

UV-A is radiation between 315 nm (3.94 eV) and 380 nm (3.26 eV) and represents
96.65% of the UV radiation reaching the Earth’s surface.[100] Although UV-A ra-
diation represents the lowest energy in the UV range, it still has enough energy
to induce photocatalytical reactions, melanin oxidation, tanning and even decom-
position of several organic compounds.[113–116] In the medical field, UV-A has been
used since 1974 in combination with the sensitizing effect of psoralen, a therapy
known as PUVA. An approach used routinely to treat skin disorders such as atopic
dermatitis.[117]

2.4.4. UV-B Range

UV-B, i.e., radiation between 280 nm (4.43 eV) and 315 nm (3.94 eV) is essential for
biological processes such as Vitamin D production or melanosome formation.[118–121]
Only 3.35% of the UV radiation reaching the Earth’s surface is in the UV-B range.[100]

Since the 1920s, UV-B has been an important tool in the medical field. Currently,
UV-B is used to treat more than 40 different types of diseases such as skin tumors,
psoriasis and vitiligo.[118,122] The wavelength range from 310 to 313 nm has been re-
ported to be very effective for treatment without the toxic side effects associated with
other wavelengths (UV-A), like nausea or unpredictable phototoxic reactions.[100,123]
Narrow-band UV-B therapy for vitiligo has been reported to have zero drug costs,
shorter treatments, and better results than PUVA.[100]

Another possible application for UV-B radiation is in drug delivery systems. Re-
cent advances in stimuli-responsive materials have helped to develop new treatment
strategies in the biomedical field; photo-responsive strategies are the best exam-
ple, showing precision and non-invasiveness.[119,124,125] In this approach, radiation,
usually UV-B, is used as a trigger for controlled drug delivery or photoactivable
therapeutic systems due to its simple manipulation, focusing and control.[121,124]
However, UV is strongly absorbed by biomolecules and cells (Figure 2.7) which re-
sults in low tissue penetration, thus limiting its medical applications to the body
surface.[124] Photodynamic therapy, as well as photocontrolled targeted drug release
(photouncaging), could benefit from an in situ UV-B emission approach using ion-
izing radiation (X-rays) as a trigger with excellent deep tissue penetration.
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Figure 2.7: Penetration of UV-B and UV-C radiation into excised tumors of MiaPaCa-
2TET−ON53BP1-GFP cells (100 mm3). These carcinoma cells express GFP
in response to DNA damage. After the tumors were exposed to a UV
fluence of 500 J m−2, the 53BP1-GFP focus formation was imaged, the
resulting images (a) and the quantitative analysis (b) are presented. Cells
of the UV-B treated samples expressed GFP up to a depth of 80 µm,
whereas the GFP focus of the UV-C treated samples ended at 40 µm. This
figure was reproduced with the permission of John Wiley and Sons.[107]
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2.4.5. UV-C Range

UV-C is of special interest because these photons directly target DNA in bacteria and
eukaryotic cells causing lethal DNA lesions as described above. UV-C is completely
absorbed by stratospheric gases, mainly oxygen and ozone. Therefore, UV-C fails
to reach the Earth’s surface.[126]

The main application field for artificial UV-C sources lies in industrial water treat-
ment and sanitation. Moreover, nowadays it is possible to cleave potentially harmful
organic compounds via advanced oxidation processes using UV-C radiation. Kovacic
et. al. (2016), for example, used UV-C radiation to successfully degrade the anti-
inflammatory and analgesic drug diclofenac in water.[104,127–129]

2.4.6. UV Emitting rare earth activators

It is well known that the luminescence of rare earth ions in crystals is due to either
parity-forbidden intraconfigurational [Xe]4fn–[Xe]4fn transitions or due to parity-
allowed interconfigurational [Xe]4fn−15d1–[Xe]4fn transitions. Intraconfigurational
transitions give rise to narrow-line emission with luminescence lifetimes usually in
the micro- to millisecond range while the latter, interconfigurational type of tran-
sitions typically yields broad emission bands with a decay time in the nanosecond
range (Ce3+, Pr3+, Nd3+).[48,54,89]

Different luminescent species active in inorganic scintillators (Ln3+) are known. Nev-
ertheless, only two Ln3+ are suitable activators for the UV-C and UV-B emission
needed in this project: Pr3+ and Gd3+. However, Nd3+ will also be discussed in this
thesis, due to its emission in the NIR range, which could provide an example for a
multimodal application. Moreover, the [Xe]4f 25d1–[Xe]4f 3 transition of Nd3+ in
the VUV range could also be used for biomedical applications.[46]

Among all rare earth-ions, only Pr3+ has the necessary optical features needed in
this project, which are due to the close energy positions of the lowest-energy state of
the 4f–5d configuration and of the 1S0 level of the [Xe]4f 2 configuration. Depend-
ing on the crystal field parameters in a host, the 1S0 state, which has practically
the same energy in any compound, can either have less energy than the [Xe]4f 15d1

states or be overlapped by them. Therefore, under excitation into the [Xe]4f 15d1

levels, the emission properties of a phosphor are determined either by the desired
interconfigurational [Xe]4f 15d1–[Xe]4f 2 transitions or by parity-forbidden intracon-
figurational [Xe]4f 2–[Xe]4f 2 transitions from the 1S0 level giving emission of narrow
lines mainly in the visible range. According to P. Dorenbos (2010), the energetic
position of the lowest crystal-field component of the [Xe]4f 15d1 Pr3+ level in differ-
ent crystal compounds and correspondingly the dominant channels for the radiative
decay of 5d Pr3+ states, namely [Xe]4f 15d1–[Xe]4f 2 transitions or [Xe]4f 2–[Xe]4f 2

transitions, can be predicted with a relatively high precision.[41] Furthermore, only
compounds with a Eg larger than at least 6 eV can be considered as possible hosts for
Pr3+ doping and result in an emission spectra governed by the [Xe]4f 15d1–[Xe]4f 2

luminescence in the UV range. Pr3+ ions in the LaPO4, as well as in the LuPO4
host lattice emit a broad band UV luminescence due to the interconfigurational

26



2.4. UV Radiation

[Xe]4f 15d1–[Xe]4f 2.

An interesting X-ray excitable source of UV-B radiation are Gd3+ doped materials
because their UV-B emission consists mainly of a single emission line at around
311 nm. The emission is caused by transitions from the 6P7/2 excited state to the
8S7/2 ground state of the [Xe]4f 7 configuration of Gd3+. The emission line is very
narrow since the 8S7/2 ground state cannot be split by the crystal field while the
crystal field components of the 6P7/2 excited state are usually separated by less than
2 nm. Since the intraconfigurational 6P7/2→8S7/2 transition is parity-forbidden, the
luminescence lifetimes are usually in the micro- to millisecond range.[130–132]

27



Chapter 2. Theory and Background

2.5. Towards Biomedical Applications
2.5.1. Highly Localized UV-B Activation

The first application proposed in this thesis is the use of UV-B emitting nanoscale
scintillators for strongly localized drug release or controlled activation of photo-
activable therapeutics in situ by X-ray triggered emission. The UV-B emission of
the Gd3+ activated LaPO4, for example, consists mainly of a single-line at 311 nm
(3.98 eV) as illustrated in Figure 2.8 . A wavelength which has been described in
the literature as an effective and less toxic treatment method for skin conditions
than other UV radiation wavelengths and is, therefore, a perfect candidate for this
application. Because the absorption cross-section of biomaterials is high for 311 nm
radiation whereas X-rays pass through the body, the UV-B emission of the parti-
cles embedded in the biological tissue can only affect their direct vicinity, allowing
precision and non-invasiveness.

2.5.2. UV-C Scintillating NPs as Radiation Sensitizers

In 2015, the life of up to 8.8 million cancer patients worldwide could have been saved
by earlier detection, better diagnostic methods, and improved therapy. Although
many new therapeutic concepts are being continuously developed, the surgical re-
moval of the tumor, chemotherapy, and radiation therapy are still the traditional
choice.[133] A second medical application for UV emitting nanoscale scintillators,
particularly UV-C emitting NPs, could be as radiation sensitizers in radiation ther-
apy.

Radiation therapy is essential for effective treatment of cancer patients in third
world countries. In industrialized nations, radiation therapy is used to treat more
than 50% of all cancer patients. This kind of therapy requires comprehensive and
individual planning: The aim is the best possible compromise between the highest

Figure 2.8: Illustration of the first application proposed in this thesis: Colloidal single-
line UV-B emitting nanoscale scintillators for strongly localized drug re-
lease or controlled activation of photo- activable therapeutics.
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possible doses of radiation in the malignant tumor cells with minimal damage to the
surrounding healthy tissue. The cure is only achieved if all cancerous cells and all
tumor stem cells in the malignant tumor and the local lymph nodes are killed. In this
way, long-term metastases or recurrences can be prevented.[133,134] Radiation therapy
is applied to malignant tumors because of its ability to reduce cell growth. The DNA
of cells is mainly attacked by free radicals generated by the irradiation, resulting
in highly reactive breaking sites (R∗). Molecular oxygen reacts preferentially and
rapidly to the fracture R* site to form ROOH. This bond is chemically stable and
ensures the fixation of the DNA damage, rendering it irreparable. These irreparable
damages lead to the death of cancer cells. The quantitative amounts of molecular
oxygen in the tumor determine the extent of DNA damage caused by the radiation.
If the tissue is low in oxygen (hypoxic), there are not enough radicals to fix the
damage, and therefore the efficacy of the irradiation remains comparatively low, an
effect known as “Oxygen Enhancement Effect”.[103,135]

Tumors are very inhomogeneous in their vascular density and cellular structure. Hy-
poxia occurs as a gradient and is characteristic of the microenvironment of tumors.
This heterogeneity in tumors is a significant disadvantage of radiation therapy, in-
creasing its lack of success. In recent years, a correlation between hypoxia and
radiation-resistant tumors after radiation therapy and poor patient prognoses has
been shown. The resistance of hypoxic cells to radiation is three times higher than
that of normally oxygenated cells.[135]

A further disadvantage of radiation therapy is that its cytotoxic effects are not
specific to cancer cells, but all cells can be damaged. Depending on the cell cycle
phase of the cells during radiation and the nature of the damage, mammalian cells
can repair their DNA. However, these repair mechanisms are not always sufficient
to repair all the injuries caused by ionizing radiation, so that mutations can occur in
healthy tissue. Therefore, treatments are often fractionated and carefully planned
to allow the regeneration of healthy tissue and minimize possible side effects.

Substantial progress has been made in the field of radiation oncology in recent years.
In addition to the optimization of conventional irradiation by controlled dosage and
better focusing of ionizing radiation based on modern and precise imaging methods,
new procedures, e.g., the use of heavy ions have been described.[136] The two main
approaches to improve radiotherapy and minimize side effects are listed below.

1. Improve the effectiveness of radiation This strategy involves methods
that either make cancer cells more sensitive to ionizing radiation than healthy
cells, or use particle radiation with a precisely defined depth dose. The for-
mer can be achieved with the use of radiation sensitizers so that compara-
ble results can be obtained with a lower radiation dose and therefore with
fewer side effects. In the field of nanotechnology, Gold NPs have emerged
as promising radiation sensitizers. The high X-ray absorption coefficient and
elevated photoelectric absorption of Au (Z = 79) results in the ionization of
biomolecules in the generation of free radicals, and the emission of secondary
particles such as Compton and Auger electrons. Compton and Auger electrons
produce in turn a focal ionization in the adjacent tissue.[137,138] More recently,
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several approaches using nanoscale scintillators as radiation sensitizers have
been reported. For instance, Du et al. (2018) combined LiLuF4:Ce3+ NPs
with UV-responsive Roussin’s black salt for increasing the generation of per-
oxynitrite and superoxide upon X-ray irradiation.[139] Both agents promote cell
death by increasing DNA damage during routine radiation therapy. A similar
tactic was described by Zhang et al. (2015) and Wang et al. (2018). However,
they proposed the use of LiLuF4:Ce3+ NPs with surface modifications such
as ZnO or smaller Ag3PO4 NPs particles combined with cisplatin prodrug,
respectively.[140,141]

2. Protect the surrounding tissue In this case, antioxidants or other molecules
are used to protect the cells adjacent to the tumor from the effect of harmful
radiation. An example compound is Amifostine, an organic substance that
promotes the DNA repair mechanism in healthy cells while suppressing the
same mechanism in malignant cells.

Furthermore, various new nanotechnology approaches are being explored, which
enable new therapies, for example, NanoTherm® a new approach based on hyper-
thermia caused by biocompatible iron oxide NPs (magnetite Fe3O4). These NPs are
directly introduced into the tumor usually by injection. Subsequently, an alternating
magnetic field is applied to the patient, and the NPs start to oscillate. This oscil-
lation results in an increase of temperature in the cancer tissue. The temperature
can increase up to 45 ◦C or more and depends on the treatment duration. At this
high-temperature, cancer cells die or become more sensitive to combined therapies.
However, it is only being tested in large hospitals, because this therapy requires the
use of expensive equipment.[142,143]

Moreover, NPs are also used as carrier systems: Active substances such as thera-
peutics are either immobilized on the surface of the particles or enclosed in the core.
Thus, the active substance can be transported in a shielded manner to the target
site and then be released in a controlled manner.[138]

Within the scope of this project, we propose the use of UV emitting NPs to comple-
ment radiation therapy. The toxic effect of UV radiation on eukaryotic cells and their
low penetration depth in human tissue combined the two conventional approaches
to improve the outcome of radiation therapy, as illustrated in Figure 2.9.[108,112] Fur-
thermore, it is expected that the use of these NPs will increase contrast without
using significantly higher radiation doses and will ensure the absorption of a suffi-
ciently large number of X-ray photons in the target volume.[53,144] Additionally, the
irradiation dose and concentration of the NPs could be controlled during treatment.
In this way, only a fraction of the X-ray photons will be absorbed and converted
into UV-C. The non-absorbed X-ray radiation can then still hydrolyze water and
subsequently produce radicals. In turn, the radicals will destructively react with cell
components by causing oxidative stress and thus lead to cell death. A synergetic
approach of conventional radiation therapy and UV-C is achieved which should im-
prove the results of traditional radiation therapy intensely. Also, high-Z atoms react
to high-energy excitation with the emission of secondary particles such as Compton
and Auger electrons. Auger electrons produce a focal ionization in the adjacent
tissue at up to 10 nm.[138] Because the herein proposed particles are made of high
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Figure 2.9: Graphic illustration of the second proposed medical application for the
herein synthesized UV emitting nanoscale scintillators: The NPs are
brought into a tumor, during routine radiation therapy the NPS convert
X-rays into UV-C photons. UV-C is rapidly absorbed by surrounding
cancerous cells, which are killed upon this interaction.

density materials, in addition to X-rays and UV-C radiation, cell-damaging effects
could also be achieved by these secondary electrons.[137]
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Chapter 3
Experimental Section

3.1. Materials
A detailed list of all the chemicals used for the different synthesis methods are
presented in Table 3.1. The weighed masses of the different precursors are listed in
the Appendix Section on page 121.

Table 3.1: List of the chemicals used for the synthesis of nanoscale and microscale
scintilators in this research. The purity and supplier are also shown.

Chemical Purity Supplier
Coumarin 47 99% Radiant Dyes Laser
Diethyl ethylphosphonate 98% Alfa Aesar
Diphenyl ether 99.5% Merck KGaA
GdCl3 · 7H2O 99.9% Alfa Aesar
H3PO4 98% Acros Organics
H3PO4 85% Merck KGaA
HNO3 68.0-70.0% Alfa Aesar
LaCl3 · 7H2O 99.99% Alfa Aesar
LiF 99.9% Sigma Aldrich
LuCl3 · 7H2O 99.99% Jiaton
Lu2O3 99.99% Treibacher Industrie AG
Methanol p.a. ≥99.8% Chemsolute
NaH2PO4 Reag. Ph Eur Merck KGaA
Nd2O3 99.99% Alfa Aesar
NH4H2PO4 Reag. Ph Eur Merck KGaA
PrCl3 · 7H2O 99.9% Alfa Aesar
Pr(NO3)3 · 6H2O 99.9% Sigma Aldrich
Pr6O11 99.9% Treibacher Industrie AG
Rhodamine B 99% Sigma Aldrich
Tributylamine ≥98.5% Alfa Aesar
Tributylphosphate ≥99% Sigma Aldrich
Trihexylamine 96% Sigma Aldrich
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3.2. Particle Synthesis Methods
3.2.1. Synthesis of LaPO4 Nanoscale Particles

Ln3+ doped LaPO4 (Core) NPs

The LaPO4 NPs doped with different RE dopants were synthesized as shown in
Figure 3.1 using diphenyl ether as solvent. This synthesis method is described in
detail by Oertel et al. for LaPO4 NPs doped with Eu3+ and Tb3+.[34,65,145–148]

Briefly, a total of 10 mmol of high purity LaCl3 · 7H2O (99.99%) and RECl3 · 7H2O
(99.9%) was dissolved in 10 mL methanol. After the hydrated chlorides were com-
pletely dissolved and the solution was clear, 5.35 mL of diethyl ethylphosphonate
(98%) and 30 mL of diphenyl ether (99.5%) were added. Afterwards, methanol and
water were quickly removed using a rotatory evaporator with a temperature between
40 to 80 ◦C. Subsequently, the solution was transferred to a Schlenk-line and stirred
for 1 h at 105 ◦C to further remove the remaining water. After the solution had
cooled down to 37 ◦C, 40 mmol of tributylamine (≥98.5%) was added to the clear
solution, directly followed by the addition of 14 mmol of a previously prepared 2 M
solution of dry phosphoric acid in dihexyl ether. This reaction mixture was heated
to 200 ◦C under a dry nitrogen atmosphere and kept at this temperature for 16 h.

After the turbid suspension had been cooled down to room temperature, it was cen-
trifuged for 5 min at 3500 rpm. The precipitate was washed once with chloroform
and then dispersed in 250 mL of methanol. Subsequently, this clear colloidal solution
was loaded into a pressure-driven stirred cell from Millipore and diafiltered with a
5 kDa filter membrane. After reducing the volume to 50 mL, 200 mL methanol were
added and the diafiltration was repeated. In total, diafiltration was performed three
times. The last step was carried out with methanol p.a. (≥99.8%) and the solu-
tions were concentrated to a percent concentration of 3.5 wt%. For the experiments
with luminescent dyes, the LaPO4:Gd3+(20%) suspensions in methanol were con-
centrated to a total percent concentration of 6 wt% before the dyes were added. The
final solutions contained 6 wt% LaPO4:Gd3+(20%) and either 4 mM coumarin 47 or
1 mM rhodamine B. NP powders were prepared by drying a small amount of the
concentrated solutions at 40 ◦C using a rotatory evaporator, resulting in fine white
powders.

