THE SYNTHESIS, OPTICAL PROPERTIES AND BIOLOGICAL APPLICATIONS OF Mn*",Cu®*

AND Ag" DOPED ZnS NANOPARTICLES

by

LUN MA

Presented to the Faculty of the Graduate School of
The University of Texas at Arlington in Partial Fulfillment
of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT ARLINGTON

August 2011



Copyright © by Lun Ma 2011

All Rights Reserved



To my Mother



ACKNOWLEDGEMENTS

To begin with, | would like to thank my advisor, Dr. Wei Chen for his support,
understanding and patience during the past four years over my work. He is a great teacher and
researcher and always approachable. He has been a source of advice when | need any. |
greatly appreciate the opportunity to work with and learn from him. Without his guidance and
helpful suggestions, this work would not have been possible.

| am grateful to my other committee members, who take their time and serve in my
committee, and put forth the effort to read and comment on this dissertation. | also would like to
give my gratitude to Dr. Qiming Zhang, my graduate supervisor, who provides lots of
suggestions on my academics.

The postdoctoral scholars Marius Hossu, Xiaoju Zou, Ke Jiang and visiting professor
ZhongXin Liu, also give great help and ideas from various perspectives. They have explained
and discussed many issues and problems | have met. | also want to thank all the other
members in my group. | really enjoy the time working with them.

Finally, | would like to give my deepest thanks to my wife and family, for their love and

support all the time.

July 29, 2011



ABSTRACT

THE SYNTHESIS, OPTICAL PROPERTIES AND BIOLOGICAL APPLICATIONS

OF Mn%*,Cu®* AND Ag* DOPED ZnS NANOPARTICLES

LUN MA, PhD
The University of Texas at Arlington, 2011

Supervising Professor: Wei Chen

As a typical wide-band gap IIB-VI semiconductor, ZnS and ZnS based materials have
been extensively studied and used in a variety of applications such as electroluminescence and
cathodoluminescence displays, solar cells, and other optoelectronic devices. The most
attractive feature of ZnS is its ability to be doped with most transition and/or rare earth metal
ions, which allows a wide range of tunable electronic and optical properties. The nano-sized
ZnS based particles perform unique physical and chemical properties that dramatically differ
from their bulk materials due to quantum size confinement. In this dissertation, Mn**, Cu®** and
Ag’ doped ZnS water soluble nanoparticles were synthesized for biological applications.

Luminescent nanoparticles have gained immense attention as versatile fluorescent
agents for bio-medical imaging because of their unique luminescence and photophysical
properties. ZnS:Mn is a representative member in ZnS based material family. The red emission
from Mn? ions is very intensive and can be excited by various energy sources, including X-ray.
In this work, the synthesized water soluble ZnS:Mn nanoparticles are first applied to cell
imaging and fingerprint detection. Satisfactory results have been obtained due to intensive
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luminescence of ZnS:Mn nanoparticles and their relative long lifetime. Subsequently,
hydrophobic ZnS:Mn nanoparticles were prepared and encapsulated together with
photosensitizer into polylactic-co-glycolic acid (PLGA) spheres for photodynamic therapy (PDT)
applications. Results show that more cells were killed by using PLGA encapsulated ZnS:Mn-
photosensitizer composites after X-ray treatment.

Water soluble afterglow nanoparticles are the key factor for the new strategy of
“Nanoparticle Self-Lighting Photodynamic Therapy for Cancer Treatment”, in which the light
activating photosensitizers is generated by afterglow nanoparticles. Therefore, water soluble
ZnS:Cu,Co green afterglow nanoparticles were synthesized and their optical properties
including afterglow properties were discussed. The result from the preliminary application of
ZnS:Cu,Co afterglow nanoparticles and photosensitizer conjugation on human prostate cancer
cells shows that the energy transfer occurs and the composite materials killed more cells
comparing to either photosensitizers or nanoparticles after UV light treatment.

High fluorescence or afterglow intensity is required for an efficient light source in PDT.
The afterglow enhancement is observed by sample aging. Further measurement and analysis
revealed that the oxidation process occurring on particle surface could produce more defects
which act as electron traps and result in the enhancement on both afterglow intensity and
longevity. Moreover, blue afterglow was obtained from ZnS:Ag,Co water soluble nanoparticles
by using the same strategy, which may further contribute to the development of new afterglow

materials from ZnS-based nanoparticles.
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CHAPTER 1
INTRODUCTION
Chapter 1 introduces the fundamental phenomenon and concepts in luminescence.
Basic mechanisms of fluorescence, phosphorescence and afterglow are discussed. ZnS based
luminescent nanoparticles are briefly described, particularly on manganese doped ZnS
nanoparticles, while Chapter 2 mainly focuses on their experimental synthesis and biological
applications. On the other hand, water soluble ZnS:Cu,Co and ZnS:Ag,Co afterglow
nanoparticles are also important part in this dissertation. Due to their relatively lower popularity,
afterglow materials will be extensively introduced in this chapter and the synthesis, properties
and applications of afterglow nanoparticles will be explicated in Chapter 3. Chapter 4 opens and
discusses the enhancement of ZnS:Cu,Co afterglow nanoparticles. Aging is found as an
efficient method to enhance ZnS based water soluble afterglow nanoparticles. As a
consequence, blue afterglow has been obtained from ZnS:Ag,Co nanoparticles by using the
same preparation strategy and is described in chapter 5.
1.1 Luminescence
1.1.1 The Phenomenon of Luminescence — A “Cold” Light
The term “lumen” is originally from Latin which means light. In general, luminescence
refers to a phenomenon in which materials emit light after they absorb some kind of energy. The
light here usually stays in a visible wavelength range (380 nm ~ 750 nm) or an extended range
from near-ultraviolet to near-infrared sometimes. In another common phenomenon existing in
nature, substances at a certain temperature release thermal radiation to their environment.
Those light emitted from hot surfaces (usually above 900 K) during the thermal radiation
process could also be seen by human eyes and this emission is actually called incandescence,

which does not need to absorb extra energy for emitting light. On the contrary, luminescence
1



means a non-thermally produced or a “cold” light. It is a light emitting process related to electron
transitions from their higher energy states to lower energy states.
1.1.2 A Brief History of Luminescence