LaPO4:Gd3+/LaPO4 (Core/Shell) NPs

The core/shell synthesis of LaPO4:Gd3+/LaPO4 NPs is a two-step synthesis method:
First, the LaPO4:Gd3+ core NPs were prepared as described above using the high-
boiling solvent diphenyl ether. However, the complexing agent diethyl ethylphos-
phonate was exchanged for (40 mmol) of tributylphosphate (≥99%), while the amine
source was changed to (30 mmol) trihexylamine. This adjustment influences the dis-
persibility of the core LaPO4:Gd3+ particles and prevents them from precipitating
in diphenyl ether at the end of the 16 h heating period.

Second, after these 16 h heating period, one half of the resulting solution was washed
and dried as described before, whereas the other half was mixed with (12.7 mmol)
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Figure 3.1: Graphical representation of the LaPO4 nanoscale particle synthesis

H3PO4, and heated to 200 ◦C. Prior to heating, (10 mmol) of LaCl3 · 7H2O were
dissolved in methanol and mixed with (40 mmol) of tributylphosphate. Afterward,
water and methanol were removed using a rotatory evaporator with a tempera-
ture between 40 to 80 ◦C. The final solution was mixed with (30 mmol) trihexy-
lamine and added dropwise to the core solution (200 ◦C) using a dropping funnel
within 2 h. The suspension was kept at 200 ◦C for another 2 h. Subsequently, the
LaPO4:Gd3+/LaPO4 core/shell NPs were washed in methanol with a pressure-driven
stirred cell and dried as described for the core.

3.2.2. Synthesis of LuPO4 Submicroscale Particles

All submicroscale scintillators were synthesized with a sedimentation nucleation
method, first introduced by Vistovsky et al. and later modified by our group.[65,149,150]
Figure 3.2 provides an overview of the complete method.

First, high quality (99.9%) LuCl3 · 7H2O, (99.9%) Pr(NO3)3, and (99.99%) Nd(NO3)3
were dissolved in 81 mL distilled water to a total of 18 mmol. Second, NaH2PO4 was
dissolved in 300 mL distilled water. After the solution was completely clear, the pH
was adjusted to 12. Third, the NaH2PO4 solution was added dropwise to the first
mixture under continuous stirring for 3.5 h and then left to stir for another 30 min.
The white suspension was centrifuged and washed several times with distilled wa-
ter until pH=7 was reached, followed by a last washing step with acetone before
the samples were dried at 60 ◦C under vacuum. Finally, the remaining powder was
transferred to a corundum crucible and annealed for 2 h at 1000 ◦C in a reducing
CO atmosphere.

Prior to further analysis, 3 g of the resulting submicroscale samples were suspended
in 12.5% HNO3 solution (80 mL) and stirred vigorously at 60 ◦C for 6 h. The re-
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Figure 3.2: Graphic illustration of the sedimentation nucleation method used to syn-
thesize subnanoscale particles

maining suspension was centrifuged and washed several times with distilled water
until pH = 7 was reached and then dried at 90 ◦C.

3.2.3. Synthesis of LuPO4 Microscale Particles

A total of 12 mmol, high purity (99.99%) Lu2O3, (99.9%) Pr6O11, and (99.99%)
Nd2O3 were suspended in stochiometric amounts in 15 mL distilled water. After
30 min, H3PO4 (85%) was added to the reaction mixture and left stirring for 24 h.
Afterwards, the suspension was dried overnight at 90 ◦C. The white powder was
blended with 3.5 wt% NH4H2PO4 and with 2 wt% LiF as fluxing agent. The sam-
ples were annealed for 4 h at 1000 ◦C in a CO atmosphere to prevent oxidation of
Pr3+.The resulting powder samples were washed once with distilled water and dried
at 90 ◦C. The obtained powders were sieved through a nylon sieve with a mesh
size of 95 µm to remove agglomerates. Finally, 3 g of the resulting samples were
suspended in 12.5% HNO3 solution (80 mL) and stirred vigorously at 60 ◦C for 6 h.

3.3. Overview of Physicochemical Characterization
Methods

3.3.1. X-ray Powder Diffraction

The crystal phase and purity of all the synthesized samples were analyzed via X-ray
Powder Diffraction (XRD). The determination of the crystal structure of the powder
samples was carried out by comparing the measured reflex positions and intensities
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Figure 3.3: Overview of the suspension method used to synthesize microscale LuPO4
particles

with reference values for LaPO4 and LuPO4 from crystal structure databases: Pear-
son’s Crystal Data (PCD) and International Center for Diffraction Data (ICDD).
Furthermore, the two 3D images presented in the Theory and Background chapter
(Figure 2.3 and Figure 2.4 in page 19 and 20, respectively) were produced with the
visualization for electronic and structural analysis software VESTA Version 3.4.3
and are based on the same reference data (Table 3.2).[86]

Table 3.2: Reference values of LaPO4 and LuPO4 with corresponding entrynumber in
each databank and original bibliographic data.

Material ICDD PCD Source literature
LaPO4 04-019-5468 1828013 Lacomba et. al (2010)[87]
LuPO4 04-016-9759 1223671 Patwe et. al (2009)[92]

The LaPO4:Gd3+ nanoscale samples were analyzed using an X’pert Pro diffrac-
tometer from PANalytical with Bragg–Brentano geometry. The X-ray source was
an Empyrean Cu LFF with Cu as the anode material with a Kα wavelength of
λ=1.5406Å and shielded by a beryllium window. Furthermore, a Beta-filter Nickel
with a thickness of 0.2 mm was used for the measurements. The running parameters
were set to 40 kV voltage, 30 mA beam current and the data was collected from 5 to
79° in 0.0334° steps with a X’Celerator detector.

The remaining LaPO4 and LuPO4 nanoscale samples were analyzed using an Empyrean
diffractometer from Malvern-PANalytical with a Bragg–Brentano HD module in the
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back of the device. The X-ray tube was an Empyrean Cu LFF HR. The anode ma-
terial (Cu), the Kα wavelength as well as the running parameters remained the same
as described above (λ=1.5406Å, 40 kV ,and 30 mA). The measurements were per-
formed from 5 to 79° with a step size of 0.0263° without a filter and recorded by a
PIXcel 1D detector.

Rietveld fits of the measured XRD patterns were performed only for the nanoscale
samples with the FullProf Suite Program Version 3.00, as described in the literature.[151–154]
Furthermore, the data used for the calculations are listed in Table 3.2 and the re-
sulting parameters are listed in the appendix.

3.3.2. Particle Size Distribution

The mean size of the particles and the Particle Size Distribution (PSD) of the
nanoscale samples were determined via Dynamic Light Scattering (DLS) using a
Zetasizer Nano ZSP from Malvern-PANalytical with a He-Ne laser. This incident
laser has a wavelength of (λ = 632.8 nm) and two possible measurement angles (13°
and 175°). The measurements were conducted in aqueous media (methanol and
water) and at 25 ◦C using a backscatter angle of 173° in 2.5 mL disposable UV-
cuvettes. Important parameters of the suspending medium such as viscosity and
refractive index were chosen from the database given by the manufacturer. The
refractive indices of LaPO4 (n=1.78) and LuPO4 (n=1.68) were taken from the
PISA Database of the Münster University of Applied Science.[155] Following a 60 s
equilibration time for a nominal sample volume of 1 mL, the samples were measured
three times, each time comprising eleven runs, each lasting 10 s.

The particle size analysis of the microscale samples was performed via laser diffrac-
tion technique using a La-950-V2 organic particle sizer from Horiba. This model has
two light sources: One laser diode at (λ =650 nm) and a second light emitting diode
at (λ =405 nm). Prior to any measurement, the micro- and nanoscale powders were
suspended in deionized water and sonicated for 10 min. Afterwards, the suspension
was carefully transferred to the sample bath. The refractive indices of LaPO4 and
LuPO4 were given before every measurement, accordingly. The PSD analysis was
conducted with a previous designed automated test called DE2018.

3.3.3. Transmission Electron Microscopy

The morphology of the colloidal nanoscale, as well as the submicroscale particles,
was further analyzed with high-resolution images obtained with Transmission Elec-
tron Microscopy (TEM). The images were kindly provided by Henning Eickmeier
using a JEM 2100 TEM (Jeol) with a LaB6 cathode and an acceleration voltage of
200 kV. Moreover, the morphology of the powder samples were also characterized
with Scanning Electron Microscopy (SEM) using an EVO MA10 SEM from Zeiss.
The TEM was equipped with a LaB6 cathode and an was used with an acceleration
voltage of 10 kV.
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3.4. Overview of Spectroscopy Methods
3.4.1. Diffuse Reflectance

The diffuse reflectance spectra from 250 nm to 800 nm were recorded on a FS920
spectrometer from Edinburgh Instruments. The spectrometer is equipped with a
450 W Xe discharge lamp as the excitation source, a Spectralon (PTFE) coated
integration sphere and a single photon counting photomultiplier tube (PMT) R928
from Hamamatsu. The diffuse reflectance measurements were executed using a
synchronous scan, i.e., the excitation wavelength and the monitored emission wave-
length were fixed to an identical value. The excitation slit was set to 10 nm while
the emission slit was adjusted to 0.06 nm. The measuring range was applied in two
segments: One segment ranging from 250 to 500 nm without any filter and a second
one from 480 to 500 nm with a 455 nm long path filter in the excitation pathway.
Both spectra were joined together and divided by the diffuse reflectance spectrum
from an optical grade (99.99%) BaSO4. Analysis and handling of the recorded data
were achieved using the F900 program issued by Edinburgh Instruments. The same
program was used for all spectrometers from Edinburgh Instruments during this
research.

3.4.2. VUV Luminescence Spectroscopy

UV/VIS emission was recorded upon excitation with VUV radiation at 160 nm with
a fluorescence spectrometer FS920 (Edinburgh Instruments). This spectrometer was
modified with a Deuterium lamp DS-775 along with an excitation VUV monochro-
mator VM504 (Acton Research Corporation). A single photon counting PMT R928
from Hamamatsu was used for detection.

All emission spectra measurements were divided in three measuring ranges: (1)
200-400 nm without filter, (2) 350-600 nm with a 340 nm filter, and (3) 550-800 nm
with a 550 nm Filter. In all three cases, the measurements were conducted under
a constant stream of N2. The appended emission spectrum from 200 to 800 nm
was corrected using a correction file obtained from a D2 lamp for the UV range
(200-320 nm) and a tungsten incandescent lamp for the near UV to IR range (320-
800 nm). The correction file is certified by the National Physics Laboratory (NPL).
The presented emission spectra were further divided to the intensity maximum of
YPO4:Bi3+ at 241 nm, a standard acquired from Philips, to correct the intensity
fluctuation of the lamp. The luminescent properties of this material have been
characterized previously and are summarized in the literature.[156]

The excitation of the samples was measured at the wavelength of the corresponding
emission maximum, also in different measuring ranges: A constant stream of N2
was used for measurements from 120 to 220 nm. Afterwards, from 200 nm to 20 nm
below the emission maximum of the sample, no inert atmosphere was required. The
measured excitation spectra were divided by the spectrum of an excitation standard
sample of NaSal monitored at 410 nm.

VUV emission spectra (≤ 200 nm) were recorded using a second single photon count-
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Figure 3.4: X-ray spectroscopy equipment: (a) The X-ray tube Neptune 5200 as sent
by Oxford Instruments, (b) and (c) Spectrometer FLS980 enhanced with
the Neptune 5200 tube as used for the measurements in this project

ing PMT R8486, also from Hamamatsu, without the use of a filter. The spectra could
not be corrected due to a lack of suitable certified light sources to produce a correc-
tion file. Therefore, the presented VUV emission spectra are to be understood as
raw emission spectra. Nonetheless, all samples were normalized to the commercial
YPO4:Nd3+ (TL0138) to allow a better comparison between samples measured on
different days.

3.4.3. X-rays Spectroscopy

Upgrading the Set-up for X-ray Luminescence Spectroscopy

UV/VIS emission spectra upon X-ray excitation were measured with a fluorescence
spectrometer FLS980 from Edinburgh Instruments. The spectrometer was upgraded
with an external water-cooled radiation shielded X-ray tube Neptune 5200 (Oxford
Instruments) with adjustable acceleration voltage (10-50 kV) and adjustable beam
current (0-2 mA) as an excitation source (Figure 3.4a). The X-ray source was fixed
on the cover of the spectrometer with the 127 µm thick beryllium window directed
perpendicular to the specimen, as shown in Figure 3.4b and 3.4c. The cover, as well
as the spectrometer, were marked to keep the X-ray source always at the same spot.
The acceleration voltage and the beam current were controlled and monitored using
a specially designed control box and software from MERECS Engineering GmbH &
Co. KG, while the spectrometer was controlled as usual with the F900 software.

Determination of the X-ray Tube Focal Spot

An accurate determination of the focal spot of the X-ray source is essential for re-
producible measurements, especially if the goal is to compare different samples with
each other. The size and shape of the focal spot were determined using (Sr, Ba)2SiO4
doped with Eu3+ (Merck KGaA). A significant advantage of this approach is that
this ortho-silicate has been thoroughly characterized in the literature; it has been
reported that Eu3+ is reduced to Eu2+ upon X-ray irradiation changing its body
color from orange/red (610.5 nm) to green (504 nm) upon UV excitation, as shown
in Figure 3.5.[157]

Sample holders prepared with (Sr, Ba)2SiO4:Eu3+ were placed perpendicular to the
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Figure 3.5: (Sr, Ba)2SiO4:Eu3+ placed at different distances from the X-ray tube
upon 30 min irradiation (50 kV / 2 mA): (a) 5 cm and (b) 5 cm.
(Sr, Ba)2SiO4:Eu2+ is displayed white instead of green due to the low qual-
ity of the camera

X-ray source at a distance of 5 cm (Figure 3.5a) and 10 cm (Figure 3.5b). Based on
the form of the (Sr, Ba)2SiO4:Eu2+ upon 30 min irradiation with 50 kV voltage and
2 mA current, it turned out that the focal spot has a distorted circle shape which
got elongated with distance. In order to overcome the increasing irregularities of
the focal spot, the samples were measured at an angle of 55° and placed within 2 cm
from the X-ray tube, as shown in Figure 3.6a and 3.6b, thus, ensuring the irradiation
of the complete sample (Figure 3.6c and 3.6d).

X-ray Luminescence Measurements

The X-ray tube was provided with a tungsten target and had characteristic X-
ray emission lines at 59.32 keV (Kα1), 57.98 keV (Kα2), 67.24 keV (Kβ1), 69.10 keV
(Kβ2), and 66.95 keV (Kβ3).[158] The X-rays were not filtered.The emission spectra
were measured from 200 to 800 nm in 1 nm steps upon X-ray excitation. Throughout
this project the operating voltage was kept constant at 50 kV voltage and the beam
current at 2 mA. Neither filters nor correction files were used for the measurements.
Nonetheless, the presented emission spectra were divided to the intensity maximum
of YPO4:Bi3+ at 241 nm to allow for a better comparison between measurements and
for correction of the intensity variation of the X-ray tube.[156] Some powder samples
were pressed to pellets, each with 10 mm diameter, and their emission was compared
and normalized to the commercial scintillator crystal Lu0.9Y0.1SiO5:Ce3+(0.5%), also
known as LYSO.

Radiation Hardness Measurement

The radiation hardness of the samples was studied under continuous irradiation
with the external X-ray tube Neptune with constant voltage (50 kV) and constant
beam current (2 mA). In order to determine the effect of X-rays on the UV emission
intensity of the samples, the corresponding emission intensity maximum of each
sample was monitored with a kinetic scan every 10 s using the upgraded fluorescence
spectrometer FLS980. In order to assess the effect of X-rays on the sample, the
diffuse reflectance was measured before and after 5 h of irradiation, as described
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Figure 3.6: Images of the sample holder used in this project with a 55° angle of ele-
vation: (a) Illustration taken from the side of the spectrometer without a
sample. Furthermore, a picture of (Sr, Ba)2SiO4:Eu3+ taken from the top
(b) without UV Excitation and (c) upon UV radiation. (d) Also, image
of (Sr, Ba)2SiO4:Eu2+ taken from the top of the spectrometer after 30 min
irradiation (50 kV / 2 mA). The complete sample was altered.

above. A white sample holder, specific for diffuse reflectance measurements, was
used.

3.4.4. IR Spectroscopy

The emission of the samples in the NIR range was measured with a fluorescence spec-
trometer FLS 920 with mirror optics designed for powder samples. The excitation
source was a Fianium Supercontinuum SC450-4 white light laser system operated
at maximal output power (4 W). The FLS920 spectrometer was further modified
with a NIR detector, a single photon counting PMT R2658P from Hamamatsu.
The correction file for the emission spectra was obtained from the calibration with
a tungsten incandescent lamp and it is certified by the National Physics Laboratory
in the UK.
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3.4.5. Standards for Spectroscopy

A complete list of the optical standards used during this project are presented in
Table 3.3.

Table 3.3: List of standard materials used for the different spectroscopic techniques,
all of these materials are optical grade.

Standard Spectroscopic Method Supplier
BaSO4 (99.99%) Diffuse Reflectance Sigma Aldrich
Sodium salicylate (NaSal) VUV-VUV Spectroscopy Sigma Aldrich
YPO4:Bi3+ UV and X-ray Spectroscopy Philips
YPO4:Nd3+ VUV Spectroscopy Tailorlux (TL0138)
Lu0.9Y0.1SiO5:Ce3+ X-ray Spectroscopy Epic Crystal Co., Ltd

3.4.6. Image Processing and Analysis

All the measured spectra and data were handled and prepared for this work using
Origin Pro 2016. TEM images were analyzed using the Fiji Software.[159] Adobe
Photoshop CC Version 19.1.0 as well as Adobe Illustrator CC 22.0.1 were used to
prepare pictures for presentations, posters and texts.

43





Chapter 4
Results and Discussion

4.1. Single-Line UV-B Emitting Nanoscale Particles

4.1.1. Overview

UV-B radiation is a fraction of the electromagnetic spectrum, which interferes with
several biological processes. UV-B radiation between 310 nm (3.99 eV) and 313 nm
(3.96 eV) is of particular interest because it has been reported to be the most ef-
fective and at the same time, the least toxic wavelength in the treatment of skin
diseases.[107,118] Therefore, single-line UV-B emitting colloidal nanoscale particles of
LaPO4:Gd3+ could be interesting for biomedical applications such as strongly local-
ized drug release by X-ray triggered UV uncaging reactions. The UV-B emission
of the Gd3+ activated LaPO4 consists mainly of a single-line at 311 nm (3.98 eV)
corresponding to the 6P7/2→8S7/2 transition of Gd3+. Because the absorption cross-
section of biomaterials is low for X-rays but high for UV radiation, the UV-B emis-
sion of LaPO4:Gd3+ NPs embedded in biological tissue can only affect the direct
vicinity of the particles upon X-ray excitation.

This section of the results and discussion chapter describes the synthesis of nearly
monodisperse 5 nm LaPO4 nanocrystals with different concentrations of Gd3+. Pow-
ders of the NPs were excited either with VUV radiation (160 nm) or with tungsten
Kα radiation (59.32 keV), whereas the colloidal solutions of the same NPs were only
examined upon irradiation with tungsten Kα radiation. Supplementary information
regarding this section can be found in the Appendix on page 121.
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4.1.2. Chemical and Physical Characterization

Redispersible LaPO4 nanocrystals doped with increasing Gd3+ concentration (5-
30%) were prepared as described in chapter 3, section 3.2.1 on page 34. The syn-
thesis procedure yielded clear transparent colloidal solutions of Gd3+ doped LaPO4
nanocrystals in methanol for all dopant concentrations .

Figure 4.1 displays the XRD data of the corresponding LaPO4 powder samples
containing 10, 15, 20, or 30% of Gd3+ (black). In all cases, the XRD patterns
are consistent with the reference data reported by Lacomba-Perales (2010) for bulk
LaPO4 in the monoclinic monazite phase (red).[87] As expected from earlier studies,
the diffraction peaks were strongly broadened due to the small particle size.[145,147]
Rietveld fits of the XRD data reproduced the diffractograms very well, resulting in
residua of high quality (blue lines in Figure 4.1). In all cases, the fits were based on
the monazite crystal structure and yielded values for the mean particle size between
4 and 5 nm.

The resulting TEM images of the LaPO4:Gd3+ nanocrystals are shown in the upper
panel of Figure 4.2 and displayed almost spherical, slightly elongated particles. Lat-
tice fringes can be recognized in the high-resolution photographs of the particles at
higher magnifications (insets). Due to the small size of the diethyl ethylphosphonate
ligands, the LaPO4 particles were not as well separated on the TEM grid as NPs
bearing oleic acid or trioctyl phosphine oxide ligands. The average size of the parti-
cles was determined by using the Fiji software.[159] The TEM results corroborated a
particle size between 4 to 5 nm for all samples up to a Gd3+ concentration of 20%.

DLS measurements of the transparent suspensions of LaPO4:Gd3+ nanocrystals in
methanol showed monomodal and narrow particle size distribution (PSD) up to a
concentration of 20% Gd3+, as shown in Figure 4.2 (bottom panel). The sample
containing 30% of Gd3+ displayed a bimodal PSD with one peak at 3 nm and a
second one at around 6 nm. The additional peak at 3 nm probably indicates the
formation of small GdPO4 particles, since the synthesis method is known to yield
particles of this size when applied to the synthesis of pure GdPO4 nanocrystals.[148]
The TEM analysis of the same sample, namely LaPO4:Gd3+(30%) yielded a mean
particle diameter of 3.2 nm, in accord with the DLS result, validating that this
sample contains a fraction of smaller particles (Figure 4.2c)

In all cases, the mean particle size determined by DLS was roughly in accord with
the values between 4 to 5 nm deduced from the Rietveld fits of the diffraction data.
Therefore, the DLS data indicated that the particles are well separated in the polar
solvent methanol. In fact, the nanocrystals were easily redispersed in methanol
yielding highly concentrated transparent solutions.

46



4.1. Single-Line UV-B Emitting Nanoscale Particles

Figure 4.1: XRD patterns of La1–xGdxPO4 nanoscale particles with (x=0.10, 0.15,
0.20, or 0.30) (black lines). Residua of Rietveld fits are presented in blue
below each dataset. The particle sizes presented on the right were derived
from the corresponding Rietveld fits. The red lines (bottom) represent the
reference data of monazite LaPO4 (ICDD (04-019-5468)).[87] In all cases,
the XRD patterns are consistent with the reference data and Rietveld fits
resulted in high quality residua.
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Figure 4.2: Transmission electron microscopy images of La1–xGdxPO4 nanoscale par-
ticles (top) prepared with different Gd3+ concentrations: (a) x=0.10, (b)
x=0.20, and (c) x=0.30. The lower panel (d) shows the particle size dis-
tributions in the colloidal solution measured by DLS. The TEM and DLS
results corroborated a particle size between 4 to 5 nm for all samples up
to a Gd3+ concentration of 20%, whereas LaPO4:Gd3+(30%) contained a
fraction of smaller particles.
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4.1.3. Photoluminescence and Scintillation Properties

The UV-B emission of the LaPO4:Gd3+ nanocrystals can be excited either with
VUV or X-rays. Therefore, two different experimental set-ups were used to analyze
the photoluminescence and scintillation properties of the NPs. To excite the dry
LaPO4:Gd3+ nanocrystals powders and record their emission spectra at room tem-
perature, the first set-up was equipped with a Deuterium lamp with an excitation
maximum at 160 nm and the second set-up with an X-ray tube. In both cases, the
emission intensities of the samples were compared with the emission intensity of
a reference material, since the excitation geometry and the optical pathway were
different in the two set-ups.

In the VUV set-up, the photoluminescence of the samples was excited with 160 nm
radiation and compared with the emission of microcrystalline YPO4:Bi3+, a well-
known UV-C emitter with a quantum yield of 88%.[156] When the nanocrystals were
excited with X-rays (tungsten target), the commercial scintillator LYSO was used
as reference. For these measurements, the LaPO4:Gd3+ NPs powders were pressed
to pellets, each with 10 mm diameter, to allow comparison with the LYSO crystal
with the same dimensions.

Upon excitation at 160 nm and X-ray irradiation, the emission spectra of all synthe-
sized LaPO4:Gd3+ samples displayed one prominent single-line emission at 311 nm
(322 154 cm−1). The resulting spectra are shown in Figure 4.3 and Figure 4.4, re-
spectively. This sharp line-emission was assigned to the 6P7/2→8S7/2 transition of
Gd3+, and its intensity increased with rising Gd3+ concentration.

Figure 4.3: (a) Single-line UV-B emission spectra of La1–xGdxPO4 nanocrystal pow-
ders prepared with different Gd3+ concentrations (x=0.05-0.30) upon VUV
excitation at 160 nm. All samples were divided to the emission maximum
of the commercially available UV phosphor YPO4:Bi3+ with a broad band
peak at 241 nm (black) to correct the intensity fluctuation of the lamp.
(b) Comparison of the maximal intensity of the single-line emission at
311 nm of each La1–xGdxPO4 sample. The emission intensity increased
with increasing Gd3+ concentration up to a concentration of 20% (green).
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Figure 4.4: Radioluminescence spectra of La1–xGdxPO4 nanocrystal pellets prepared
with different Gd3+ concentrations (x=0.05-0.30) upon X-ray excitation
(50 kV; 2 mA; tungsten target). The recorded spectra were normalized and
compared to the broad emission of a commercial scintillator LYSO. (b) The
maximal emission intensity of the line emission at 311 nm of each sample
was plotted against Gd3+ concentration. LaPO4:Gd3+(20%) displayed the
highest emission intensity.

The intensity variations of the deuterium lamp were corrected using YPO4:Bi3+
as reference. The correction was done by measuring both, the intensity of the
YPO4:Bi3+ at its emission maximum at 241 nm and the emission intensity of the
samples. Finally, the emission intensity of the samples was divided by the inten-
sity value of the YPO4:Bi3+ standard. The emission peak of YPO4:Bi3+ at 241 nm
was attributed to the 3P1→1S0 electronic transition of bismuth.[160] Figure 4.3a
illustrates the recorded emission spectra of the LaPO4:Gd3+ NPs upon VUV exci-
tation. By comparing the areas of the emission peak of YPO4:Bi3+ to the nanoscale
LaPO4:Gd3+ samples, we calculated that the integrated emission intensity of the
best LaPO4:Gd3+ sample, namely with 20% gadolinium, was about 12% compared
to that of the YPO4:Bi3+ standard. However, the intensity of the emission maximum
at 311 nm of the same sample, namely LaPO4:Gd3+(20%), accounted for around 40%
of the intensity value of the YPO4:Bi3+ standard at 241 nm.

Figure 4.3b displays the emission intensity of the 6P7/2→8S7/2 transition of Gd3+ at
311 nm. The emission intensity of the LaPO4:Gd3+ samples increased with growing
Gd3+ concentration up to 20% Gd3+. Concentrations over 20% resulted in a decrease
of the emission intensity, as shown in Figure 4.3b. Similar observations have been
reported for other Gd3+ doped materials and have been attributed to concentration
quenching.[120]

Similar observations were made when the LaPO4:Gd3+ NPs were excited with X-
rays, as shown in Figure 4.4. Since the photon energies emitted by the used X-
ray tube (tungsten target, 50 kV acceleration voltage and 2 mA current) are below
100 keV, the dominant interaction with the solid is the photoelectric effect.[161] The
photoelectric cross-section has, to recap, sharp discontinuities when the photon en-
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ergy coincides with the binding energy of atomic shells and is particularly large for
the K-shell. As a consequence of a photoabsorption in the K-shell, characteristic
X-rays or Auger electrons are emitted. These secondary electrons in turn can be
absorbed by another electron of the same or neighboring atoms, finally resulting in
the formation of conduction band electrons (e−) and valence band holes (h+) in the
material. Luminescence is observed when the energy of these mobile charge carriers
is efficiently transferred to the emitting ions, in this case Gd3+. A more detailed
explanation can be found in chapter 2, section 2.1.2 on page 13. Tungsten Kα ra-
diation (59.32 keV and 57.98 keV) is efficiently absorbed by the particles, since the
Gd-K-edge is located at about 50 keV as shown in Figure 4.5. Consequently, the
intensity of the LaPO4:Gd3+ emission increased with rising Gd3+ concentration and
it declined in case of concentrations above 20%, presumably due to concentration
quenching.

A closer inspection of the spectra in Figure 4.4 revealed two additional small peaks
upon X-ray excitation of the nanocrystals, one at 305 nm (32 787 cm−1) and a second
one at 322 nm (31 056 cm−1). The first of these two peaks can be attributed to the
6P5/2→8S7/2 transition of Gd3+ and the second to one of the vibronic sidebands of the
6P7/2→8S7/2 transition.[162] Nonetheless, in comparison with the main 6P7/2→8S7/2
transition at 311 nm, the intensity of these two emission lines were negligible.

Figure 4.4 also shows that the peak intensity of the 311 nm emission of the LaPO4
NPs doped with 20% Gd3+ was higher than the peak intensity of the chosen LYSO
standard. This effect is due to the fact that the 6P7/2→8S7/2 transition is not
broadened by electron–phonon coupling and the whole oscillator strength is con-
centrated in one narrow line. However, the integrated emission intensity of the
LaPO4:Gd3+(20%) sample was only about 5% compared to the integrated intensity
of the LYSO reference. The main reason for this low integrated intensity seems to be
the energy difference between the Lu-K-edge and the La-K-edge, which are located
at about 63 keV and 39 keV, respectively. The position of the Lu-K-edge almost
perfectly matches the energy of the tungsten Kβ radiation of 67 keV, resulting in
much stronger absorption of the Kβ radiation by the LYSO host lattice compared to
the LaPO4 one. Since the concentration of Lu3+ ions in the LYSO host was higher
than the concentration of Gd3+ ions in the LaPO4:Gd3+ nanocrystals, LYSO was
more efficiently excited, although the Kβ radiation had lower intensity compared to
the Kα radiation exciting the Gd3+ ions, as shown in Figure 4.5.
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Figure 4.5: Calculated mass attenuation coefficients (µ/ρ) of LYSO (black) and
LaPO4:Gd3+ (red) and for comparison LuPO4:Gd3+ (blue) as a function
of photon energy. The vertical lines indicate the position of the Kα (light
grey) and Kβ (dark grey) lines of the characteristic X-ray emission of
tungsten. Lu3+-containing materials absorb radiation better than La3+-
containing host lattices.

4.1.4. Scintillation Properties in Suspension

The LaPO4:Gd3+ nanocrystal powders displayed a strong emission at 311 nm upon
VUV excitation (Figure 4.3), as well as upon X-ray irradiation (Figure 4.4). Nonethe-
less, in a typical biomedical application, the NPs are usually suspended in aqueous
solutions, for example, in the NanoTherm therapy, 15 nm FeO3 NPs are suspended
in water to allow the precise introduction into the tumor tissue.[163] In general, ex-
citation of NPs in aqueous solutions using VUV radiation is not possible because
of the strong absorption of most solvents in this region. In contrast, the absorp-
tion of tungsten Kα and Kβ radiation by aqueous media is practically negligible, as
discussed in chapter 1.

Therefore, to assess the feasibility of LaPO4 as nanoscintillators for in situ UV-B
emission, we irradiated colloidal solutions containing 6 wt% of LaPO4:Gd3+(20%)
particles in methanol. In contrast to earlier reports, however, the herein synthesized
LaPO4:Gd3+ NPs were efficiently excited by X-ray radiation in solution, despite
the use of a quartz cuvette as a sample holder.[70] Figure 4.6a shows the resulting
radioluminescence emission spectra of a 6 wt% of LaPO4:Gd3+(20%) colloidal solu-
tion containing particles in methanol (black) compared to methanol alone (gray).
X-ray irradiation of a colloidal solution of LaPO4:Gd3+ nanocrystals resulted in the
excitation of all particles in the solution and the characteristic Gd3+ emission at
311 nm. The 6 wt% of LaPO4:Gd3+(20%) colloidal suspension was transparent and
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Figure 4.6: Transparent colloidal solution of nanocrystals in methanol upon X-ray irra-
diation (a) containing 6% w/v of LaPO4:Gd3+(20%) (black) compared to
methanol alone (grey), and (b) image of the irradiated colloidal suspension
containing the LaPO4:Gd3+(20%) particles in methanol. In the presence
of the NPs, a single-line emission at 311 nm was measured. Independent
of NPs concentration, the methanol suspensions remained transparent and
clear.

remained clear over several months, as presented in Figure 4.6b.

4.1.5. UV-B Emission Enhancement

LaPO4:Gd3+/LaPO4 Core-Shell NPs

A primary concern designing NPs is the energy-loss occurring at the particle sur-
face resulting in much lower quantum yields of doped nanoscale materials than that
of their corresponding bulk counterparts. These processes, such as ligand-induced
quenching, energy-transfer to the surface as well as simple surface defects, play a
significant role due to the high surface-to-volume ratio of nanomaterials. Previous
research has proven that by growing a shell with a material with similar lattice con-
stants and suitable band gap around the luminescent core increases the luminescence
efficiency.[146,164]

We synthesized LaPO4:Gd3+/LaPO4 core/shell NPs using the same two-step core-
shell synthesis method that lead to high quantum yield CePO4:Tb3+/LaPO4 core/shell
NPs as reported previously by Kömpe et.al.[146] XRD patterns of the core, as well
as the core/shell material, are shown in the supplementary information (Figure S7).
The positions of the observed peaks were in good agreement with the reference
data of monazite LaPO4 (ICDD (04-019-5468)). From this data, it can be seen
that the width of the peaks decreases for the core-shell material supporting the
premise of bigger particles. Figure 4.7 shows two TEM images. Figure 4.7a displays
the LaPO4:Gd3+(20%) particles before and 4.7b after the core/shell synthesis. The
TEM images show bigger particles after the core/shell synthesis. Nonetheless, it is
difficult to differentiate between single particles and, therefore, difficult to determine
particle size due to agglomeration.
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Figure 4.7: TEM images of (a) the core material LaPO4:Gd3+(20%) and (b) the re-
sulting core-shell NPs. (c) Emission spectra of LaPO4:Gd3+(20%) before
(gray) and after growing the LaPO4 shell (black). The emission intensity
integrals are also shown and are normalized to the core/shell results.

Figure 4.7c displays the luminescence spectra of the LaPO4:Gd3+(20%) and the
LaPO4:Gd3+(20%)/LaPO4 powders. Both emission spectra are dominated by the
sharp line-emission, previously assigned to the 6P7/2→8S7/2 transition, and the other
two small bands. The only difference is found after calculating the corresponding
integral emission intensities. The LaPO4 shell resulted in a 14% increase. The ex-
cited state of Gd3+ at 311 nm (322 154 cm−1) are forbidden f -f transitions and
rather insensitive to their surroundings, this means that it can not be quenched by
multiphonon-relaxation. Therefore, the LaPO4 shell may not strongly increase the
emission intensity. This rather low increase of the emission intensity could be the
result of increased particle size and therefore more X-ray absorption, rather than an
improvement due to the shell. Since the study was limited to VUV excitation and
X-ray irradiation, it was not possible to analyze the effect of the LaPO4 shell on the
emission intensity at 308 nm, the same wavelength where the LaPO4:Gd3+ samples
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displayed an excitation maximum, as shown in the appendix.

4.1.6. Summary

Redispersible LaPO4:Gd3+ nanoparticles with a size between 4 to 5 nm were synthe-
sized successfully in the coordinating solvent diphenyl ether and formed transparent
colloidal dispersions in methanol, even at high concentrations. Two different exci-
tation source were used for this material: An X-ray tube and a deuterium lamp.
The LaPO4:Gd3+ nanopowders, as well as the colloidal suspensions, showed strong
single-line UV-B emission at 311 nm regardless of the excitation source. Within
the concentration range investigated (2.5–30%), the particles doped with 20% Gd3+
displayed the highest emission intensity.

The emission intensity of the LaPO4:Gd3+(20%) NPs was improved by 14% with a
shell of undoped LaPO4. We believe that this small enhancement is due to an in-
crease in the particle size, therefore, due to more X-ray absorption than due to the ef-
fect of the shell itself, because the high-lying excited state of Gd3+ at 322 154 cm−1 is
not easily quenched by multiphonon-relaxation or high-frequency vibrational modes
of the organic ligands or solvent molecules. Therefore, a greater focus on slightly
bigger NPs could produce stronger UV emitting nanoparticles.

A second approach to increase X-ray absorption and increase the emission intensity
would be the use of LuPO4 instead of LaPO4 as a host lattice. Nonetheless, the
preliminary efforts remained unsuccessful. Gd3+ doped LuPO4 NPs could not be
synthesized with the herein presented synthesis method. However, the same synthe-
sis method has been used to synthesize LuPO4 NPs doped with other Ln3+ such as
Yb3+ and Eu3+. Hence, the synthesis of LuPO4 with other UV emitting ions like
Pr3+ and Nd3+ could be attempted. These findings presented in this section suggest
several courses of action, some are discussed in the following section.
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4.2. Deep UV Emitting Scintillators – the Hard Way
of Downsizing LuPO4:Pr3+

4.2.1. Overview

Building on our previous results, the following section focuses on Pr3+ as an acti-
vator in the LuPO4 host lattice. LuPO4:Pr3+ emits UV-radiation between 225 and
280 nm, the same range where most biomolecules such as DNA show strong absorp-
tion bands. Although the bulk material has been well characterized, little is known
about Pr3+-doped nanoscale LuPO4 and it is not clear how the particle size influ-
ences the emission or emission intensity of the activator.[89,149,150,165] The goal of this
section is to provide a better understanding of the optical differences that arise with
particle downscaling. For that, we describe the careful optical and physicochemical
characterization of LuPO4:Pr3+ in three different sizes and determine the optimal
Pr3+ concentration. The optical characterization was conducted with two different
excitation sources: An X-ray tube and a deuterium lamp. Thus, allowing us to
compare the optical and scintillation properties of each size with each other as well
as the effects of high radiation energy and VUV excitation on the optical properties
of LuPO4:Pr3+. Supplementary information regarding this section can be found in
the Appendix on page 122.