The observation of luminescence could be dated back to ancient time. However, the first
well documented luminescence phenomenon was considered from a Spanish physician and
botanist N. Monardes who obtained some liquid infusion from the wood of a small Mexican tree
in 1565. In 17" century, a famous scientist Robert Boyle (known as “the father of chemistry”)
made much detailed description about luminescence and even firstly tried to use this
phenomenon as a PH indicator. The concept of luminescence did not get more clear in the next
century until professor George Gabriel Stokes published his paper — “On the Change of
Refrangibility of Light” in 1852. Stokes studied the light emitted from quinine sulphate and
realized that the substance actually re-emits light at longer wavelength than the light wavelength
absorbed. The wavelength shifting between emission and excitation wavelengths was later
named as “Stokes Shift”. Stokes also firstly promoted the term “fluorescence” and it is now
widely used in the field of luminescence. Starting from the early 20" century, the explanation of
luminescence phenomenon got improved much because of Alexander Jablonski's work. The
electron transitions between excited and ground energy states in light absorption and emission
were clearly illustrated in an energy band diagram. The diagram was named after him as
Jablonski Diagram and is now widely accepted as fundamental tools to analyze the mechanism
of luminescence.
1.1.3 The Different Types of Luminescence

The knowledge of luminescence and its applications were developed quickly after the
World War Il, much more luminescent materials appeared and have been applied to many
fields. People had noticed that luminescence can be induced by various of energy forms. Based
on different excitation energy sources, luminescence is how categorized into many types, such

as cathodoluminescence, chemiluminescence, radioluminescence, photoluminescence,
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thermoluminescenc and triboluminescence. In this dissertation, my work is focused on the
photoluminescence in which the luminescence is excited by photons or electromagnetic
radiations.

Despite of different excitation sources, once the material is excited and emits
luminescence, it lasts for a certain time which could be very short in nanoseconds or long in
hours. Depending on how long the emission light can last after the excitation is turned off,
luminescence has been divided into fluorescence, phosphorescence and afterglow.

1.2 The Fundamental Mechanism of Fluorescence, Phosphorescence and Afterglow

1.2.1 Fluorescence

The lifetime of a luminescent material means the time cost when the luminescence
intensity drops to its 1/e intensity after the excitation is ceased. Fluorescence typically has a
lifetime around 10® s, although this value can also reach a time scale of milliseconds in some
cases (e.g. ZnS:Mn, 1.8 ms ). lllustrated by the energy band diagram in Figure 1.1, when a
phosphor (materials that can emit luminescence) absorbs energy and is excited, the electrons in
valence band can jump up to higher energy states — excited states S; or S,. This process is
very quick and usually costs about 10™ s. The excited electrons have very short life time (10™-
10™ s) and then quickly release their energy by vibrations or internal conversions to the lowest
energy level of the first excited state S;. The transitions from the lowest excited state to ground
states can release energy in either radiative or nonradiative process. The radiative process
produces photons in fluorescence and nonradiative process releases energy by vibrations and
generates heat. As electron transitions from higher excited states to the lowest energy level of
the first excited state S; are several orders faster and usually nonradiative, the wavelength of

fluorescence emitted finally is not affected by the excitation energy significantly.
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Figure 1.1 The energy band gap diagram for the illustration of typical fluorescence,
phosphorescence and afterglow.

1.2.2 Phosphorescence and Afterglow

It is necessary to introduce the concept of singlet and triplet state before further
discussions on phosphorescence and afterglow. An excited state may have multiple energy
status that is indexed by 2S+1, where S is the total spin quantum number of a molecule. From
knowledge of quantum mechanics, the spin of an electron can only be “up” (+1/2) or “down” (-
1/2). In general, the electrons in ground states of most material molecules are paired and the
total spin quantum number S is O as the two electrons in one orbit must stay in opposite spins.
Therefore the ground state is usually a singlet state (2S+1 = 1). Most electron transitions do not
change spin orientation, thus those excited states remain in singlet states. However, there are
cases in which the electron spin is changed after the transition process and result in two

unpaired electrons with S = 1. The excited state now is in “triplet” as 2S+1 =3 and it contains
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three energy statues in an applied magnetic field. The diagram illustration of the singlet and

triplet state is shown in Figure 1.2.

§=0,25+1=1 §=0,25+1=1 §=1,25+1=3

CB

K A 0
ry Py r
v ¥ AR IR
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Singlet ground state Singlet excited state Triplet excited state

Figure 1.2 The diagram illustration of singlet ground state, singlet excited state and triplet
excited state.

Afterglow (persistent luminescence) means the phosphors can emit luminescence for a
long time after the excitation source has been turned off. The afterglow luminescence remains
from several seconds to hours or even days. The phenomenon of afterglow is frequently found
to be mixed with another term “phosphorescence” and some researchers have tried to
distinguish them from each other because phosphorescence has been explained by electron
transitions from an energy triplet state to singlet state, while the afterglow is generally proposed

® As shown in Figure 1.1,

with a different mechanism related to electron traps.”
phosphorescence takes longer time in the radiative decay process than fluorescence and
typically lasts from milliseconds to seconds because the transition from triplet state to singlet
state is spin forbidden. In further comparison, afterglow has much longer life time from minutes

to hours. Thermal energy is generally required to release those electrons that are trapped.