4.2.2. Chemical and Physical Characterization

In this section, three different synthesis methods were used to prepare LuPO4:Pr3+
in three different sizes. Nanoscale particles of around 5 nm were prepared as de-
scribed in chapter 2, section 3.2.1 on page 34, i. e., the same method as described
before for LaPO4:Gd3+ NPs. Submicroscale particles (20 to 50 nm) were synthesized
as described on page 35 using a modified sedimentation nucleation method, first in-
troduced by Vistovsky et al. (2014).[65,149,150] Microcrystalline particles of around
6 µm were prepared via the suspension method, described in detail on page 3.2.3.
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Figure 4.8: XRD patterns of LuPO4:Pr3+(1%) samples prepared with different meth-
ods and of different sizes. The microscale particles (blue) were annealed
for 4 h at 1000 ◦C, and the submicroscale particles (red) were heated for
2 h at 1000 ◦C, in both cases the heating step was conducted in a reducing
atmosphere CO. The colloidal nanoscale particles (black) were prepared
in the high-boiling-point solvent diphenyl ether. All samples are crys-
talline and agree with the tetragonal crystal system of reference LuPO4,
ICDD(04-019-5468).[92]

The phase purity as well as the crystallinity of the synthesized LuPO4:Pr3+ were ana-
lyzed using XRD. Selected diffraction patterns of LuPO4:Pr3+(1%) particles with dif-
ferent particle size distributions are presented in Figure 4.8. The LuPO4:Pr3+ sam-
ples were crystalline and corresponded to the tetragonal crystal system of LuPO4,
space group I41/amd (#141). The measured XRD patterns agreed with the ref-
erence pattern published by Patwe et al. (2009).[92] The width of the diffraction
peaks increased with decreasing PSD, as expected for small particles. The doping
of LuPO4 with different Pr3+ concentrations (0.1 - 3%) did not change the position
of the XRD pattern. However, a tiny shift could be overlooked due to the width of
the diffraction peaks.

The three different synthesis procedures, delivered LuPO4 particles with a median
size (d50) of 5 nm, a d50=0.1 µm, and d50=5 µm according to DLS measurements and
laser diffraction, respectively. The PSD were homogeneous and almost symmetrical
for all three sizes as shown in Figure 4.9. The colloidal NPs showed the narrowest
distribution width which is likely due to the use of ligands (diethyl ethylphospho-
nate) on the particle surface during synthesis and the missing annealing steps. These
particles are redispersible and form a clear colorless solution in methanol. Our re-
sults are in agreement with data reported in previous literature.[146,147,166] Haase et
al. performed a series of research using the same synthesis technique for LaPO4 and
CePO4 NPs with different rare earth dopants.[146,147,166] However, this is the first
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Figure 4.9: Semilogarithmic plot of the number-based particle size distribution
(columns) and cumulative distribution (lines) of the synthesized
LuPO4:Pr3+(1%) particles. The colloidal nanoparticles are displayed in
black, the submicroscale powders in red (1000 ◦C, 2 h) and the microscale
particles in blue (1000 ◦C, 4 h). The d50 value is shown for every sam-
ple.The PSD were homogeneous and almost symmetrical for all three sizes.

time that this synthesis method has been used for Pr3+ doped LuPO4.

A more accurate assessment of the size and morphology of the particles was achieved
via TEM for the nanoparticles and submicroscale particles dispersed in methanol.
Furthermore, scanning electron microscopy (SEM) was performed for the submicro-
and microscale powders, as presented in Figure 4.10. Figure 4.10a and 4.10b depict
TEM images of the colloidal nanoscale LuPO4:Pr3+. These images indicated sep-
arated particles, which were further examined using Image J software.[159] These
results supported the DLS calculations confirming NP sizes between 4 and 5 nm.
High-resolution images of the NPs display a higher magnification of the nanocrys-
tals (marked with yellow circles) in Figure 4.10b. The NPs consist of a single crystal
domain, and the lattice fringes can be clearly identified. Laser diffraction measure-
ments of the submicroscale particles revealed a d50 of 0.1 µm, whereas the TEM
images of the same samples in methanol demonstrated smaller particle sizes ranging
from 20 to 50 nm. This observation indicated an agglomeration of the nanoscale
particles into larger aggregates of around 0.1 µm (Figure 4.10c). This agglomeration
was further confirmed by SEM images of the dried nanoscale powders as shown in
Figure 4.10d.
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Figure 4.10: TEM images of the nanoscale LuPO4:Pr3+(1%) samples (a) in 20 nm
scale, and (b) in 5 nm scale (black background). (c) TEM images of
the LuPO4:Pr3+(1%) submicroscale particles (100 nm scale) dispersed in
methanol, and (d) SEM picture of the same sample dry.
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4.2.3. Photoluminescence and Scintillation Properties

Microscale LuPO4:Pr3+ Particles

LuPO4:Pr3+ microscale particles were excited using X-rays to study the bulk ma-
terial as well as VUV to analyze their surface. All the microscale samples exhibit
intense UV-C emission independent of the excitation source as displayed in Figure
4.11a and Figure 4.12a, respectively.

The emission spectra were dominated by four broad bands observed between 200 and
300 nm independent of the excitation source. These bands were attributed to the
transitions from the lowest [Xe]4f 15d1 crystal field component to the 3H4 (235 nm,
5.28 eV), 3H5 (245 nm, 5.06 eV), 3H6 (262 nm, 4.73 eV), and 3F2 (272 nm, 4.56 eV)
multiplets of the lowest [Xe]4f 2 ground state configuration of Pr3+. The intensity
of the four peaks increased with rising Pr3+ concentration up to 1% Pr3+. The
first peak [Xe]4f 15d1-[Xe]4f 2 (3H4) at 235 nm showed the highest intensity. It was
observed that the emission intensity of the first and second peaks changed at higher
concentrations; the second peak at 245 nm became the most prominent one. This
shift of the most intense emission peak to longer wavelengths has been attributed
to reabsorption.

LuPO4 samples with 0.1% and 3% Pr3+ exhibit the lowest emission intensities be-
tween 200 and 300 nm among all the concentrations tested. Therefore, it can be
concluded that Pr3+–Pr3+ interactions and distances between ions play a dominant
role in the photoluminescence properties. In LuPO4:Pr3+(0.1%), for instance, the
Pr3+ concentration is too low to get a sufficient absorption at the wavelengths of
the excitation source and thus the UV-C emission is rather weak. On the contrary,
for the LuPO4 samples with a concentration of 3% Pr3+ the quantum efficiency of
the phosphor drastically dropped due to reabsorption and concentration quenching.
Concentration quenching of the emission of Pr3+ has been described previously for
many systems such as La2O3, LiYF4, and Gd3Ga5O12.[167,168]

These Pr3+ doped LuPO4 samples displayed additional emission bands in the UV-
VIS region: Figure 4.11b showed one weak broad band emission at around 460 nm
(2.69 eV) followed by two narrow emission bands at 488 nm (2.54 eV) and 492 nm
(2.52 eV). The weak broad band was attributed to the transitions from the low-
est [Xe]4f 15d1 ground state configuration of Pr3+ to the 3P2 multiplets. The
two very narrow emission peaks were in line with data from literature and are
attributed to the 3P0→3H4 transition which originates from the lowest 4f5d crystal
field component.[156] In the further visible region of the electromagnetic spectrum
(red), a second set of bands was observed. The first peak at 595 nm (2.08 eV) and
the second peak at 600 nm (2.06 eV) are related to the 1D2→3H4 transition of the
Pr3+ ion at different crystal field levels.

The emission intensity of these [Xe]4f 2-[Xe]4f 2 transitions behaved differently when
the Pr3+ concentration was increased compared to the [Xe]4f 15d1-[Xe]4f 2 transi-
tion. The sample with 0.5% Pr3+ showed the highest intensity, followed by the 0.25%
sample. The intensity of these bands decreased with increasing Pr3+ concentration,
while the emission of the peaks at 614 nm (2.01 eV) and 618 nm (2 eV) increased.
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Figure 4.11: Emission spectra of microscale Lu1–xPrxPO4 samples with different Pr3+
concentrations (x=0.0001-0.03) upon X-ray irradiation. The recorded
spectra were divided to the maximal intensity of YPO4:Bi3+ at 241 nm
(black) to correct the intensity variation of the lamp. The emission spec-
tra were divided into two wavelength ranges and are displayed as two
illustrations: In the wavelength range from (a) 200 to 400 nm and (b)
from 400 to 700 nm.
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Moreover, the lowest concentration of 0.1% Pr3+ was more intense than 2% and 3%.
This behavior is in good agreement with the studies reported by Collins et. al. on
the luminescence properties of the 1D2 level of Pr3+ in YPO4. They reported that
the 1D2-system was radiative only in low Pr3+ concentrations. As the concentration
increased, the luminescence was quenched.[169] The two peaks at 614 nm and 618 nm
were attributed to the 3P0→3H6transition, reaching their highest intensity at 3%
Pr3+.[156,169,170]

Finally, all samples showed two weak peaks at 648 nm (1.91 eV) and 650 nm (1.90 eV).
These two peaks have been attributed to the 3P0→3F2 transition and their emission
intensity increased with increasing Pr3+ concentration. These assignments were in
accordance with previous findings reported by Leto et. al.[170]

The same samples of LuPO4 and increasing Pr3+ concentration were also studied
upon VUV excitation (160 nm). The recorded emission spectra were similar to the
results obtained upon X-ray excitation. Firstly, two main groups of bands could be
distinguished: One group in the UV range (Figure 4.12a) and a second group in the
deeper visible part of the spectrum (Figure 4.12b). Secondly, the intensity of the
four bands in the UV range increased with increasing Pr3+ concentration up to 1%.
Pr3+ concentrations higher than 1% resulted in a decrease of the emission intensity.
Thirdly, the emission intensity of the 3P0→3H4 transition bands at 488 and 492 nm
increased with rising Pr3+ concentration, independent of the main UV-C emission,
reaching the highest emission intensity with a Pr3+ concentration of 2%.

Finally, the bands in the red spectral region were also visible. However, instead of
two prominent and clear peaks as seen upon X-ray excitation, only one broadband
peaking at 595 nm was observed . The intensity of these bands decreased with in-
creasing Pr3+ concentration as observed for X-ray excitation. Samples with a higher
Pr3+ concentration displayed one narrow and intense peak at 618 nm. This effect
was also observed in a previous work by Broxtermann et al., and they attributed
this band to the 3P0→3H6 transition of Pr3+.[156] Contrarily to the emission spectra
upon X-ray irradiation, upon VUV excitation the first peak of the interconfigura-
tional [Xe]4f 15d1 - [Xe]4f 2 (3H4) transition at 235 nm remained the most intense
peak independent of the Pr3+ concentration.

Submicroscale LuPO4:Pr3+ Particles

Submicroscale LuPO4:Pr3+ crystals resulted in lower emission intensities upon X-
ray excitation. Nevertheless, compared to the emission spectra of the microscale
particles, the same emission bands as shown in Figure 4.11 can be found. Some
additional and unexpected small peaks between 400 and 550 nm were also observed.
The unexpected bands may appear due to some defects in the particles or im-
purities/moieties present PrCl3, which was used as substrate in the synthesis of
microscale LuPO4:Pr3+. The submicroscale particles did not show a measurable
emission upon VUV excitation as it is presented in the supplementary information
(Figure S5). The LuPO4:Pr3+ nanocrystals displayed weak [Xe]4f 15d1 - [Xe]4f 2

emission with defect photoluminescence peaking at 320 nm.

62



4.2. Deep UV Emitting Scintillators

Figure 4.12: Emission spectra of microscale Lu1–xPrxPO4 samples with different
Pr3+ concentrations (x=0.0001-0.03) upon VUV excitation at 160 nm.
Again, the recorded spectra were divided by the intensity maximum of
YPO4:Bi3+ (not shown) to allow a better comparison between samples.
The emission spectra were divided into two wavelength ranges and are
displayed as two illustrations: In the wavelength range from (a) 200 to
400 nm and (b) from 400 to 700 nm.
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Figure 4.13: Emission spectra of submicroscale Lu1–xPrxPO4 samples with different
Pr3+ concentrations (x=0-0.03) upon X-ray excitation. The recorded
spectra were normalized to the maximal intensity of YPO4:Bi3+ at
241 nm (not displayed). The emission spectra were divided into two wave-
length ranges and are displayed as two illustrations: In the wavelength
range from (a) 200 to 400 nm and (b) from 400 to 700 nm.
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Colloidal Nanoscale LuPO4:Pr3+ Particles

The optical properties of the LuPO4:Pr3+ nanocrystals were analyzed in the same
way as their bigger counterparts, i.e., upon X-ray and VUV excitation. However,
no detectable UV-C emission could be recorded. It could be argued that due to
the much larger radius of Pr3+ compared to Lu3+, the emitting ions were either
not incorporated into the nanoscale host lattice or strongly quenched. Note that
quenching of the UV-C emission was observed for the microscale particles already at
Pr3+ concentrations as low as 3%. Thus, clustering of the large Pr3+ ion may result
in much stronger quenching. Furthermore, strong emission intensity quenching is
also expected of the Pr3+ ions located on the surface of the particles.

Influence of the Particle Size and Excitation Source on the Optical Properties

For a better understanding of the influence of the excitation source and particle size
on the emission intensity, the integrals of the two Pr3+ concentrations with the most
intense emission (0.5% and 1%) were compared to the Pr3+ concentrations with the
weakest emission intensity, namely 0.1%. For this purpose, the emission spectra of
the samples were integrated over the whole recorded spectral region from 200 to
800 nm, the emission integral of (YPO4:Bi3+) was set to 100% and the resulting
values were plotted against particle size as shown in Figure 4.14.

Figure 4.14 displays clearly the dramatic decrease of the emission intensity with
the downsizing of the material and even the complete absence of UV-C emission
on the nanoscale range. Nonetheless, the herein synthesized submicroscale particles
displayed efficient emission between 200 and 300 nm upon X-ray excitation. And,
most importantly, the emission bands and emission maxima were similar to the
microscale samples upon X-ray irradiation, the most critical range for the planned
biomedical applications. The highest emission integral was observed with a Pr3+
concentration of 1%. This sample displayed an emission integral of 22% of the
YPO4:Bi3+ standard.

During this study, some discrepancies in the emission spectra of the samples were ob-
served depending on the excitation source, for example:LuPO4:Pr3+ microscale par-
ticles can be excited efficiently with X-rays as well as with VUV radiation, whereas
submicroscale particles of the same material emitted UV-C only upon excitation
with X-rays. Moreover, upon X-ray excitation, the integrated intensity of the mi-
croscale samples with 0.5 and 1% Pr3+ were around 75% higher than the standard
(YPO4:Bi3+) and even the lowest Pr3+ concentration tested, namely 0.1% reached
over 50%.

In contrast, upon VUV excitation all emission integrals are less than 50% of the
standard. Figure 4.14 allows a direct comparison of these effects on the emission
intensity of the samples. The immense increase in emission intensity was due to a
high density of Pr3+ and the higher effective Z (Z=71), which is almost two times
larger than that of Y (Z=39). Conversely, the same standard, namely, YPO4:Bi3+
demonstrated superiority over all samples upon VUV excitation. Furthermore, fol-
lowing X-ray excitation, the peak at 595 nm and the peak at around 600 nm were
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Figure 4.14: Emission spectra integrals of the microscale and nanoscale LuPO4:Pr3+
upon VUV and X-ray excitation. The emission integrals were normalized
to YPO4:Bi3+.

more evident and clearly defined than the same ones upon VUV excitation as shown
in Figure 4.11b and Figure 4.12. This is possibly caused by the higher energy of the
X-ray excitation and the low penetration depth of the UV excitation beam.

A very small emission at 631 and 635 nm could be recognized upon VUV excitation
in Figure 4.12. However, there is not any sign of these transitions after X-ray
excitation. Possibly there is a very small amount of an impurity phase, below the
XRD detection limit, in which Pr3+ was incorporated giving rise to emission at 631
and 635 nm. We have attributed these peaks to the well-known [Xe]4f 2 − [Xe]4f 2

line emission pattern of Pr3+ in lanthanide sesquioxides (Ln2O3). The presence of
Lu2O3:Pr3+ in the samples is probably due to a decomposition reaction during the
annealing steps on the surface of the particles. Therefore, these peaks are only seen
upon VUV excitation, which interacts mainly at the surface of the particles.[171] This
same surface effect can be further observed in the microscale samples with 0.1 and
1% Pr3+ concentration in the same figures.

4.2.4. Summary

The goal of this investigation was to assess the influence of particle size and ex-
citation source on the emission intensity and the form of the emission spectra of
LuPO4:Pr3+. For this purpose, we successfully developed a reproducible synthesis
method of pure and crystalline microscale LuPO4:Pr3+ particles (d50=6 µm). We
successfully synthesized UV-C emitting submicroscale scintillators (d50≈20-50 nm).

66



4.2. Deep UV Emitting Scintillators

Furthermore, we report the synthesis of monodisperse and colloidal LuPO4:Pr3+
nanoparticles for the first time (d50=nm). These phase pure particles allowed a
direct comparison between the three different sizes.

Upon X-ray excitation, the emission spectra of the submicroscale and microscale
particles displayed the same desired emission bands in the UV-C range. Further-
more, within the Pr3+ concentration range investigated (0.1-3%), LuPO4:Pr3+(1%)
showed the highest emission intensity in the UV-C range. Nevertheless, the emis-
sion intensity decreased with declining size and vanished at the nanoscale range
completely. The loss of UV-C emission started at the surface of the micro- and sub-
microscale particles as revealed by the VUV excitation experiments, whereas in the
nanoscale range it is possibly due to the big size differences between the Pr3+ and
Lu3+. Further research could be undertaken to explore the lack of UV-C emission
at the nanoscale range.

The herein synthesized submicroscale particles behave similarly to their microscale
counterparts upon X-ray irradiation. However, they display around 12 times less
emission intensity. There is, therefore, a definite need for scintillation light yield
improvement. A greater focus on sensitizers or co-activators could account for a
better Pr3+ emission. In the next section, we present Nd3+ as a candidate.
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4.3. Enhanced UV-C Emission of Nd3+ co-doped
LuPO4:Pr3+

4.3.1. Overview

Reducing the particle size of scintillators, phosphors in general, to the nanoscale is
challenging, and LuPO4:Pr3+ is not an exception. As described in the previous part
(section 4.2.3), the emission intensity integral of LuPO4:Pr3+(1%) declined from
175% to 22% compared to YPO4:Bi3+ standard used for the measurements, when
the particle size decreased from 6 µm to around ≈20-50 nm. The immense loss of
optical efficiency in the UV-C range with decreasing particle size is a major problem
for the proposed application of LuPO4:Pr3+ NPs as radiosensitizers (discussed in
section 2.5.2), because the amount of DNA-damage strongly depends on the number
of UV-C photons produced by the nanoscale scintillators.

Some approaches to improve the emission intensity at the nanoscale have been dis-
cussed in this thesis, such as the addition of a shell of undoped material to the
NPs. In this section, however, we present an alternative idea, namely enhancing
the (e––h+) trapping by Ln3+ in the material. As demonstrated in section 4.2.3,
increasing the Pr3+ concentration is not an option due to concentration quenching.
Therefore, we propose to improve the UV-C emission via co-doping the LuPO4:Pr3+
particles with Nd3+.

To shed light on the specific role of Nd3+ on the structure and optical properties of
LuPO4:Pr3+,Nd3+, LuPO4 particles were prepared doped solely by Nd3+ as well as
co-doped by Pr3+ and Nd3+ via the suspension method. Upon a physicochemical
characterization of the resulting particles, the optical and scintillating properties
of the LuPO4:Nd3+ and LuPO4:Pr3+,Nd3+ microscale samples were evaluated us-
ing three different setups: A deuterium discharge lamp (λmax= 160 nm), an X-ray
tube with a tungsten target, and a white light laser (λ= 805 nm). Supplementary
information regarding this section can be found in the Appendix on page 126.
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4.3.2. Chemical and Physical Characterization

Microscale LuPO4 particles doped with increasing Nd3+ concentration (0.1-1%) as
well as were LuPO4 samples co-doped with varying concentrations of Pr3+ (0.1-1%)
and Nd3+ (0.25-3%) were prepared via the suspension method (see chapter 3, section
3.2.3 on page 36 for more details). This synthesis procedure yielded purely white
powders.

The crystallinity and phase purity of the synthesized LuPO4 samples with differ-
ent dopants (Nd3+ or Pr3+,Nd3+) and dopant concentration were validated using
XRD. All samples crystallized in the xenotime structure adopting the space group
I41/amd, an overview of the XRD patterns of all samples can be found in the ap-
pendix. Moreover, no signals corresponding to impurities or different phases were
detected. The position and relative intensities of the recorded XRD peaks were
consistent with the literature data for LuPO4 published by Patwe et al. (2009).
The sample with the highest co-dopant concentration was LuPO4 with 1% Pr3+
and 3% Nd3+, whereas the sample with the lowest co-dopant concentration was
LuPO4:Pr3+,Nd3+(0.1%,0.75%), the XRD patterns of both samples are presented in
Figure 4.15.[92,172].

Figure 4.15: Selected XRD patterns of microscale Lu1–x –yPrxNdyPO4 synthesized via
the suspension method in black, compared to the undoped reference data
ICDD (04-019-5468) in gray st the bottom.[92] No signals corresponding
to impurities or different phases were detected.
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Table 4.1: Particle size distribution of microscaled Lu0.99–xPr0.01NdxPO4 particles sus-
pended in water. LuPO4:Pr3+,Nd3+(1%,1%) resulted in smaller d50 and d90
compared to the other samples and is highlighted in gray.

x d10
µm

d50
µm

d90
µm

0.005 3.8 6.6 11.0
0.0075 3.5 5.8 9.5
0.01 2.1 4.3 7.5
0.0125 3.2 6.0 10.9
0.015 3.2 5.5 8.8
0.02 3.1 5.2 8.3
0.025 3.3 5.6 9.2
0.03 2.8 6.0 13.3

Different LuPO4 samples doped with Nd3+ concentrations ranging from 0.25% to
1% as well as co-doped LuPO4:Pr3+,Nd3+ powders were dispersed in water and
their Particle Size Distribution (PSD) examined with laser diffraction analysis. The
measurements of the LuPO4:Nd3+ particles revealed a relatively narrow PSD with
an average particle sizes of approximately d50=6.5 µm, similar to the previous results
presented for LuPO4:Pr3+ on page 56. All the recorded PSDs are presented in the
appendix section.

The 10% and 90% values of the cumulative mass of the LuPO4:Pr3+,Nd3+ samples,
namely the d10, and d90, respectively, as well as the d50 values are summarized
in Table 4.1 to enable a better comparison between the samples discussed in the
following pages. The sample LuPO4:Pr3+,Nd3+(1%,1%) resulted in much smaller d50
and d90 compared to the other co-doped samples and is highlighted in gray (Table
4.1). Therefore, no optical characterization of this sample was performed. The
PSD of the remaining LuPO4:Pr3+,Nd3+ samples showed no significant differences
between each other. Therefore, the average particle sizes of these remaining samples
were calculated to be d10=3.13 µm, d50=5.63 µm, and d90=9.81 µm.

4.3.3. Optical Characterization of LuPO4:Nd3+

Photoluminescence and Scintillation properties of LuPO4:Nd3+

Before investigating the effects of Nd3+ co-doping on the UV-C emission of LuPO4:Pr3+
particles, we started by characterizing the optical properties of LuPO4 particles
doped solely with Nd3+ (0.25-1%). For that, the emission spectra of the LuPO4:Nd3+
were recorded upon VUV excitation (Figure 4.16a) as well as upon X-ray irradiation
(Figure 4.16b). Thus, allowing a direct comparison of the emission intensity and
emission spectra between LuPO4:Pr3+ (discussed in detail in the previous section),
LuPO4:Nd3+, and co-doped LuPO4:Pr3+,Nd3+.

Figure 4.16a illustrates the recorded emission spectra of LuPO4 powders with an
increasing concentration of Nd3+ upon VUV excitation. The photoluminescence
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Figure 4.16: Characterization of the photoluminescence properties of the
Lu1–xNdxPO4 microscale samples: Comparison of the emission
spectra with increasing Nd3+ concentrations upon (a) VUV excitation
(λmax= 160 nm), and (b) X-ray irradiation (50 kV, 50 mA, tungsten
target). In both cases, LuPO4:Nd3+(0.5%) was the most intense sample
and, therefore, set to 100%. (c) Schematic of the 5d level (band) and
the 4f levels (lines) of Nd3+ in a host lattice.
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spectra exhibited three emission bands: The first one with a maximum at 190 nm
(6.53 eV), the second peaking at 240 nm (5.17 eV), and the last one reaching the
highest point at 280 nm (4.43 eV). These emission bands have been attributed to
the transitions from the lowest crystal field component of the [Xe]4f 25d1 configu-
ration to the 4I9/2, 4I11/2, and 4I13/2 multiplets, the lowest ground state terms
of the [Xe]4f 3 configuration of Nd3+. The obtained spectra are in good accor-
dance with previously published data for Nd3+ doped YPO4 and LuPO4.[173,174] The
[Xe]4f 25d1-[Xe]4f 3 transitions of Nd3+ are illustrated in Figure 4.16c. The sample
with a Nd3+ concentration of 0.5% exhibited the highest emission intensity. Con-
centrations over 0.5% Nd3+ resulted in a decrease of the emission intensity. This
decline of the emission intensity is possibly due to concentration quenching which
has been previously described in other Nd3+ activated luminescent materials such
as LiGd(BO3)3 or Na3La(BO3)2.[19,175]

The emission spectra of the LuPO4:Nd3+ samples upon X-ray excitation are pre-
sented in Figure 4.21b. The recorded emission spectra exhibited two broad bands at
240 nm and 280 nm, as observed upon VUV excitation. However, a major limitation
of this spectroscopic method is that the measurement can only be conducted from
200 to 800 nm. Hence, the main transition of Nd3+, namely [Xe]4f 25d1-[Xe]4f 3

(4I9/2) at 190 nm, could not be studied upon X-ray excitation. Nevertheless, this
main transition at 190 nm was still present as demonstrated by the rising emission
intensity at shorter wavelengths (≤ 204 nm) with increasing dopant concentration.
In addition to the previously described broad bands peaking at 240 nm and 280 nm,
the emission spectra of the LuPO4:Nd3+ samples also showed a small emission band
peaking at around 283 nm. This band was attributed to the intraconfigurational
4I9/2→2P3/2,2D3/2 transitions of Nd3+ and was not observed upon VUV excitation.
Furthermore, some sharp peaks also arose between 300 nm and 380 nm upon X-ray
irradiation, which were not observed upon VUV excitation. These peaks have been
attributed to the [Xe]4f 3-[Xe]4f 3 transitions of Nd3+. However, these sharp peaks
as well as the band at 283 nm displayed almost negligible intensity and will not be
discussed any further in this thesis.

NIR Emitting LuPO4:Nd3+

As presented in the previous section, LuPO4:Nd3+ exhibits intense VUV emission
upon excitation at 160 nm as well as upon X-ray irradiation. However, LuPO4:Nd3+
is not only a promising VUV scintillator, but is also an exceptional candidate for
strong NIR emission. Rapaport et al. (1999), for example, used LuPO4:Nd3+(10%)
crystals with a size of around 1 mm for lasing experiments at 1064 nm withstand-
ing more than 40 kWcm−2 high-intensity pump light.[80] More recently, Wang et al.
(2019) demonstrated that LuPO4:Nd3+ NPs are suited for dual-mode imaging in
vivo due to the deep tissue NIR (at ≈1064 nm) emission upon excitation at 808 nm
and as contrast agents for CT imaging. Most importantly, Wang et al. (2019)
proved that LuPO4:Nd3+ NPs possess low toxicity and high biocompatibility using
cell experiments.[26] Despite the increasing interest in Nd3+ doped materials emitting
in the NIR region, only few studies on LuPO4:Nd3+ could be found.[19,176] Therefore,
the aim of this section is to characterize the NIR emission of LuPO4:Nd3+ to provide
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insight in the effect of Pr3+ co-doping in later stages of this research.

The NIR emission of the microcrystalline LuPO4:Nd3+ powder samples was stud-
ied using a white light laser system (Fianium Supercontinuum SC450-4) fixed at a
maximal output power of 4 W and at an excitation wavelength of 805 nm at room
temperature (a more detailed description can be found on 42). The emission spec-
tra of the samples were recorded from 900 to 1200 nm using a NIR Detector (PMT
R2658) and the maximal intensities were plotted versus the corresponding Nd3+
concentration (4.17a). The spectra of the sample with the most intense emission
intensity, LuPO4:Nd3+(0.75%), is presented in Figure 4.17b while the corresponding
[Xe]4f 3-[Xe]4f 3 transitions of Nd3+ are graphically illustrated in panel c of the
same Figure.

Figure 4.17a compares the maximum of the emission intensity at 1065 nm of all
samples and revealed a steady rise of the emission intensity with increasing Nd3+
concentration up to a concentration of 0.5%. A Nd3+ concentration higher than
0.5% resulted in a decrease of the emission intensity. Nonetheless, it is important to
emphasize that even low Nd3+ concentrations such as 0.25% resulted in strong NIR
emission.

Figure 4.17b displays the emission spectrum of LuPO4:Nd3+(0.5%), the sample with
the most intense emission according to our previous results. In the emission spec-
trum, one broad band at around 909 nm and one set of bands between 1058 nm and
1090 nm can be recognized. The emission band at 909 nm can be attributed to the
4F3/2→4I9/2 transition of Nd3+, whereas the second set of bands corresponds to the
4F3/2→4I11/2 transition. Both transitions are illustrated in Figure 4.17c and are con-
sistent with literature results for Nd3+ doped LuPO4 as well as for other materials
doped with the same dopant.[18,19,80,176] According to the literature review, the exact
photoluminescence mechanisms arises as follows: Excitation at 808 nm results in the
transition 4I9/2→4F5/2. After non-radiative relaxation to the 4F3/2 state, emission
occurs, giving rise to the emission in the NIR between 900 nm and 1100 nm.[177]

4.3.4. Nd3+ as an Efficient Sensitizer for Pr3+ Photoluminescence in LuPO4

In this section, we discuss the effect of Nd3+ on the photoluminescence properties of
LuPO4:Pr3+. In particular, the ramifications resulting from the systematic increase
of the Nd3+ concentration when VUV radiation (λmax= 160 nm) is used for excita-
tion. Previous results, presented in section 4.2.3, identified the Pr3+ concentration of
1% as the most promising dopant concentration yielding the highest UV-C emission
intensity. Hence, the Pr3+ concentration was kept constant at this value whereas
the Nd3+ concentrations tested ranged from 0 to 3%.[171]

The emission spectra measured upon VUV excitation (λmax= 160 nm) are presented
in Figure 4.18a and the corresponding emission integrals in Figure 4.18b for the
spectral range from 215 to 400 nm. The emission intensity of the samples was
normalized to the most intense sample, namely LuPO4:Pr3+,Nd3+(1%,0.75%), which
is shown in black. LuPO4:Pr3+,Nd3+(1%,0.75%), showed a 14 times greater emission
integral than single-doped LuPO4:Pr3+(1%). Upon VUV excitation at 160 nm, a
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Figure 4.17: Characterization of the luminescence properties of the Lu1–xNdxPO4 mi-
croscale samples with increasing Nd3+ concentration upon excitation at
805 nm: (a) Comparison of the emission intensity value at 1065 nm corre-
sponding to the 4F3/2→4I11/2 transition of Nd3+. (b) Emission spectrum
of LuPO4:Nd3+(0.5%). In both cases the the value of LuPO4:Nd3+(0.5%)
was set to 100%, namely the sample which exhibits the strongest emission
intensity.
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Figure 4.18: Optical characterization of microscale Lu0.99–xPr0.01NdxPO4 with in-
creasing Nd3+ concentrations (x=0-1.5%) upon VUV excitation at
160 nm. (a) The emission spectra and (b) the integrated emission in-
tensities in the spectral range between 215 to 400 nm are presented. The
sample LuPO4:Pr3+,Nd3+(1%,0.75%) turned out to be the most intense
one, and was set to 100%.

significant increase of the UV-C emission intensity was observed with increasing
Nd3+ concentration. These results demonstrated that even a low Nd3+ concentration
in LuPO4:Pr3+ significantly improved the emission intensity in the UV range. A
Nd3+ concentration higher than 0.75% resulted in a decreased emission intensity,
and that is why no higher concentrations than 1.5% are included in Figure 4.18, as
the decreasing trends of these samples remain the same.

To further investigate the effect of Nd3+ ions on the photoluminescence of Pr3+
in LuPO4:Pr3+,Nd3+ upon VUV excitation, the excitation and emission spectra
of LuPO4:Pr3+,Nd3+(1%,0.75%) were compared with the excitation and emission
spectra of samples doped with one activator, i.e., either with Nd3+ or Pr3+. These
results are shown in Figure 4.19 from top to bottom, respectively. Moreover, the
VUV excitation at 160 nm is represented with a dotted purple arrow. The emission
spectrum of the co-doped LuPO4:Pr3+,Nd3+(1%,0.75%) samples (top panel) is a
superposition of the emission bands of Pr3+, as well as of Nd3+, in the same host:
In other words, it is composed of a broad band peaking at 190 nm and is dominated
by four distinctive peaks in the UV-C region as shown in Figure 4.19 (top).

The middle panel on Figure 4.19 illustrates the emission spectrum of LuPO4 doped
with a Nd3+ concentration of 0.75% upon excitation at 160 nm. The emission spec-
trum is dominated by a broad band peaking at 190 nm. Two less intense UV bands
were also observed, one peaking at 240 nm and another one with a maximum at
279 nm. These three bands correspond to the transitions from the lowest crystal
field component of the [Xe]4f 25d1 configuration to the 4I9/2, 4I11/2, and 4I13/2 mul-
tiplets, i.e., the lowest ground state terms of the [Xe]4 f3 configuration of Nd3+. A
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Figure 4.19: Optical characterization of LuPO4:Pr3+,Nd3+(1%,0.75%) (top),
LuPO4:Nd3+(0.75%) in red (middle) and LuPO4:Pr3+(1%) in blue
(bottom) upon excitation with VUV radiation at 160 nm. In all cases,
the excitation wavelength is represented by a purple dashed arrow,
whereas the excitation spectrum is presented with a dashed line and
was monitored at the corresponding emission maximum of each sample.
The emission spectrum is illustrated with a solid line. The emission
spectrum of the co-doped LuPO4:Pr3+,Nd3+(1%,0.75%) samples is a
superposition of the emission bands of Pr3+, as well as of Nd3+, in the
same host.
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complete discussion of the emission spectrum of LuPO4:Nd3+, transitions and mech-
anism can be found on page 70. It is worth mentioning that while the two weaker
Nd3+ bands peaking at 240 nm and 279 nm are no longer visible after the addition
of Pr3+, the emission intensity of Pr3+ in the UV-C range increases.

The excitation spectrum of the [Xe]4 f25 d1-[Xe]4 f3 luminescence was recorded by
monitoring the emission at 190 nm. This spectrum exhibited a maximum at around
147 nm. Moreover, from this data it can be seen that VUV radiation at 160 nm was
strongly absorbed. Our spectra are in accordance with previous results reported in
the literature.[178]

The blue curves in the lower panel of Figure 4.19 illustrate the excitation and emis-
sion spectra of Pr3+ doped LuPO4 upon VUV excitation at 160 nm. The excitation
spectrum is composed of two broad bands peaking at around 146 nm and 188 nm.
The absorption intensity at 160 nm is low compared to other excitation bands and is
minimal in comparison to the VUV absorption of LuPO4:Nd3+.[179] In LuPO4:Pr3+,
the observed 5d− 4f emission bands of Pr3+ are separated in four distinctive peaks
due to crystal field splitting. These peaks correspond to the transitions from the
lowest [Xe]4f 15d1 crystal field component to the 3H4 (235 nm), 3H5 (242 nm), 3H6
(262 nm), and 3F2 (273 nm) states of the [Xe]4f 2 ground state configuration of Pr3+.
These results are consistent with previously published results and with the results
discussed in Section 4.2.3 on page 60.[171,180]

From the results above, some key findings emerge: First, the emission maximum of
Nd3+ at 190 nm shows spectral overlap with the Pr3+ excitation spectrum. Second,
the top panel in Figure 4.19 reveals the combined excitation spectra of Nd3+ and
Pr3+ when the Pr3+ emission of the co-doped sample was monitored at 235 nm.
Third, the addition of Pr3+ to LuPO4:Nd3+ results in a decreased intensity of the
Nd3+ emission at 190 nm (red line) as shown in Figure 4.20.

Figure 4.20 displays the emission intensities of LuPO4:Pr3+,Nd3+(1%,0.75%) at
235 nm (open blue squares) and 242 nm (open blue circles). The increase in the Pr3+
concentration up to 0.5% resulted in increased emission intensity of the first peak
at 235 nm. For a concentration of 1% Pr3+, the magnitude of this peak decreased,
while the second peak at 242 nm became the most intense one. For concentrations
higher than 1% Pr3+, the emission intensity of the second peak decreased as well.