5



Certainly, electrons could be re-trapped and released later and this process could be repeated
for many times. In general, afterglow is temperature related. The entrapped electrons may
obtain enough thermal energy and escape very quickly if the ambient temperature is too high.
On the other hand, they cannot be released if the temperature is too low. A proper energy trap
depth has been suggested as 0.65 eV for the room temperature in the afterglow study of Eu*
and Dy*" doped strontium aluminates.*® However, it should be noticed that the actual detailed
afterglow mechanism is much complicated and still unclear. The type of electron traps varies
from material to material and how the traps are formed as well as their quantities and locations
are still in debate. Meanwhile, new afterglow materials keep developing but mostly are
suggested with their own particular explanation.ﬁ'g In some areas, the terms of afterglow and
phosphorescence or long lasting luminescence are not distinguished strictly and used as
substitutions with each other. In this work, the phrase afterglow is generally used as the
experiment products continuously emitting light for minutes (much longer than usual
phosphorescence) after the excitation source has been removed. The model of electron traps is
consequently applied for the long lasting luminescence from our nanopatrticles.

1.3 ZnS Based Luminescent Nanoparticles

1.3.1 Bulk and Nano-sized ZnS Based Materials

ZnS is a typical wide-band gap 1IB-VI semiconductor and has been extensively studied
and used in commercial fields for many years. ZnS based luminescent materials emit different
colors and can be excited by a variety of sources to display photoluminescence,
cathodoluminescence and electroluminescence. It is such an important inorganic material which
can be found in many applications including photoconductors, solar cells, field effect transistors,
optical sensors, and light emitting displays. Zinc blende and wurtzite are two crystal structures
usually seen in ZnS based materials. The energy band gap in bulk ZnS is 3.6 eV and 3.8 eV for
zinc blende and wurtzite structures, respectively.'>*? Both of them are located in ultraviolet (UV)

range and not visible. Nano-sized ZnS materials may have higher band gap energy due to
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guantum confinement effect from their small sizes. In fact, a violet/blue emission peaking from
420 nm to 470 nm due to crystal defects is very common in ZnS materials."****° This defect
emission could be very intensive from ZnS nanoparticles as the surface area becomes a
dominant role in nano-sized materials. The band-band emission from ZnS nanoparticles has

also been observed with defect emission together.*?2%#

However, the key reason for the wide
applications of ZnS is its ability to be doped with most transition and/or rare earth metal ions.
The dopants can alter the electronic and optical properties of the doped system

16,18,22,23

significantly. By the large amount of dopant candidates, ZnS based luminescent

materials are able to cover the luminescence from blue to red.***

Nanomaterials have attracted much attention in recent decades because of their unusual
physical and chemical properties in comparison with their bulk materials. Here, the changes of
optical properties are focused. As the particle size decreases to Bohr radius of exciton, quantum
confinement causes an increased band gap. This makes the wavelength of luminescence from
nanomaterials tunable. As a typical example, CdTe nanoparitcles display a red shift of
absorption and emit light from green to red when their size increase from 3.1 nm to 3.8 nm.? In
ZnS based materials, a remarkable optical property change due to the ZnS band gap increasing
can be seen from ZnS:Eu®".?** The bulk ZnS:Eu* barely shows emission at room temperature
because the lowest excited state of Eu** still merges inside of bulk ZnS (host) conduction band.
In ZnS:Eu*" nanoparticles, the band gap is enlarged and the conduction band is higher than
Eu* excited states, hence the f-f transition of Eu”* occurs and emits light.** The quantum
confinement also increases the overlap of electrons and holes, which induces higher electron-
hole recombination rate and absorption strength of the material.*® Thus, it is expected that
nanomaterials may have much efficient luminescence than their bulk materials.

The small particles have very high surface/volume ratio and this ratio increases
dramatically when the size of the particles shrinks to nanometers. A 10 nm particle usually

contains tens of thousands atoms and the surface atoms count about 20%, while a 2 nm
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particle has several hundred atoms and 80% of them are on the surface. As the surface area
becomes dominant for small nanoparticles, defects located in the particle surface also play an
important role in nanoparticle properties. The defect emission can be very noticeable in ZnS
luminescent nanoparticles and thus reduce the luminescence from other luminescent centers.
Surface passivations are good methods reducing surface defects and obtain high quantum
efficiency through adding surfactants or coating with a shell of another material.

Water solubility is a general requirement for biological applications. Comparing with bulk
materials, it is much easier for nanoparticles to be water soluble as they are light and small.
However, nanoparticles have high surface energy and strong tendency to aggregate. One of the
efficient methods obtaining water soluble nanoparticles is to apply surface stabilizers
(surfactants) on particle surface. The stabilizers generally own functional groups on their one
end which have affinity to attach on particle surface and other groups on the other end which
are hydrophilic. With the modification by stabilizers, the surface energy is reduced and the
hydrophilic chemical groups help the nanoparticle dispersion in water. As for ZnS based
nanoparticles, because of the strong affinity to Zn®" ions, stabilizers having thio groups (-SH)
are mostly used, such as thioglycolic acid (TGA), 3-mercaptopropionic acid (MPA), L-cysteine,
and 2-Mercaptoethylamine hydrochloride (CA). The other way of dispersing nanoparticles in
water is by using electrolyte. Because of the high surface/volume ratio of nanoparicles, dangling
bonds are commonly found on nanoparticle surfaces and this makes the particle lose its electric
neutrality and capable to adsorb oppositely charged ions onto its surface area. The charged
nanoparticles repel each other by Coulomb force and thus can disperse in water.

Moreover, nanoparticles have advantages to enter cells in biological systems as they are
small enough. ZnS based luminescent nanoparticles are cyto-friendly materials and have
started to be used as labeling agent for biological imaging instead of organic dyes.?* The light
emitted from nanoparticles further allow them to be used for medical treatment.** ZnS based

afterglow water soluble nanoparticles may also find new applications in biological imaging and
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photodynamic therapy for deep cancer treatment. This dissertation involves some work in such
interesting fields and they will be discussed in the following content.
1.3.2 Preparation of ZnS Based Nanopatrticles

Nanoparticles can be prepared from gaseous, liquid and solid environments. Depending
on whether chemical reactions are involved, the synthesis processes are categorized into
physical method and chemical method. A typical physical method to synthesize nanoparticles is
to grind bulk materials mechanically into small sizes. For ZnS based materials, chemical
methods have been mostly applied, including the methods of co-precipitation, hydrothermal, sol-
gel and solid state reaction. In this dissertation, manganese, copper or silver doped ZnS
nanoparticles are synthesized by precipitation method in water or organic solvents. Hydrophilic
and hydrophobic ZnS based nanoparticles have been prepared by simply choosing proper
stabilizers and reaction solvents.

In order to obtain water soluble nanoparticles, a straight forward method is to synthesize
them directly in water. However, proper stabilizers must be applied. Firstly, it must have
functional groups which can chemically bond with the particle surface. In general, nanoparticles
adsorb other molecules or particles due to their high surface energy and aggregate to large
clusters. Therefore, a strong chemical bond between nanoparticle and stabilizer is necessary to
prevent particle-particle attachment. Secondly, the stabilizer should have hydrophilic groups
which make the nanoparticle “water-like”. Thirdly, suitable environment needs to be considered
because stabilizers work under appropriate conditions, such as PH value, temperature and
solvent.

Hydrothermal method is also a very common way to prepare ZnS based nanoparticles in
water. It reaches higher reaction temperature as the reaction container is tightly sealed. With
high reaction temperature, particle nuclei form fast and it reduces the broadness of particle size
distribution. Moreover, the doping could become more efficient as the dopant ions are earning

more energy to diffuse in the host material. However, hydrothermal method presents less
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safeness due to its high reaction pressure and it basically does not allows additional operations
(e.g. adding other reactants) during the particle synthesis.

Synthesizing nanoparticles in oil phase is able to reach high reaction temperatures by
using organic solvents with high boiling temperatures. Besides the advantages of higher doping
efficiency and narrower particle size distribution, the reaction generally produces hydrophobic
nanoparticles. As particle synthesis in oil phase usually needs lots of post-synthesis treatment
and many high boiling temperature organic solvents are not environment-friendly, this type of
synthesis is not treated as a “green” chemistry.

It should be noticed that hydrophobic nanoparticles can be converted to hydrophilic by
phase transfer method.* For ZnS based hydrophobic nanoparticles, a phase exchange ligand
with thio group is generally preferred as the strong affinity between thio group and Zn** ions. In
addition, hydrophobic nanoparticles can be encapsulated into some polymer spheres (e.g.
PLGA) or coated by a silica shell This strategy also makes the hydrophobic nanoparticles
dispersed in water without changing much of their optical properties.

1.4 Afterglow Materials

1.4.1 The Afterglow Materials in Ancient Time

People noticed the phenomenon of afterglow from more than 2000 years ago. In ancient
China, stones with persistent luminescence have appeared in recorded stories and been treated
as rare treasures because they are able to glow at night by themselves. Those stones were
basically raw materials form nature, some might contain radioactive elements which emit
nuclear radiation energy as the excitation source. As most of those old stories are not able to
provide more details about afterglow, it is hard to know what type of materials they really belong
to. The earliest well-documented persistent luminescence material was discovered by an Italian
shoemaker Vencen cino Casciavolus in 1602. He tried to collect gold by heating different types
of mineral ores but obtained some stones emitting red cold light at night. The stones were

known later as Bolognian stone which contains mainly Ba,SO, and some Bismuth and
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Manganese. The ores turned to sulfide compound after calcination and actually impurities
contained in the ores contributed to the afterglow.
1.4.2 ZnS Based Afterglow Materials

The afterglow materials were remaining their mystery until the first man-made persistent
phosphors ZnS:Cu appeared in the late 19" century. However the real modern scientific study
and industrialization on afterglow materials started from 1970s. As the typical first generation
persistent phosphor products, ZnCdS:Cu, ZnS:Cu, CaS:Bi and CaSrS:Bi have found their
applications in commercial market and military fields. Among those materials, ZnS:Cu (usually
co-doped with cobalt) is very representative and extensively studied. The green afterglow
emitted from it is visible to the human eye in darkness and is explained by the model of electron
traps.? Co-doped cobalt makes this afterglow brighter and longer as co-doping can increase
the depth of the electron traps. Like ZnS based fluorescent nanoparticles, ZnS based afterglow
materials may also have various afterglow wavelengths through different dopings (mostly
transition and alkaline metal ions).>*** In addition, the doping with rare earth ions makes large
improvement on afterglow properties of sulfide based materials, such as ZnS:Eu,
CaBaS:Eu:Cu, CaSrS:Eu:Dy and etc. The Eu®* ions are mainly used as activators and Dy** ions
act as sensitizers or auxiliary activators. However, the intensity of persistent luminescence from
these materials was still not very bright comparing to the general fluorescence with a stimulation
source. In addition, their maximum persistent time can last for a few hours only. One of the
solutions to prolong the duration of persistence is by adding radioactive elements as external
excitation sources. The artificially added nuclear radiation sources continuously release energy
to keep the material glowing even for years. However, from a strict view, it is not a real afterglow
and should be called radioactive luminescence. Furthermore, the addition of radioactive
elements brings a fatal disadvantage to the material development because they are harmful to
environment and human health. What is more, the solid ZnS based phosphors are also not

chemically stable under UV radiation or in a humid environment. The limitations greatly affect
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more practical applications of ZnS based afterglow materials.
1.4.3 Aluminate and Silicate Afterglow Materials