Former studies have noted the strong influence of the Pr3+ concentration on its
emission spectrum.[167,168,171] It is generally observed that a doping concentration
higher than 1% results in luminescence quenching. Reabsorption between the first
two peaks at 235 nm and 242 nm, in other words, the second emission peak at 242 nm
becomes the most intense one before the total intensity decreases.[171] The herein
observed reabsorption of the 235 nm peak at a Pr3+ concentration of 1% might be
due to the high concentration of co-dopants (Pr3+ and Nd3+) in the phosphor sample
(1.75% in total), as well as by the Nd3+ sensitization of the Pr3+. All these findings
suggest that energy transfer from Nd3+ to Pr3+ occurs.
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Figure 4.20: Changes in the emission intensity of LuPO4:Pr3+,Nd3+ at 190 nm (red
diamonds), at 235 nm (open blue diamonds) and 242 nm (open blue cir-
cles) plotted against increasing Pr3+ concentration and with a constant
Nd3+ concentration of 0.75%.

4.3.5. Nd3+ as a Co-activator for UV-C Emission of LuPO4:Pr3+ Scintillators

This part of the results focuses on the effect of Nd3+ on the UV-C emission intensity
of LuPO4:Pr3+ upon X-ray excitation (50 kV, 2 mA, tungsten target). The emission
spectra were recorded from 200 to 800 nm, and the emission intensity was integrated
over the same range. The results are displayed in Figure 4.21.

Figure 4.21a provides an overview of the emission intensity integrals: The emission
intensity of the LuPO4:Pr3+,Nd3+ samples increased with increasing Nd3+ concen-
tration up to 2.5% (dark purple). LuPO4:Pr3+,Nd3+(1%,2.5%) revealed an 18 and 52
percent points higher emission intensity integral than LuPO4:Pr3+,Nd3+(1%,0.75%)
(most intense sample upon VUV excitation) and LuPO4:Pr3+(1%), respectively. A
further increase of the Nd3+ concentration (≥ 2.5%) caused a decrease of the emis-
sion intensity. Nonetheless, the emission intensity integrals of all the samples doped
with a Nd3+ concentration higher than 1.25% displayed intense emission, over 90% of
the LuPO4:Pr3+,Nd3+(1%,2.5%). This result ties well with previous studies wherein
Wisniewski et. al. (2002) measured the scintillation light yield of LuPO4:Nd3+ as
a function of the dopant concentration using gamma-rays. High scintillation light
yield values were measured for all samples doped with over 2% Nd3+ without finding
any correlation between scintillation light yield and Nd3+ concentrations. Therefore,
no optimal Nd3+ concentration was found in the LuPO4 host.[181,182]

The excitation of LuPO4:Pr3+ particles with increasing Nd3+ concentration using
X-rays had different effects on the emission intensity and emission spectra of the
samples compared to the same probes upon VUV excitation. Upon excitation with
X-rays, for example, concentration quenching occurred at a Nd3+ concentration of
3%. Whereas upon excitation with VUV radiation, concentration quenching arose
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already for samples doped with 0.75% Nd3+. These differences may be explained
by the fact that X-rays are ionizing radiation that interacts with the whole LuPO4
particle, while the VUV excitation at 160 nm (7.75 eV) mainly excites the surface
due to its low penetration depth.[171] Consequently, an inhomogeneous distribution
of Nd3+ ions (donor clusters) in the particle and on the particle surface leads to
quenching at lower Nd3+ concentrations.

It is also worthwhile comparing the emission intensity of LuPO4:Pr3+,Nd3+(1%,2.5%),
namely the most intense sample, in dark purple to single-doped LuPO4:Pr3+(1%)
in blue as shown in Figure 4.21b. From this comparison, it is clear that the addi-
tion of Nd3+ did not produced peak broadening or shift of the 5d − 4f emission.
However, it can be derived from the same graphic that the addition of Nd3+ re-
sulted in a decrease of the peaks observed at around 600 nm, previously attributed
to the 1D2→3H4 transition of the Pr3+ ion (inset).[169,171,183] Several studies have re-
ported that the emission intensity of this transition disappears upon increasing Pr3+
concentration.[169,171,184] In this case, the Pr3+ concentration was kept constant at 1%
in all samples. However, this effect could still be a result of high doping concentra-
tions in the host material, namely 3.5% in total (1% Pr3+ and 2.5% Nd3+). Further
analysis of Figure 4.21b showed that the emission spectrum of the LuPO4:Pr3+,Nd3+
sample displayed an intensity maximum at 242 nm (second peak). This reabsorp-
tion effect, previously discussed in section 4.2.3 on page 60, was not observed in the
emission spectrum of the single-doped LuPO4:Pr3+(1%) sample.

The excitation-source-dependent differences of the emission intensity are a rather
surprising outcome. Although previous results on LuPO4:Pr3+ and LaPO4:Gd3+
have identified increased emission intensity of the samples, and more visible and
defined peaks upon X-ray excitation, the most intense sample always remained the
same, independent of the excitation source.[65,171] The intense UV-C emission inten-
sity of the LuPO4:Pr3+,Nd3+ particles at high Nd3+ concentrations is likely related
to an efficient energy transfer from the LuPO4 matrix to Nd3+ which has been
previously described in the literature.[174] Furthermore, higher Nd3+concentration
increases the chance of harvesting the energy absorbed by the host material and at
the same time the probability of energy transfer between Nd3+ and Pr3+.[185] The
proposed energy transfer mechanism is illustrated in Figure 4.21c.

4.3.6. The Effect of Pr3+ Co-doping on the NIR Emission of LuPO4:Nd3+

As presented in the previous section, the addition of Nd3+ to LuPO4:Pr3+ resulted
in an immense improvement of the UV-C emission of Pr3+ upon VUV excitation
as well as upon X-ray irradiation. On the other hand, as discussed in Section 4.3.3
on page 72, single doped LuPO4:Nd3+ is a promising NIR emitter. Therefore, the
aim of the following section is to assess the impact of Pr3+ co-doping on the NIR
emission of LuPO4:Nd3+.

The NIR emission of the microcrystalline co-doped LuPO4:Pr3+,Nd3+ samples was
studied using a Fianium Supercontinuum SC450-4 white light laser fixed at a max-
imal output power of 4 W and at an excitation wavelength of 805 nm (a more
detailed description can be found on page 42). The emission spectra of all the
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Figure 4.21: Characterization of the scintillation properties of the microscale sam-
ples: (a) Emission intensity integrals of LuPO4:Pr3+(1%) with in-
creasing Nd3+ concentrations upon X-ray excitation (50 kV, 50 mA,
tungsten target). (b) Comparison of the emission spectra of
LuPO4:Pr3+,Nd3+(1%,2.5%) (dark purple) to LuPO4:Pr3+(1%) (blue).
In both cases, LuPO4:Pr3+,Nd3+(1%,2.5%) was set to 100%. (c)
Schematic of the 5d bands (squares) and 4f levels (lines) of Pr3+ and
Nd3+ in the LuPO4 lattice: The absorption and emission bands of both
ions are included to illustrate the proposed energy transfer mechanism
between the ions upon X-ray excitation.
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Figure 4.22: Characterization of the optical properties of the LuPO4:Pr3+,Nd3+ mi-
croscale samples in the NIR range upon excitation at 805 nm: (a) Com-
parison of the emission intensity value at 1065 nm of the LuPO4:Pr3+
samples with increasing Nd3+ concentrations. LuPO4:Nd3+(0.5%)
was set to 100%. (b) Comparison of the emission spectra of
LuPO4:Nd3+(0.5%) to LuPO4:Pr3+(1%),Nd3+(1.5%).

LuPO4:Pr3+,Nd3+ samples were recorded from 900 to 1200 nm and the values of the
emission intensity at 1065 nm were normalized to single-doped LuPO4:Nd3+(0.5%)
(the most intense sample before Pr3+ addition as discussed in Figure 4.3.3 on page
72). The resulting data is presented in Figure 4.22.

Our results demonstrated that the addition of 1% Pr3+ resulted in approximately
50% drop of the emission intensity in the NIR of all samples. Closer inspection of
this graph (Figure 4.22a) showed that increasing the Nd3+ concentration slightly
improved the NIR emission up to 47% at 1.5% Nd3+. Afterwards, the emission
intensity remained constant at around the same value (46%) until a Nd3+ concen-
tration of 3%, the last concentration of this series. Further increase of the Nd3+
concentration did not improve the emission intensity.

Figure 4.22b compares the emission spectra of LuPO4:Nd3+(0.5%) to co-doped
LuPO4:Pr3+,Nd3+(1%,1.5%) from 900 to 1000 nm. The broad band peak at around
909 nm, namely the 4F3/2→4I9/2 was almost negligible in the presence of Pr3+ (gray)
whereas the set of bands between 1058 nm and 1058 to 1090 nm (4F3/2→4I11/2) were
still clearly recognizable.

These results demonstrated that the main difference arising from the addition of
1% Pr3+ is the intensity of the NIR emission: It decreased in the Pr3+-containing
samples suggesting quenching processes. Nonetheless, further research should be
undertaken to understand what kind of quenching mechanism occurs and how to
avoid it.
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4.3.7. Summary

The purpose of the current study was to assess Nd3+ as a co-activator to improve the
UV-C emission of Pr3+ in LuPO4. Therefore, LuPO4:Pr3+,Nd3+ as well as single-
doped LuPO4:Nd3+ microscale particles, were synthesized via a suspension method
and after careful physicochemical characterization (XRD and particle size), their
optical properties were studied upon X-ray irradiation and excitation at 160 nm
(VUV) and 808 nm (NIR).

This work demonstrates that Nd3+ can effectively act as a co-activator in LuPO4:Pr3+
improving UV-C emission upon X-ray irradiation by almost 50%. Furthermore,
upon VUV excitation at 160 nm, Nd3+ acts as a sensitizer for Pr3+ increasing
the UV-C emission intensity by approximately 90%. Moreover, these results also
show that by varying the concentration of Nd3+ or Pr3+, the VUV-UV emission of
LuPO4:Pr3+,Nd3+ can be tailored.

One of the most significant findings of this study is that the emission intensity of
LuPO4:Pr3+,Nd3+ in the UV-C range varies depending on the excitation source, for
example: LuPO4:Pr3+,Nd3+(1%,2.5%) exhibited the most intense UV-C emission
upon X-ray irradiation, whereas a lower Nd3+ concentration, namely 0.75% showed
the highest UV-C emission intensity upon VUV excitation at 160 nm.

Another interesting finding was that the herein synthesized LuPO4:Nd3+ particles
demonstrated strong NIR emission upon excitation with a laser at 808 nm. Nonethe-
less, the co-doped LuPO4:Pr3+,Nd3+ probes displayed around 50% less NIR emission
intensity.

This thesis is the first report of co-doped LuPO4:Pr3+,Nd3+ particles and of energy
transfer between this trivalent ions in the UV range. However, the major limitation
of this study is the absence of luminescence decay studies limiting deeper under-
standing of what kind of energy transfer and quenching mechanisms occur between
Pr3+ and Nd3+. The precise mechanism remains to be elucidated in further research.
Despite its limitations, this study paves the way for strong UV-C emission in the
nanoscale range. Moreover, our results suggest the first LuPO4 based nanoscale
material with tailored VUV, UV-C, and even NIR emission.
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4.4. Tailored UV-C/NIR Emitting Nanoscale
Scintillators

4.4.1. Overview

At the beginning of this thesis, we proposed UV emitting nanoscale LuPO4:Pr3+
particles as a possible candidate for biomedical applications, as discussed in detail in
Section 2.5.2 on page 28. We started by empirically studying the Pr3+ concentration
with the most intense emission which was observed to be 1%. In the same section, we
developed a promising synthesis method which allows the preparation of LuPO4:Pr3+
NPs with a d50 of approximately 50 to 80 nm. However, these LuPO4:Pr3+(1%) NPs
displayed low UV-C emission yield upon X-ray irradiation.

Building on these results, we proposed Nd3+ as a co-dopant to improve the UV-C
emission of the LuPO4:Pr3+ NPs. In the previous section, we presented evidence
that the incorporation of Nd3+ into the LuPO4:Pr3+ host lattice improves the UV-
C emission of the microcrystalline material. Furthermore, the LuPO4:Pr3+,Nd3+
particles displayed strong NIR emission. However, neither the use of Nd3+ as a
co-activator nor the effect of Pr3+ on the NIR emission was investigated at the
nanoscale.

In the following pages, we will examine the effect of Nd3+ on the UV-C emission
of LuPO4:Pr3+ in the nanoscale material using the previously developed synthesis
method. For that, all characterization methods and optical analysis were performed
on microscale and nanoscale LuPO4:Pr3+,Nd3+(1%,2.5%) simultaneously. A Pr3+
concentration of 1% and a Nd3+ concentration of 2.5% were chosen, as these concen-
trations exhibited the most intense UV-C emission upon X-ray irradiation. There-
fore, throughout the rest of this chapter, the term LuPO4:Pr3+,Nd3+ is used solely
when referring to LuPO4:Pr3+,Nd3+(1%,2.5%).
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4.4.2. Chemical and Physical Characterization

Nanoscale LuPO4:Pr3+,Nd3+ scintillators were synthesized via the modified sedi-
mentation nucleation method as described before for Pr3+ doped LuPO4 NPs on
page 35.[155,171] The microscale LuPO4:Pr3+,Nd3+ particles were prepared using the
suspension method as described previously for LuPO4:Pr3+,Nd3+ on page 36. One
step was added at the end of the each method; a 6 h washing step with HNO3. This
step improved the emission intensity of the samples and increased the yield of the
product.

The phase purity and crystallinity of the LuPO4:Pr3+,Nd3+ particles was character-
ized using XRD, as described in the experimental section. A comparison between the
nanoscale (blue) and microscale (red) LuPO4:Pr3+,Nd3+ samples are presented in
Figure 4.23. Both LuPO4:Pr3+,Nd3+ samples were crystalline and corresponded to
the tetragonal crystal system of LuPO4 with the space group I41/amd. In all cases,
the XRD patterns were consistent with published data for bulk LuPO4 (black).[92]
As expected for a small particle size, the peaks are slightly broadened compared to
the bulk material.

Figure 4.23b illustrates the PSD of the nanoscale LuPO4:Pr3+,Nd3+ samples (blue)
compared to the microscale material (red). The PSD were homogeneous and almost
symmetrical for both sizes. Furthermore, the data confirmed a monomodal particle
distribution with a mean particle size of d50=190 nm for the nanoscale samples and
of d50=5.6 µm for the bulk material. After the washing step with HNO3, both d50
values decreased.

As observed several times during this research, there was a significant difference be-
tween the mean particle size based on the laser diffraction analysis and the observed
particle size in the TEM images (Figure 4.24a). The TEM photograph (Figure

Figure 4.23: Results of the physicochemical characterization of the LuPO4:Pr3+,Nd3+
NPs (blue) compared to their microscale counterparts (red): (a) X-rays
diffraction patterns compared to the reference data of LuPO4 (black),
both samples were crystalline and phase pure.[92] (b) Particles and NPs
suspended in water and their corresponding particle size distributions.
The d50 value is shown for every sample.
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Figure 4.24: (a) Transmission electron microscopy image of the LuPO4:Pr3+,Nd3+
NPs and (b) image of the stable NPs suspension after 2 h.

4.24a) showed smaller particles than the previous calculated mean particle size of
190 nm, most of them are spherical, some are slightly square-shaped, as shown in
the inset. These small particles agglomerate to bigger clusters of around 190 nm in
water which explains the bigger PSDs measured by the laser diffraction analysis.

The ζ-potential of the nanoscale suspensions in deionized water (pH=6.7) was also
determined. LuPO4:Pr3+,Nd3+ nanoscale scintillators possessed a ζ-potential of
about −40.7± 3.2 mV, and the resulting ζ-Potential distribution is presented in the
supporting information (Figure S5). A high negative ζ-potential is a key indicator
of the stability of LuPO4:Pr3+,Nd3+ NPs as a colloidal suspension. The stability
of the NPs in suspension was further confirmed visually, since no precipitation of
the NPs was observed in suspensions within 6 h (Figure 4.24b). Further studies to
stabilize the particles will be undertaken by introducing steric repulsion.

4.4.3. UV/NIR emitting NPs

For a better comparison of the optical properties of the LuPO4:Pr3+,Nd3+ NPs,
two different co-dopant concentrations were studied: LuPO4:Pr3+,Nd3+(1%,2.5%),
which displayed the highest UV-C emission in the microscale range, as described in
Section 4.3.5 on page 78, and LuPO4:Pr3+,Nd3+(0.1%,0.75%). Nanoscale co-doped
LuPO4:Pr3+,Nd3+(0.1%,0.75%) have the lowest Pr3+ concentration of all synthesized
samples, the corresponding XRD and PSD are presented in the Appendix. The
optical characterization of the LuPO4:Pr3+,Nd3+ NPs particles was performed using
an X-ray tube (50 kV, 50 mA, tungsten target) and a white light laser (λ= 805 nm)
for excitation, as described in Chapter 2.

When the LuPO4:Pr3+,Nd3+ nanoscale scintillators were excited using X-rays, the
emission spectra of all samples were dominated by the four characteristic peaks previ-
ously observed for Pr3+ doped LuPO4 (Figure 4.25). These peaks have been already
attributed in Section 4.2.3 to the transition from the lowest [Xe]4f 15d1 crystal field
component to 3H4 (235 nm), 3H5 (245 nm), 3H6 (262 nm), and 3F2 (272 nm) levels of
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Figure 4.25: Comparison of the optical properties between nanoscale (a) LuPO4:
Pr3+,Nd3+ (0.1%,0.75%) and (b) LuPO4: Pr3+,Nd3+ (1%,2.5%) NPs
upon X-ray irradiation (50 kV, 2 mA) (black line) and excitation at
805 nm using a laser (red). In all cases, the emission spectrum was nor-
malized to its corresponding emission maximum.
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Figure 4.26: Scintillation properties of the nanoscale (blue) and microscale (red)
LuPO4:Pr3+,Nd3+ particles upon X-ray excitation (50 kV, 2 mA) com-
pared to single-doped LuPO4:Pr3+ in the same sizes (gray). All the
samples were divided to the emission maximum of YPO4:Bi3+ to correct
for the intensity variation of the X-ray tube. Co-doped samples display
more intense UV-C.

the lowest [Xe]4f 2 state configuration of Pr3+. Interestingly, the emission spectrum
of LuPO4:Pr3+,Nd3+(1%,2.5%), the sample with the highest concentration of Pr3+,
displayed a shift of the most intense emission peak at 235 nm to longer wavelengths
(245 nm) in comparison to the emission spectrum of LuPO4:Pr3+,Nd3+(0.1%,0.75%).
The same behavior was noticed before. This shift has been attributed to reabsorp-
tion.