The new development of afterglow materials were initiated with the study of strontium
aluminate phosphor in 1946.3* After that, Victor Abbruscato reported a long persistent
luminescence from Eu** doped alkaline earth aluminates -- SrAl,O,.Eu®* in 1971 and suggested
that Sr,, vacancies could be the traps.*® The research and development of new afterglow
materials took place much faster after the mid of 1990s. In 1996, by introducing the rare earth
element Dy** as co-dopant, Matsuzawa et al. synthesized SrAl,O,:Eu®*,Dy** long afterglow
phosphor which had large improvement in both afterglow brightness and longevity comparing
with SrAlLO,Eu** materials.” Like Eu®* and Dy*" co-doped sulfide based afterglow materials,
Dy** was still supposed to play the same role as auxiliary activators. Different preparation
methods were then developed and similar aluminate afterglow phosphors such as CaAl,O,Eu**

appeared soon after.®%

However, the properties of aluminate afterglow materials decreased
much when they are under a water environment, thus largely limiting their applications in
pigments, paints and other fields. Rare earth metal ions doped silicates (e.g.
Sr,MgSi,0-:Eu* ,Dy*" ) was introduced to improve the performance of afterglow materials in
water.”’ Due to a better brightness and longer persistent time, aluminate based and silicate

based afterglow materials are studied intensively in recent years.

1.5 Biological Applications of ZnS Based Fluorescent and Afterglow Nanoparticles

1.5.1 Applications in Fluorescence Imaging

Fluorescence imaging is a sensitive and quantitative imaging technique that is widely
applied in molecular biology and biochemistry. Comparing with other bio-imaging methods (X-
ray, CT and PET), fluorescence imaging uses visible or near infrared excitation which is non-
ionizing and less hazardous. As labeling agents, organic dyes have been successfully used in
fluorescence imaging for many years. However, shortages form the organic dyes, such as poor

photo stability, narrow excitation spectra and short decay lifetime, limit their further steps in the
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development of this imaging technique. In the recent two decades, luminescent nanoparticles
started finding many exciting applications in the field of bio-imaging and medical treatment.
These small fluorophores have attracted much attention due to their unique and remarkable
optical properties. Compared to conventional organic dyes and fluorescent proteins,
luminescent nanoparticles have numerous advantages, such as minimal photobleaching, higher
guantum yields, broad excitation with narrower emission spectra and longer luminescence life
time, which make them ideal to obtain high contrast bio-medical images. In addition,
luminescent nanoparticles are able to be functionalized by proper surface groups for coupling
with bio-molecules, so the particles can be effectively delivered to specific targeting locations of
interest.

High luminescence intensity is one of the most important requirements of biological
imaging. The core-shell CdSe/ZnS nanoparticle has firstly found its applications in cell

imaging.***®

The shell of higher band-gap semiconductors can increase the luminescence
guantum efficiency and physical/chemical stability of core particles. As cadmium is generally a
toxic element, non-cadmium core-shell InP/ZnS nanoparticle was developed as a new non-toxic
optical probe for imaging cancer cells.** However, the preparation of those core/shell
nanostructures is generally complicated and hard to control. Recently, ZnS based luminescent
nanoparticles have been reported as a non-cytotoxic cell image labeling agent by conjugating
with folic acid.?* As a long lifetime fluorescent material, ZnS:Mn nanoparticles have gained
some attention, while further applications should be studied.
1.5.2 Applications in Photodynamic Therapy for Cancer Treatment

Photodynamic therapy (PDT) is a form of medical treatment in which disease cells or
tissues are destroyed by applying a photosensitizer (photosensitizing drug) followed by light
exposure. In addition, the presence of adequate molecular oxygen in the tissue is also required.

The principle of PDT is that the photosensitizer absorbs the light energy and becomes

activated, then the energy is transferred to oxygen molecules and generates singlet oxygen.
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The singlet oxygen is highly reactive and it is able to immediately react with and damage vital
cells and finally result in cell death.

While conventional chemotherapy usually affects the whole immune system, radiation
therapy usually causes damages also to plenty of normal cells. In comparison, PDT is a site-
specific treatment by targeting photosensitizers. The harmless visible light used in PDT leaves
the immune system and normal cells intact. PDT has been applied in cancer treatment,
precancerous lesions (actinic keratosis) and age-related macular degeneration. However, deep
cancer treatment is a challenging problem existing in clinical PDT. To have an efficient energy
transfer, the wavelengths of light source have to largely overlap with the maximum absorption of
the photosensitizer applied. As the absorptions of most photosensitizers are located in UV
range, PDT is limited on superficial area treatment because UV light cannot penetrate to deep
tissues.

In order to resolve the problem, a new strategy “Nanoparticle self-lighting photodynamic
therapy (NSLPDT)” was proposed® based on afterglow nanoparticle-photosensitizer
conjugation. As afterglow material stores and then releases light energy in a long time, when it
is conjugated with photosensitizer and targeted to tumors cells, afterglow is expected to be the
light source activating photosensitizer. The afterglow particles can be excited ex vivo or in deep
tissue by X-ray. Once the excitation is done, X-ray will be removed and this can largely reduce
the harmful X-ray dosage.

The method opens a new promising field for afterglow materials. However, the current
afterglow materials can be barely applied in biological systems as they are mostly not water
soluble and in large sizes. Therefore, it is necessary to develop nano-sized and water soluble
afterglow materials for biological applications. In this dissertation, ZnS:Cu,Co and ZnS:Ag,Co
water soluble afterglow nanoparticles have been prepared by a simple wet chemistry method.
Some preliminary results of ZnS:Cu,Co-photosensitizer conjugation are also discussed

(Chapter 4). As the high afterglow intensity and longevity are required for efficient NSLPDT,
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Chapter 4 shows ZnS:Cu,Co nanopatrticle afterglow enhancement and possible mechanism of
the enhancement is proposed.

Using scintillation nanoparticles as light source in PDT is another new method for deep
cancer treatment.* X-ray is used to excite nanoparticles as it can penetrate body tissues. Some
work by using LaF3:Tb*" and CdSe/ZnS nanoparticles has been reported.*®*” ZnS:Mn is also a
good luminescent material excited by X-ray . Due to a relative non-cytotoxic and environment
friendly nature of its compounds, ZnS:Mn could be a very promising light source for PDT in
deep cancer treatment. The application of ZnS:Mn-photosensitizer on cancer cell treatment is

performed in the next chapter through encapsulating them inside polymer spheres.
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CHAPTER 2
THE OPTICAL PROPERTIES OF ZnS:Mn NANOPARTICLES AND THEIR APPLICATIONS IN
BIOLOGICAL IMAGING AND PHOTODYNAMIC THERAPY
2.1 Introduction
Among doped ZnS materials, ZnS:Mn is very representative and perhaps the most
studied and applied member. The red emission form Mn** ions makes it largely used in flat
panel displays and cathode ray tubes. ZnS:Mn is also an excellent candidate for magnetic and
spintronic applications as Mn?* has 5 unpaired 3d electrons. In biological imaging, core/shell
luminescent nanoparticles have been mostly applied as they generally have high luminescence

intensities. #4448

However, the synthesis of those core/shell nanostructures is complicated and
they are basically hydrophobic. More coatings and modifications have to be applied further to
make them hydrophilic for biological environment. Sometimes very toxic element is seen in
those nanostructures. ZnS:Mn material is non-toxic and easy-made in water by simple wet
chemistry. It is also able to be excited by various sources, including UV light and X-ray, which
further allows its application in both fluorescence imaging and light source in photodynamic
therapy for deep cancer treatment. In this chapter, we first prepare ZnS:Mn luminescent
nanoparticles and discuss the obtained nanoparticle structure and optical properties, then

perform some applications in biological imaging and PDT.

2.2 Synthesis and Characterization

2.2.1 Preparation Method

Zn(CH3CO00),, Mn(CsHgO,), , and thioglycolic acid (TGA,98%) were purchased from
Sigma-Aldrich Inc., USA. Na,S is also a product of Sigma but from Canada. All the chemicals
were of analytical grade or of the highest purity available and used as received. De-ionized (DI)

water was used as a solvent. A simple wet chemical method was applied to obtain water
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soluble ZnS:Mn nanopatrticles. Briefly, 183 mg Zn(CHsCOO),, 25 mg Mn(CsHgO,),, and 72 mg
Na,S were added into 50 ml DI water following by adding 1.5 ml of 0.2 M TGA. The water
solution was heated to boiling temperature and remained for 5 hours. Finally, the solution was
allowed to be cooled in air to room temperature.
2.2.2 Characterization

The identity, crystalline structure, size and shape of the nanoparticles were observed by
X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM). The
XRD pattern was recorded by using a Siemens Kiristalloflex 810 D-500 x-ray diffractometer with
a radiation beam A = 1.5406 A. The nanoparticles in solution were placed onto holey carbon-
covered copper grids for HRTEM observations. The HRTEM images of the particles were
obtained with a JEOL JEM-2100 electron microscope with accelerating voltage of 200 kV. The
emission spectra were carried out with a Shimadzu RF-5301PC fluorescence
spectrophotometer.

2.3 Structural and optical properties

2.3.1 XRD and TEM
The XRD pattern of ZnS:Mn nanoparticles is displayed in Figure 2.1. It can be identified
as the cubic zinc blende structure with a comparison to the standard card (JCPDS, no. 05-
0566). The three main peaks can be indexed with (111), (220) and (311) planes. The
broadened peaks indicate the small particle sizes of the sample. From this pattern, the mean
particle size is estimated to be 4 nm through the Scherrer equation D=0.9N/(BcosB), where A is
the X-ray wavelength (here A = 1.54060 A), B is the full width at half maximum (FWHM) and 8 is

the diffraction angle.
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Figure 2.1 The XRD pattern of ZnS:Mn nanopatrticles.

Figure 2.2 displays a typical high resolution transmission electron microscopy (HRTEM)
image of ZnS:Mn nanoparticles. The particle aggregation is generally seen because of the
drying process in TEM sample preparation. The average size of individual nanoparticles is
found to be 4-5 nm, which matches well with the value estimated from the XRD measurement.
The (111) lattice planes of some particles can be mainly observed and this lattice spacing is
estimated to be about 0.31 nm from the HRTEM image, which is consistent with the (111)

spacing of bulk ZnS (JCPDS 05-0566, 0.312 nm).
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Figure 2.2 HRTEM image of ZnS:Mn nanoparticles dispersed in water.

2.3.2 Photoluminescence

Figure 2.3 The photo pictures of ZnS:Mn nanoparticles dispersed in water under normal light
(left) and UV light (right).

The chemically synthesized ZnS:Mn nanoparticles are able to be well dispersed in water,
which makes them easier to be applied in biological systems. Figure 2.3 shows the photo
pictures of ZnS:Mn nanoparticles dispersed in water. The aqueous ZnS:Mn sample is
transparent (left image) and emits strong red fluorescence under UV light (right image).

Their photoluminescence spectra are shown in Figure 2.4. The ZnS exciton emission has been
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obseved peaking at 373 nm by excitation of 240 nm. To obtain the maxium intensive red

16,18,49,50

emission from Mn** due to “T; — ®A; transition, the excitation wavelength was changed

to 340 nm. The defect emission centered at 441 nm is obseved but it is weak and broad.
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Figure 2.4 The luminescence spectra of water soluble ZnS:Mn nanopatrticles. The exciton
emission at 373 nm was excited by 240 nm. The emissions from defects and Mn®* were excited
by 340 nm.

2.4 Applications in Cell Imaging and Fingerprint Detection

2.4.1. ZnS:Mn in Cell Imaging

ZnS:Mn water soluble luminescent nanoparticles have high quantum efficiency and are
non-cytotoxic, thereby making them a very good candidate for cell imaging. Figure 2.5 shows
images of porcine lens epithelial cells taken by microscope with ZnS:Mn nanoparticles added as
a labeling agent. The left image is taken by normal light without using extra excitation or filters.