Figure 4.25 also illustrates the emission spectra of LuPO4:Pr3+,Nd3+(0.1%,0.75%)
(top) compared to LuPO4:Pr3+,Nd3+(1%,2.5%) (bottom) upon X-ray irradiation
(black) and upon excitation with a laser at 805 nm (red). The emission spectra of
both samples are composed of one set of bands between 1058 nm and 1090 nm in
the NIR, analog to our previous findings for the microscale samples in section 4.17
on page 74. These set of bands can be attributed to the 4F3/2→4I11/2 transition. As
observed for the microscale LuPO4:Pr3+,Nd3+, the addition of Pr3+ decreased the
NIR emission intensity.

For a better comparison with previous results, the emission spectra of the samples
were divided to the emission maximum of the YPO4:Bi3+ standard (Philips) at
241 nm.[156,171] The calculated emission intensity integrals are presented in Figure
4.26b. The emission integral of the LuPO4:Pr3+,Nd3+(1%,2.5%) NPs is 55% of the
YPO4:Bi3+ standard which is 33 percent points more intense than the previously
presented LuPO4:Pr3+(1%) in gray.

Figure 4.26 also allows a visual comparison of the emission intensity integrals of the
most intense samples throughout this research with the YPO4:Bi3+ standard. The

87



Chapter 4. Results and Discussion

emission intensity integral of the LuPO4:Pr3+,Nd3+ microscale sample is significantly
higher than that of the standard, about 230 points. Taken together, these results
further confirmed enhanced UV-C emission by the addition of Nd3+ regardless of
the particle size.

4.4.4. Summary

We synthesized pure and crystalline nanoscale LuPO4:Pr3+,Nd3+ particles of around
≈ 20-50 nm. These nanocrystals form stable suspensions in water due to a highly
negative ζ-potential of about −40.7± 3.2 mV. The goal of this section was to de-
termine through the analysis of the scintillation properties of the herein synthesized
LuPO4:Pr3+,Nd3+ nanoscale particles if the addition of Nd3+ results in the increase
of UV-C emission upon X-ray irradiation, as observed in the previous section for
the bulk material.

This study demonstrates that the addition of Nd3+ into LuPO4:Pr3+ results in in-
creased UV-C emission intensities regardless of the size of the material. Nonetheless,
particles smaller than 20 nm were not studied. Further research should focus on sta-
bilizing the nanocrystals and avoiding aggregation.

Although this study focuses on UV-C radiation, the herein presented findings demon-
strate that LuPO4:Nd3+ nanoscale particles display strong NIR emission upon ex-
citation at 808 nm. However, the emission intensity in the NIR decreased with the
addition of Pr3+.
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4.5. Towards Biomedical Applications

4.5.1. Overview

So far, the synthesis, chemical, physical, and optical characterization of LaPO4 and
LuPO4 nanoscale materials doped with Gd3+, Pr3+ or Pr3+ and Nd3+ have been
described in detail. Furthermore, different approaches to improve the scintillation
properties at the nanoscale have been discussed and successfully applied for both
materials. However, the goal of this dissertation is the synthesis of UV emitting
nanoscale particles for biomedical applications. Therefore, the focus of this last
chapter lies on testing the feasibility of the two suggested biomedical applications
discussed in the theory and background chapter of this thesis:

1. Highly localized UV-B activation, discussed on detail on page 28, and
2. UV-C scintillating NPs as radiation sensitizers on page 28.

For the assessment of the practicality of these proposed applications, the chemical
and physical stability of the nanoscale particles, as well as the endurance of the UV
emission against prolonged irradiation with X-rays are pivotal. Hence, this section
begins by evaluating the UV-B and UV-C emission of the NPs over long periods
of irradiation. Afterwards, the colloidal LaPO4:Gd3+ NPs prepared in Section 4.1
are used to excite two well-known laser dyes: Coumarin 47 (coumarin 460) and rho-
damine B (rhodamine 610) which are widely used as fluorescent labels, as an active
medium in dye lasers and many other spectroscopic applications.[186,187] The last
section in this chapter concentrates on using the UV-C emitting LuPO4:Pr3+,Nd3+
nanoscale particles in combination with X-rays to increase the inactivation of cancer
cells in vitro. For this purpose, we tested the herein presented LuPO4:Pr3+,Nd3+
NPs in cell cultures. Upon irradiation with X-rays, the cell growth inhibition, as
well as the Cyclobutane Pyrimidine Dimers (CPDs) formation were quantified using
the colony formation assay and a commercially available cellular UV-induced DNA
damage staining kit. Supplementary information regarding this section can be found
in the Appendix on page 129.
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4.5.2. Radiation Hardness

High energy radiation degrades materials, for instance; by creating color centers in
the host structure. Although LuPO4, as well as LaPO4, have high radiation resis-
tance, damage still occurs on the surface of these host materials. The damage is
specially important if the size of the particles is small, as discussed in Section 2.2
in page 16. Therefore, the effect of 5 h of irradiation with X-rays on the herein
synthesized materials was studied by evaluating the UV emission throughout the
whole irradiation time using a kinetic scan. Furthermore, reflectance spectra mea-
surements and XRD analysis was performed before and after the irradiation.

The radiation hardness of thee following three samples were studied: LaPO4:

I Gd3+(20%) with a particle size of around 5 nm (Figure 4.2 on page 48),
I LuPO4:Pr3+,Nd3+(1%,2.5%) approximately 50 to 80 nm big, and
I microcrystalline LuPO4:Pr3+,Nd3+(1%,2.5%) of around 6 µm as presented in

in Figure 4.23 on page 84.

The kinetic scans of the three samples were conducted under continuous irradiation
with X-rays. The intensity of the main emission of each sample was monitored every
10 s, i.e., at 311 nm for LaPO4:Gd3+, and at 235 nm for the LuPO4:Pr3+,Nd3+. The
results are presented in figure 4.27.

Figure 4.27 shows how the emission intensity of the LaPO4:Gd3+(20%) particles
monitored at 311 nm in black. It decreased exponentially with irradiation time,
reaching 50% of its initial value after 3 h and 20 min of irradiation. When the X-ray
source was turned off for 5 min , the emission intensity did not recover to the initial
value suggesting that the decrease in intensity is not caused by the heating of the
sample or other temporary effects. For biomedical or biological applications, aiming
at a low irradiation time and low irradiation doses, we consider this decrease as
reasonably slow. The radiation hardness of the particles could probably be improved
by modifying the surface of the nanoscale particles, for example with an LaPO4 shell.

Figure 4.27 also illustrates the emission intensity of the microscale LuPO4:Pr3+,Nd3+
particles (red) at 235 nm over 5 h of irradiation with X-rays. The emission intensity
decreased within the first hour of irradiation by 6% of the initial intensity. After-
wards, it remained almost constant until the end (92.8%) of the experiment. In
contrast, the emission intensity of the LuPO4:Pr3+,Nd3+ scintillators decreased ex-
ponentially, losing around 20% of its initial intensity after 5 h (blue). The extent
of quenching of the 5d − 4f luminescence of Pr3+ has been previously reported as
strongly temperature-dependent. Therefore, an on/off cycle of 5 minutes was added
just before the end of the measurement (5 hours). In both cases, the emission inten-
sity did not recover its initial value nor did it improve. This observation indicates
that the measured radiation hardness is not significantly affected by temperature.

It is important to point out that although the LuPO4:Pr3+,Nd3+(1%,2.5%) NPs
exhibit less radiation harness (80%) than their bulk counterpart (92.8%) after 5
hours of irradiation, we consider this decrease to a moderate degree acceptable for
radiosensitization applications. Contrary to our test, where the NPs were directly
irradiated over 5 hours at maximum power, common radiation therapy aims to split

90



4.5. Towards Biomedical Applications

Figure 4.27: Kinetic scan of the microscale (red) and nanoscale (blue)
LuPO4:Pr3+,Nd3+(1%,2.5%) particles monitored at 235 nm, and
LaPO4:Gd3+(20%) (black) recorded at 311 nm. The emission intensity
was measured every 10 seconds over 5 h irradiation (50 kV, 50 mA) with
one on/off cycle of 5 minutes. The emission intensity of each sample
at the beginning (t=0 h) was set to 100%. The UV-C emission of the
LuPO4:Pr3+,Nd3+ microscale sample remained almost unaltered over
the whole irradiation time, reaching 93% of its starting emission at the
end. Whereas the emission intensity of the corresponding nanoscale
particles decreased more rapidly, ending at 81%. The UV-B emission of
the LaPO4:Gd3+ declined the fastest, losing 50% of its initial value at
around 3 h.
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high radiation doses into smaller fractionated ones and is usually applied externally.
Therefore, the UV-C emission of the LuPO4:Pr3+,Nd3+ NPs would be less affected.
Furthermore, in comparison with routinely used isotopes for cancer therapy, like
Yttrium-90 (a β emitter with a half-life of 64.053 h) or 177Lu (with a half-life of
6.734 d) , the herein synthesized LuPO4:Pr3+,Nd3+ NPs would allow longer and
repeated use for as long as needed for therapy.[94,188,189]

Figure 4.28 depicts the diffuse reflectance spectrum of the nanoscale LaPO4:Gd3+(20%)
samples in black, the diffuse reflectance spectra of the LuPO4:Pr3+,Nd3+(1%,2.5%)
nanocrystalline particles in blue , and that of their microcrystalline counterpart mea-
sured against BaSO4 and in red. After 5 h of irradiation with X-rays (50 kV,2 mA),
the diffuse reflectance spectra of all samples were recorded again and are presented
in gray for all samples. In all cases, the reflectance decreased upon irradiation,
specially in the VIS range.

The reflection spectrum of the LaPO4:Gd3+(20%) nanoscale crystals (black) proves
that LaPO4 is, in fact, a suitable host material for Gd3+ emission at 300 nm, be-
cause the reabsorption at this wavelength was weak. After irradiation, the reflection
spectrum of the LaPO4:Gd3+(20%) nanoparticles displayed an increased absorption
in the visible range of the electromagnetic spectrum, which could also be recognized
with a reddish color of the sample. The increased absorption, especially towards the
high energy limit of 250 nm, probably originated from oxygen defects on the particle
surface, also known as Urbach-tailing.[190]

Before and after irradiation, the reflection spectra of the microscale, as well as
nanoscale LuPO4:Pr3+,Nd3+(1%,2.5%) particles were similar. The maximum of the
lowest energy absorption was, in both cases, at 708 nm, and it remained the same
after irradiation. Nonetheless, the absorption of the microscale sample increased
from 250 to 730 nm. The absorption of the nanoscale sample rose only from 250
to 650 nm. The increased absorption is ascribed to the formation of oxygen defects
and it can be recognized, as by the LaPO4:Gd3+(20%) NPs, by a pale reddish color
of the samples after irradiation.

4.5.3. Highly Localized Action of UV-B and UV-C Radiation

UV-B Activation of Fluorescent dyes

Fluorescent dyes are widely used as labels or markers, particularly in biology, for dif-
ferent imaging methods or detection of biomolecules.[191] In order to emit the desired
emission, fluorescent dyes have to be excited with specific wavelengths, as discussed
in the introduction chapter on page 6. Some of these dyes are also excitable with
UV radiation and are used for specific applications, but penetration depth problems
arise with its use.[32,33] On the contrary, X-rays can penetrate through matter with
almost no attenuation; however, this low attenuation of organic molecules results in
negligible emission of the dyes. In this section, we used two well-known fluorescent
dyes, coumarin 47 (coumarin 460) and rhodamine B (rhodamine 610), to show that
the X-ray excited UV emission of LaPO4:Gd3+(20%) nanoparticles can stimulate
fluorescence of these dyes in solution.
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Figure 4.28: Diffuse reflectance spectra of the LaPO4:Gd3+ NPs are presented in black
(top), whereas blue and red were used for the nanoscale (middle) and
microscale (bottom) LuPO4:Pr3+,Nd3+(1%,2.5%) particles, respectively.
The resulting diffuse reflectance spectra of the samples after 5 hours
irradiation are presented in gray. Irradiation of the samples with 50 kV
and 50 mA resulted in an overall reduction in reflectance, in particular
in the visible range from 300 nm to 600 nm. In all cases, the diffuse
reflectance spectra were measured against BaSO4.
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To determine whether and how the fluorescence of the dyes is affected by the
LaPO4:Gd3+(20%) NPs, highly concentrated solutions of coumarin 47 (4 mM) or
rhodamine B (1 mM) with and without 6 wt% LaPO4:Gd3+ NPs were prepared. Fig-
ure 4.29 illustrates the fluorescence signals of the measured samples. As expected,
the fluorescence bands of the dyes (without NPs) illustrated with solid gray lines are
low. When the solutions containing LaPO4:Gd3+(20%) nanoparticles and coumarin
47 or rhodamine B are excited by X-rays, the emission intensity increases remark-
ably. Figure 4.29b also shows that the emission band of rhodamine B is strongly
red-shifted compared to the literature data given for dilute solutions of the dye.
This red-shift is explained by the partial re-absorption of the emitted light, due to
the high dye concentration and the small Stokes shift of rhodamine B.[161,192,193] The
effect is much lower for coumarin 47 in Figure 4.29a, because of the lower extinction
coefficient of its main absorption band and its larger Stokes shift.[161,192–194]

These results clearly show that X-ray excitation of the particles leads to UV excita-
tion of the dissolved dyes by the 311 nm emission. Furthermore, about 90% of the
311 nm radiation was absorbed within a distance of 1 mm from each LaPO4:Gd3+
particle in the suspension. This is derived from the molar (decadic) extinction coeffi-
cients of about ε311=4000 L mol−1 cm−1 and ε311=9000 L mol−1 cm−1 of coumarin 47
and rhodamine B, respectively.[195] Owing to their strong and distinctive single-line
UV emission, LaPO4:Gd3+(20%) NPs could be a very attractive tool for biological
and medical applications. However, surface modifications to render the particles
water-soluble and biocompatible are required for further studies in these fields.

94



4.5. Towards Biomedical Applications

Figure 4.29: X-ray excitation with 50 kV, 50 mA, and a tungsten target of solutions
containing (a) coumarin 47 and (b) rhodamine B in methanol. The figure
shows the emission spectra of the dyes in the presence (black) and in
the absence of dispersed LaPO4:Gd3+(20%) nanoparticles (gray). The
emission spectrum of pure methanol is plotted as a dotted line. The
addition of the LaPO4:Gd3+(20%) NPs to the dyes solution increases
their emission intensity immensely.

95



Chapter 4. Results and Discussion

Cytotoxicity of UV Emitting NPs

Radiation therapy usually results in several side effects due to its unspecified toxicity.
One approach to overcome this problem is the use of radiation sensitizers such as gold
nanoparticles.[10] The goal of radiation sensitizers, in general, is to tender tumorous
cells in their vicinity more susceptible to radiation, thus allowing the use of shorter
radiation doses and shortening treatment time. The advantages of using the herein
synthesized UV-C emitting nanoscale LuPO4:Pr3+,Nd3+ scintillators as radiation
sensitizers is discussed in detail on page 28.

There are two specific objectives in this section:

1. To demonstrate that an increased cell death can be achieved using a com-
bination of the herein synthesized LuPO4:Pr3+,Nd3+ nanoscale particles and
X-rays than X-rays alone, and

2. to prove that the increased toxicity is due to the emitted UV-C emission of
the LuPO4:Pr3+,Nd3+ nanocrystals and not due to other factors.

The biological tests were conducted by our project partners at the Harvard Medical
School in Boston. The following results were achieved using the herein presented
LuPO4:Pr3+,Nd3+ NPs and were kindly provided by Dr. Matthias Müller and Dr.
Martin Purschke from the Wellman Center for Photomedicine of the Massachusetts
General Hospital/Harvard Medical School.

The herein used cell culture methods are discussed briefly, a more detailed descrip-
tion can be found in the literature.[12,165] In order to assess the biological effects
of the UV emitting NPs, the human lung cell line A549 (ATCC-CCL-185), which
originates from explanted cancerous lung tissue, were incubated with different NP
concentrations for 15 min. Before every experiment, the nanoscale LuPO4:Pr3+,Nd3+
scintillators were dispersed in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco)
using 0.01% Darvan C (Vanderbilt Minerals) as a dispersing agent, treated in ultra-
sonic bath for 15 min and thoroughly mixed. Directly after the cells were irradiated
with an X-rays dose of 6 Gy, they were washed gently with DMEM to remove the
NPs. Using optical microscopy, no uptake of the particles by the cells during the
30 min incubation period was observed.

The viability of the cells was assessed using the colony formation assay, 14 days after
the combined treatment. Figure 4.30 depicts the obtained surviving fractions. The
left-hand side of the graph displays the non-irradiated samples (0 Gy). These results
can also be understood as the non-specific toxicity of LuPO4 NPs, as well as of the
Pr3+ and Nd3+ co-doped LuPO4 samples. The surviving fractions of the LuPO4 and
LuPO4:Pr3+,Nd3+(1%,0.75%) treated samples did not show non-selective toxicity for
any of the tested NP concentrations 0 to 5 mg mL−1.

The right-hand side of the illustration depicts the surviving fractions after irradiation
with an X ray dose of 6 Gy. The surviving fraction for the cells treated only with X-
rays was about 15%, which is in accordance with the literature for A549 cells.[196,197]
The NP concentration of 1 mg mL−1 resulted in a decrease of the surviving frac-
tion to 9%. Increasing NPs concentrations decreased the surviving fractions. The
highest concentration tested, 5 mg mL−1, resulted in an only 2% surviving fraction.
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Figure 4.30: Clonogenic survival of A549 cells treated with different concentrations of
LuPO4:Pr3+,Nd3+(1%,0.75%) before (left) and after (right) irradiation
with 6 Gy. Error bars represent the standard error of mean.

Therefore, we can conclude that combined use of X-rays and the herein synthesized
NPs resulted in cell death 90% increased compared to no treatment and around 13%
more than X-rays alone.

UV Specific DNA Damage

The cytotoxic effect of UV radiation is due to the formation of mutagenic DNA dam-
age. The majority of these lesions are Cyclobutane Pyrimidine Dimers (CPDs) and
(6-4) Photoproducts (6-4PPs). The CPDs are the more abundant lesions whereas
the 6-4PPs may have a higher mutagenic effect. Therefore, the formation of CPDs
after UV exposure was investigated.[104]

A549 cells were treated with LuPO4, LuPO4:Pr3+,Nd3+ NPs or X-rays, as well as
with the combined approach (LuPO4:Pr3+,Nd3+ + X-rays . To assess whether the
increased cytotoxicity observed in Figure 4.30 of the combined treatment is due to
the generation of UV lesions caused by the UV-C emission of the LuPO4:Pr3+,Nd3+
NPs, the amount of CPDs was assessed immediately after X-ray irradiation. The
results were compared to the number of CPDs produced after UV irradiation with
a germicidal UV lamp as a positive control.