Under UV excitation, red filter are applied and the luminescence clearly display the locations of
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ZnS:Mn nanoparticles inside the cell. The cell's morphology can also be seen from the
nanoparticle luminescence. The result shows that ZnS:Mn is an efficient labeling agent for cell
imaging. Further, water soluble ZnS:Mn nanopatrticles can be conjugated with drugs to detect

the drug distribution through fluorescence imaging.

Figure 2.5 The microscope images of porcine lens epithelial cells taken by normal light (left) and
UV excitation and red-light-pass filter (right).

2.4.2. ZnS:Mn in Fingerprint Detection

Highly luminescent water soluble nanoparticles have found many biological
applications, particularly in tissue and cell labeling and imaging. However, little attention is paid
on forensic evidence detection of biomaterials on the surface by using luminescent
nanoparticles. As the functional groups of stabilizers coating on nanoparticle surface are able to
bond with the target biomaterials, luminescent nanoparticles may also play as labeling agents in
trace forensic evidence detection. The challenge is that, in many cases, the forensically relevant
surfaces are highly fluorescent, resulting in bright background and thus reducing the imaging
contrast. Fortunately, the decay lifetime of most of those background surfaces are very short
and in nanosecond regime, which provides opportunities to remove or highly reduce the

background fluorescence by collecting images after a certain time delay. The method is so
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called time-gated fluorescence detection.”* The red emission form Mn** ions in ZnS:Mn has

long decay lifetime in milliseconds,***®

which is an ideal decay time window for this technique.
Figure 2.5 shows an image of Zn:Mn water soluble nanoparticle labeled fingerprint on
polymethylpentene plastic surface, which is taken by the time-gated fluorescence detection
technique. A brief sample preparation process is that, after the latent fingerprint is gently
pressed on the substrate surface, the solution of water soluble ZnS:Mn nanoparticles is applied
and allowed to react with the biomaterials left on the fingerprint for hours. Then, the sample is
rinsed gently with DI water and dried by air for future imaging. As nanoparticles are coated by
TGA on their surface, the carboxylic group (-COOH) from TGA is able to react with the amine

group (-NH,) of the target biomaterials through an amidation reaction.>® Thus, the ZnS:Mn

nanoparticles are bonded with biomaterials on their locations and able to reveal the fingerprint.

Figure 2.6 The image of a fingerprint on polymethylpentene plastic surface labeled by Zn:Mn
water soluble nanoparticles.

It should be stressed that ZnS:Mn water soluble nanopartilces could work for large

amount of fingerprint substrates due to its long lifetime and intensive luminescence. Moreover,
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by simply changing the functional group on their surface, ZnS:Mn nanoparticles may find more
applications in forensic trace evidence detection.

2.5 Applications for Photodynamic Therapy

2.5.1 The Motivation to Combine ZnS:Mn & Hypericin for PDT
While UV light is a good excitation source, the red luminescence due to the characteristic

*T, — °A; transition of Mn?* ions in ZnS:Mn can also be excited by X-ray.*>*®

X-ray is a well-
known electromagnetic radiation which is able to penetrate human tissues and has already
been widely used in many applications, including cancer treatment. As UV light is largely
absorbed and cannot reach to deep tissues in human body, X-ray becomes a good excitation
source for luminescent nanoparticles applied for deep cancer treatment or medical imaging.
ZnS nanoparticles have been revealed as a cyto-friendly materials for biological applications.?*
Therefore, ZnS:Mn could be a good candidate as a light energy source in PDT for deep cancer
treatment.

In order to have a successful energy transfer from a light source to photosensitizer, it is
required that the emission from luminescent nanoparticles overlaps with the absorption of the
photosensitizer. As the X-ray luminescence of ZnS:Mn is around 600 nm, a proper
photosensitizer hypericin has been selected because it has intense absorption peaked at similar
wavelength and a high singlet oxygen quantum yield.>” For an efficient energy transfer, the
close distance between luminescent nanoparticles and photosensitizers is also required. The
conjugation of luminescent nanoparticles and photosensitizers by chemical bond is a good
method to reach a very short distance. However, its synthesis process is usually complicated
and inefficient. Here, we encapsulate both ZnS:Mn nanoparticles and hypericin into polylactic-
co-glycolic acid (PLGA) nanospheres by using a simple emulsion synthesis method. The
ZnS:Mn nanopatrticles and hypericin molecules are spatially confined within nano-sized spheres
and may have short enough distance for efficient energy transfer. Moreover, PLGA has been

intensively studied and approved by the United States Food and Drug Administration as a safe

23



and biocompatible material for many years. The encapsulation of both Iluminescent
nanoparticles and photosensitizers inside of PLGA nanospheres may provide great
convenience for further delivery to tumor cells in patients.
2.5.2 Sample Preparation

Hydrophobic ZnS:Mn nanopatrticles were synthesized by using an oil phase method with
zinc nitrate hydrate as a precursor. Manganese nitrate hydrate was used for Mn** doping. Then
ZnS:Mn, hypericin and PLGA solutions were mixed together and applied by a standard
emulsion process for the preparation of PLGA encapsulated ZnS:Mn & hypericin nanostructures
(ZnS:Mn-hypericin-PLGA). For a comparison purpose, ZnS:Mn-PLGA and hypericin-PLGA were
also prepared using the same recipe and process.
2.5.3 Results and Discussion

Figure 2.7 shows the spectra of the X-ray luminescence from ZnS:Mn nanopatrticles and
the absorption of hypericin. The peak of ZnS:Mn X-ray excited emission is at about 610 nm and
the peak of hypericin absorption is about 595 nm. Although the two peak positions are not
exactly same, the emission spectrum of ZnS:Mn largely overlaps with the hypericin absorption

spectrum. Therefore, the overlap requirement for energy transfer is satisfied.
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Figure 2.7 The spectra of the X-ray luminescence from ZnS:Mn nanopatrticles (red) and the
absorption of hypericin (black).