Figure 4.31 illustrates the amount of detected CPDs normalized to 0 and 100 for
untreated cells and cells exposed to the UV lamp, respectively. Cells treated only
with the undoped LuPO4 NPs as well as the LuPO4:Pr3+,Nd3+ nanocrystals or X-
rays showed a non-significant amount of CPD products of about 8% with respect to
the positive control. Further, the combined treatment showed a significant formation
of UV specific CPDs of 31% only for the codoped sample. After normalization to
the amount of CPDs formed after an exposure of 100 J m–2, the yield of CPDs of
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Figure 4.31: Detection of CPDs for A549 cells. The concentration of the
LuPO4:Pr3+,Nd3+ NPs was 5 millig/mL, the X-ray dose was 9 Gy, and
the peak wavelength, as well as radiant exposure of the UV lamp, was
254 nm and 100 J m–2, respectively. Error bars represent the standard
error of mean.

the combined approach equalled a radiant fluence of 31 J m–2.

Summary

An important property of scintillators, independent of the field of application, is radi-
ation stability, often termed radiation hardness. In this research thesis the radiation
hardness of the particles, in all three sizes, was studied by measuring the emission in-
tensity at the respective maximum over a long irradiation time (5 h). The radiation
hardness increased with particle size: The UV-C emission of the LuPO4:Pr3+,Nd3+
microcrystalline sample remained almost unchanged during the whole irradiation
time. Whereas the emission intensity of the corresponding nanoscale particles de-
creased more rapidly, ending at 81%. The UV-B emission of the LaPO4:Gd3+ de-
clined the fastest.

Inspite of these limitations, the 311 nm emission of the particles can be used to excite
the fluorescence of laser dyes dissolved in methanol suspensions. The emission of
the dyes is also observed in the case of high dye concentrations, proving that the
concept of using radiation with a high penetration depth to excite a fluorescence
emission with a low penetration depth is feasible. Therefore, LaPO4:Gd3+ NPs are
still a promising tool for biomedical applications, because the proposed biomedical
functions, as well as the use of X-rays aim to low irradiation time and low irradiation
doses.
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The biological efficacy of the combined approach (X-rays and UV-C) was assessed
using the colony formation assay. The use of LuPO4:Pr3+,Nd3+ nanoscale scintilla-
tors upon X-ray excitation resulted in an improved cell inactivation of more than
90% compared to X-rays alone. Our findings support the feasibility of the combined
approach and might open new ways for the treatment of cancer. Cell culture experi-
ments confirmed increased cell death compared to X-rays alone due to the formation
of UV specific DNA damages supporting the feasibility of this approach.
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Conclusions and Outlook
UV radiation is a powerful tool used in a wide range of applications and pivotal for
photoactivation applications such as photodynamic therapy, photopolymerization,
photouncaging, or phototriggered substance release. However, the performance of
UV radiation is limited by its low penetration depth. X-rays, on the contrary,
can penetrate the body with very little attenuation, a property that has allowed
physicians the visualization of internal structures in the body. X-rays are so essential
in the medical field that despite their toxicity, X-ray imaging is crucial to the practice
of modern medicine and, more importantly, essential in cancer treatment.

The focus of this thesis was the development of inorganic nanoscale particles (≤150 nm),
which absorb X-ray radiation and convert it into UV photons. On the one hand,
UV-B emitting NPs could act as a link between X-rays and optical technologies by
allowing an internal activation of photoactivable therapeutic compounds or staining
dyes. On the other hand, the combination of UV-C emitting NPs with conventional
radiation therapy could efficiently and specifically kill cancer cells, including cells
in the hypoxic regions of solid tumors. In addition to this radiosensitizing function,
high density nanoscale particles could also improve contrast and X-ray attenuation
in the tumor. Moreover, UV emitting NPs provide a prospective platform for mul-
timodal therapies and diagnostic with significant advantages such as remote and
precise activation with external X-ray beams. Finally, by varying the X-ray dose,
the UV emission intensity can be controlled, and most importantly, the treatment
can be temporarily interrupted just by switching the X-rays on and off.

For the development of nanoparticle-based formulations for medicine, it is of sig-
nificant importance to have a comprehensive understanding of the physicochemical
parameters of the used material, the reproducibility, and scalability of the manu-
facturing synthesis method. This research project set out to develop a reproducible
synthesis method, to characterize, and to optimize UV emitting nanoscale scintil-
lators with high density, high radiation stability, strong UV-B and UV-C emission,
and low toxicity. This work should provide the most promising NPs; the foundation
for the next steps in the development of nanoparticle-based medicines. Furthermore,
the synthesis of these nanoscale scintillators should allow the combination of several
activators to allow multi-functional materials.

The first part of this research focused on Gd3+ doped LaPO4, as LaPO4 fulfilled
some of the requirements such as high density, chemical stability, and is already
being used for medical purposes. Redispersible LaPO4:Gd3+ NPs with a size be-
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tween 4 to 5 nm were synthesized successfully in the coordinating solvent diphenyl
ether and formed transparent colloidal dispersions in methanol, even at high con-
centrations. The LaPO4:Gd3+ nanopowders, as well as the colloidal suspensions,
showed strong single-line UV-B emission. The results show that within the concen-
tration range investigated (2.5–30%), the particles doped with 20% Gd3+ displayed
the highest emission intensity upon X-ray, as well as VUV excitation.

The emission intensity of the NPs improves around 14% with a shell of undoped
LaPO4, possibly due to the size increase of the particles more than the protective
undoped LaPO4 shell. These findings suggest that slightly increasing the size of
the NPs, before attempting a shell of undoped material would be a better approach
to improve UV-B emission. A second approach to increase X-ray attenuation, thus
improving the emission intensity would be the use of LuPO4 instead of LaPO4 as a
host lattice. However, the efforts to use the same synthesis method for gadolinium
doped LuPO4 failed. Further research might explore other synthesis methods for
LuPO4:Gd3+ such as a hydrothermal synthesis or a microemulsion approach which
have been reported to have success with tetragonal zircon structures.

The most important limitation in our study lies in the fact that it did not include
a post-synthesis modification of the surface of the NPs. This step would allow the
use of the NPs in aqueous balanced salt solutions such as phosphate-buffered saline
which are used for biomedical applications, i.e., in cell culture. Further studies of
the luminescence and particle behavior in this environment need to be carried out
in order to validate the LaPO4:Gd3+ for future biomedical applications. Notwith-
standing the limitations, the study suggests the UV-B emitting LaPO4:Gd3+ NPs
are a promising platform for photo-activable therapies.

Based on these preliminary results, the next chapters focused on LuPO4 as a host
lattice. The second part of this dissertation, in particular, evaluated the influence
of particle size and excitation source on the emission intensity and the form of
the emission spectra of Pr3+ doped LuPO4. A reproducible synthesis method of
pure and crystalline microscale LuPO4:Pr3+ particles (d50=6 µm) was successfully
developed. Moreover, we improved the synthesis of UV-C emitting sub-microscale
scintillators (d50=20 to 50 nm), and finally we reported the synthesis of monodisperse
and colloidal LuPO4:Pr3+ NPs for the first time. LuPO4:Pr3+ NPs with a size
of d50=5 nm were synthesized in diphenyl ether, analog to the LaPO4:Gd3+ NPs
previously presented. The three different particle sizes enabled a direct comparison
of the photoluminesce properties and the influence of the excitation source.

Within the Pr3+ concentration range investigated (0.1-3%), LuPO4:Pr3+(1%) showed
the highest emission intensity in the UV-C range in the microscale, as well as in the
submicroscale series. Upon X-ray excitation, the emission spectra of the submi-
croscale and microscale particles displayed the same desired emission bands in the
UV-C range. Nonetheless, these results show that the emission intensity decreased
with declining size and vanished completely on the nanoscale range. The loss of
UV-C emission started at the surface of the micro- and submicroscale particles as
revealed by the VUV excitation experiments.

The question raised by this study is why there is no UV-C emission on the nanoscale
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range. Two possible explanations are discussed: Either Pr3+ ions were not integrated
into the nanocrystals, due to the much larger ion radius of Pr3+ compared to Lu3+,
or they form Pr3+ clusters on the surface of the material which leads to luminescence
quenching due to high local Pr3+ concentration and due to the proximity to other
surface defects. However, further investigation muss be done to establish if Pr3+
ions have been incorporated in the LuPO4 host lattice or not, for example using X-
ray fluorescence analysis. This information could lead to further investigation into
higher activator concentrations or experimentation with other synthesis methods.

The photoluminescence of the herein synthesized submicroscale particles wit a d50
between 20 to 50 nm) behave similarly to their microscale counterparts upon X-ray
irradiation in term of emission bands. However, they display around 12 times less
emission intensity. There is, therefore, a definite need for scintillation radiation
yield improvement. Numerous strategies have been employed to improve emission
efficiency on the nanoscale range, each with varying effectiveness. In the third
section of the results, however, we propose Nd3+ as a co-activator candidate for
LuPO4:Pr3+(1%) to improve UV-C emission.

We started the third part of our study by examining the emission spectra of the
LuPO4:Pr3+,Nd3+ microscale particles upon X-ray irradiation and excitation at
160 nm. These microscale particles with a d50 of 6 µm were synthesized with differ-
ent Pr3+ and Nd3+ concentrations via a suspension method, as described before for
LuPO4:Pr3+. The findings of this research demonstrate that Nd3+ effectively serves
as co-activator upon X-ray irradiation, improving UV-C emission by almost 50%.
Additionally, Nd3+ acts as a sensitizer upon VUV excitation at 160 nm, and after
energy transfer from Nd3+ to Pr3+, the UV-C emission increases by around 90%. A
search of the literature revealed no studies regarding energy transfer between Pr3+
and Nd3+ in the UV-C range. While the addition of Nd3+ to LuPO4:Pr3+ did im-
prove UV emission, it was not possible to gain a deeper understanding of what kind
of energy transfer and quenching mechanisms occur between Pr3+ and Nd3+, due
to the lack of luminescence decay studies. The precise mechanism remains to be
elucidated in further research.

Although this study focuses on UV-C radiation, the findings also show that by vary-
ing the Pr3+or Nd3+ concentration, VUV-UV emission can be tailored. Moreover,
one of the most significant results to emerge from this research is that LuPO4:Nd3+
microscale particles display strong NIR emission upon excitation at 808 nm. How-
ever, the emission intensity in the NIR decreased with the addition of Pr3+. The
next step in this research project was to prove that enhanced UV-C emission can
also be achieved by Nd3+ co-doping in the nanoscale range. For that, crystalline
LuPO4:Pr3+,Nd3+ NPs of around 20 to 50 nm were synthesized via the sedimenta-
tion nucleation method, the same synthesis method used previously to synthesize
LuPO4:Pr3+ submicroscale particles. These NPs form stable suspensions in water
due to a highly negative ζ-Potential of about −40.7± 3.2 mV.

Our findings demonstrate that the addition of Nd3+ into LuPO4:Pr3+ results in
increased UV-C emission intensities in the nanoscale, as well as in the microscale
material. Furthermore, both Particle Size Distribution (PSD) show high radiation
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resistance. Particles smaller than 20 nm were not studied. Nonetheless, further
research should investigate if the addition of Nd3+ to the LuPO4:Pr3+ NPs also
improves UV-C emission of the monodisperse and colloidal NPs prepared in diphenyl
ether.

The photoluminescence characterization of the nanoscale LuPO4:Pr3+,Nd3+ was also
studied upon excitation with an 808 nm laser. Although considerable NIR emission
could still be observed, the results of this study indicate that Pr3+ quenches the NIR
emission, as previously observed in the microscale material. Inspite of the quenched
NIR emission, co-doped LuPO4:Pr3+, Nd3+ emit strong UV-C emission and are,
therefore, promising materials for cancer cells sensitization. However, particle size,
shape, and surface chemistry are key factors that determine the performance criteria
of materials used in nanomedicine. Thus, the PSD, shape and surface chemistry of
the proposed NPs must still be improved. Liposomal carriers have low toxicity, high
biocompatibility and have been clinically approved by the FDA, therefore, an effec-
tive way to improve PSD without affecting the UV-C emission of the LuPO4:Pr3+,
Nd3+ could be to encapsulate the particles in liposomal carriers.

The purpose of this thesis was the development of inorganic nanoscale particles,
which absorb X-ray radiation and convert it into UV-B and UV-C photons. These
NPs should act as a link between X-rays and optical technologies by allowing an
internal activation of photoactivable therapeutic compounds or as efficient radiosen-
sitizer for radiation therapy. The last part of this dissertation describes our efforts to
demonstrate that these applications are feasible. First of all, the radiation hardness
of the particles, in all three sizes, was studied by measuring the emission intensity
at the respective maximum over a long irradiation time. This study showed that
radiation stability decreases with decreasing size. LaPO4:Gd3+ particles of around
5 nm) size were monitored at 311 nm. The emission intensity decreased exponen-
tially with irradiation time, reaching 50% of its initial value after 3 h and 20 min
of irradiation. The LuPO4:Pr3+,Nd3+(1%,2.5%) NPs of around 80 nm exhibit less
radiation hardness (80%) than their microscale counterparts with a particle size of
6 µm. The emission intensity of the microscale LuPO4:Pr3+,Nd3+ remained almost
constant at 92.8% until the end of the experiment (5 h), after an initial drop by 6%
of the initial intensity. Although the radiation hardness of the nanoscale samples
could be improved, i.e., using a shell of the same undoped material, we consider this
decrease as reasonably slow for biomedical or biological applications, aiming at a
low irradiation time and low irradiation doses.

To address the practical approach proposed for the nanoscale particles, the 311 nm
emission of the LaPO4:Gd3+(20%) NPs was used to excite the fluorescence of two
different laser dyes dissolved in the colloids: coumarin 47 (coumarin 460) and rho-
damine B (rhodamine 610). Upon X-ray irradiation of the suspensions containing
LaPO4:Gd3+(20%) NPs, the emission intensity of coumarin 47 as well as rhodamine
B increases remarkably compared to the emission of the dyes alone. The emission of
the dyes in the presence of the nanocrystals is also observed in the case of high dye
concentrations, proving that the concept of using radiation with a high penetration
depth to excite a fluorescence emission with a low penetration depth is feasible.
Based on the results presented in this study, we conclude that LaPO4:Gd3+(20%)
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NPs could be a very attractive tool for biological and medical applications.

The use of LuPO4:Pr3+,Nd3+ nanoscale scintillators upon X-ray excitation resulted
in an improved cell inactivation of more than 90% compared to the application of
X-rays alone. Furthermore, the formation of CPDs upon excitation with X-rays in
the presence of the NPs was measured to confirm the presence of UV-induced DNA
damage. The combined treatment resulted in a significant formation of UV specific
cyclobutane pyrimidine dimers of 31%. Our findings support the feasibility of the
combined approach and might enable a novel therapy concept for the treatment of
cancer.
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A.1. Part 1: Single-Line UV-B Emitting Nanoscale Particles

A.1. Part 1: Single-Line UV-B Emitting Nanoscale
Particles

Table A.1: Masses of the lanthanide chlorides used for the synthesis of the
Lax –1GdxPO4 (10 mmol) samples with increasing concentration of Gd3+
discussed in Section 4.1 on page45.

x LaCl3 · 7H2O
m [g]

GdCl3 · 7H2O
m [g]

0.025 3.6210 0.0979
0.05 3.5281 0.1950
0.10 3.3423 0.3899
0.15 3.1563 0.5844
0.20 2.9711 0.7792
0.30 2.6000 1.1692

Figure A.1: Optical characterization of LaPO4 nanocrystals containing 20% Gd3+:
VUV excitation spectrum, emission spectrum, and reflectance spectrum
of the nanoparticle powder.

121



Appendix A. Appendix

A.2. Part 2: Deep UV Emitting Scintillators – the
Hard Way of Downsizing LuPO4:Pr3+

Table A.2: Masses of the lanthanide oxide used for the synthesis of the Lux –1PrxPO4
(26 mmol) microcrytalline samples with increasing concentration of Pr3+
as discussed in in Section 4.2 on page56. The samples x=0.02 and x=0.03
were prepared for a 12 mmol batch.

x Pr6O11
m [g]

Lu2O3
m [g]

0.001 0.0044 5.1679
0.0025 0.0111 5.1602
0.005 0.0221 5.1472
0.01 0.0443 5.1214
0.02 0.0409 2.3398
0.03 0.0613 2.3160

Figure A.2: XRD patterns of the Lux –1PrxPO4 microscale samples.
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A.2. Part 2: Deep UV Emitting Scintillators

Figure A.3: Particle Size Distribution of the Lux –1PrxPO4 microscale samples.

Figure A.4: Emission of the Lux –1PrxPO4 nanoscale samples upon VUV excitation.
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Table A.3: Masses of the precursors used for the synthesis of the Lux –1PrxPO4
(18 mmol) nanocrytalline samples with increasing concentration of Pr3+
discussed in chapter 4.

x Pr(NO3)3
m [g]

LuCl3 · 7H2O
m [g]

0 0 7.0095
0.001 0.0078 7.0026
0.0025 0.0195 6.9921
0.005 0.0392 6.9744
0.01 0.0783 6.9394
0.02 0.1566 6.8693
0.03 0.2349 6.7992

Figure A.5: XRD patterns of the Lux –1PrxPO4 nanocrystalline samples.
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A.2. Part 2: Deep UV Emitting Scintillators

Figure A.6: Particle Size Distribution of the Lux –1PrxPO4 nanocrystalline samples.
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A.3. Part 3:Enhanced UV-C Emission of Nd3+
co-doped LuPO4:Pr3+

Table A.4: Masses of the precursors used for the synthesis of the Lu0.99–xPr0.01NdxPO4
(26 mmol) microcrytalline samples with increasing concentration of Nd3+
discussed in chapter 4. The Pr3+ concentration was kept konstant at
0.043 mmol (0.0443 g of Pr6O11).

x Nd2O3
m [g]

Lu2O3
m [g]

0.005 0.0219 5.0955
0.0075 0.0328 5.0826
0.01 0.0437 5.0696
0.0125 0.0547 5.0567
0.015 0.0656 5.0438
0.02 0.0875 5.0179
0.025 0.1094 4.9920
0.03 0.1312 4.9662

Figure A.7: XRD patterns of the Lu0.99–xPr0.01NdxPO4 microcrytalline samples.
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A.3. Part 3: Enhanced UV-C Emission of Nd3+ co-doped LuPO4: Pr3+

Figure A.8: Particle size distribution of the Lu0.99–xPr0.01NdxPO4 microcrytalline
particles in water.
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Table A.5: Masses of the lanthanide oxides used for the synthesis of the Lu1–xNdxPO4
(26 mmol) microcrytalline samples with increasing concentration of Nd3+
discussed in chapter 4.

x Nd2O3
m [g]

Lu2O3
m [g]

0.001 0.0044 5.1679
0.0025 0.0109 5.1602
0.005 0.0219 5.1472
0.0075 0.0328 5.1343
0.01 0.0437 5.1214

Figure A.9: ζ-potential of the LuPO4:Pr3+,Nd3+ nanocrytalline particles dispersed in
water.
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A.4. Part 4: Towards Biomedical Applications

Figure A.10: XRD patterns of the LuPO4:Pr3+,Nd3+ after 5 h of X-ray irradiation.
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