The high resolution transmission electron microscopy (HRTEM) images of PLGA spheres
are shown in Figure 2.3. The average size of PLGA spheres is about 200~300 nm. From the
image on the left, it can be clearly seen that ZnS:Mn nanoparticles have been highly loaded into
the PLGA sphere. For further confirmation, the circled area has been zoomed in and displayed
on the right. The lattice spacing is measured as 0.31 nm which is consistent with the spacing
value 0.312 nm of the cubic ZnS (111) plane from the standard JCPDS database. Apparently,
the edge of the PLGA is distinguishable from the background ( shown by the white dash curve).
It is very interesting that the ZnS:Mn nanoparticles formed nanorods in the edge area of PLGA
sphere, as they are well aligned and perpendicular to the PLGA spherical surface. Further study
is needed to reveal the mechanism of their formation. Hypericin molecules could also have
been loaded. However, they are not observable by TEM, hence other measurement should be

applied for hypericin observation.
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Figure 2.8 HRTEM images of PLGA nanospheres loaded by ZnS:Mn nanopatrticles & hypericin.
The image on the left shows the entire PLGA sphere. The area circled by the white dash line is
zoomed in and shown on the right.

The cytotoxic effects of PLGA encapsulated ZnS:Mn & hypericin combination in human
prostate cancer-3 cells are tested by the exposure of X-ray. The X-ray dosage for the cells is
about 5 gray. For comparison, same amount of ZnS:Mn-PLGA, hypericin-PLGA and
ZnS:Mn&hypericin-PLGA were added into same type of cells respectively and the cells were
cultured for 24 hours. Then, the cells were divided into two groups, one group was treated with
X-ray (5 gray) and the other was not. The cell viability assay was performed after another 24
hours cell culture. Figure 2.4 displays the percentage cell viabilities for PLGA encapsulated
ZnS:Mn, hypericin and ZnS:Mn&hypericin with (light color) and without (deep color) X-ray
treatment, respectively. For ZnS:Mn-PLGA treated cells, there is no further cell killing after
exposure of X-ray. However, the cell metabolic activity reduced to 87% after the X-ray exposure
in the hypericin treated cell samples. A possible reason is that the photosensitizer hypericin
absorbed some energy from X-ray radiation and produced singlet oxygen which killed a few
cells consequently. After the X-ray exposure, the metabolic activity of ZnS:Mn&hypericin-PLGA

treated cells dropped heavier to 71%. This may suggest that energy transfer occurs from
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ZnS:Mn nanoparticles to hypericin. As shown previously, ZnS:Mn nanoparticles have X-ray
emission which largely overlaps the absorption spectra of hypericn. Therefore, hypericin could
absorb the light energy of ZnS:Mn emission which was excited by X-ray.

It should be noticed that the ZnS:Mn&hypericin-PLGA treatment could kill more cells if the
X-ray dosage is increased. However, X-ray radiation is harmful to human health, hence lower X-
ray energy and shorter exposure time are always preferred. From the data shown, the efficiency
of cell killing by ZnS:Mn&hypericin combination is still low (around 30%), this is perhaps due to
a possible low hypericin loading in PLGA, further improvement should be focused on increasing

the loading level of hypericin in PLGA in the future.
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Figure 2.9 The cell viabilities for PLGA encapsulated ZnS:Mn, hypericin and ZnS:Mn-hypericin
with (light color) and without (deep color) X-ray treatment respectively.
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2.6 Luminescence Enhancement and Quenching in ZnS:Mn by Using Au Nanopatrticles

2.6.1. Introduction
Highly intensive luminescence is always an important factor in pursuing highly sensitive
fluorescence imaging. There are different methods that have been found effective for enhancing
the luminescence intensity or quantum efficiency, such as controlling proper doping species and
concentration, adding auxiliary dopants, increasing reaction temperature and pressure,
synthesis by microwave or in oil phase, coating with stabilizers, and fabricating a shell layer with
higher band gap materials. In the recent decade, noble metal nanoparticles (e.g. Au, AQ)
appear much attractive because of their unique physical and chemical characteristics such as
plasmon resonance and special effects on optical properties of phosphors nearby. Both
luminescence quenching and enhancement have been reported in different applications.*®®
ZnS:Mn is a very good material for luminescence with much interesting biological applications
and it is widely used in electroluminescence and cathodoluminescence displays. There have
been many publications on ZnS:Mn nanoparticles.”®®** However, the interaction of metallic
surface plasmon with luminescence centers in ZnS:Mn nanoparticles and the influence of
surface plasmon on ZnS:Mn luminescence behaviors have not been reported yet. Here, we
study the coupling of ZnS:Mn nanoparticles with Au nanoparticles and discuss the interesting
luminescence enhancement and quenching of ZnS:Mn nanoparticles by the surface plasmon of
Au hanopatrticles.
2.6.2. Experment and Characterization
Au/silica/ZnS:Mn core-shell nanocomposites are synthesized in three steps: the
preparation of Au nanoparticles, coating Au nanoparticles with silica layer, and the formation of
ZnS:Mn nanoparticles on the outshells.
2.6.2.1 Synthesis of Au Nanoparticles
Au nanoparticles were synthesized by a sodium citrate reduction method as reported

before.®*®®> To prepare Au nanoparticles, 40 ml of 0.326 mM HAUCI, solution was added to a
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flask with 70 ml deionized (DI) water and heated to boiling temperature. Under vigorous stirring,
10 ml of 1% sodium citrate was then quickly added into the flask. After boiling for half an hour,
the color of reaction solution gradually changed from colorless to burgundy, indicating the
formation of Au nanoparticles. The solution was then cooled down by air to room temperature
and formed Au seeds. To get larger Au nanoparticles, a previous reported seeded growth
method®® was applied. Briefly, 5 ml of Au seeds solution was dropped into a flask containing 60
ml DI water before 10 ml 1% sodium citrate was quickly added. The mixture was heated to 70°C
and then 40 ml of 0.326mM HAuUCI, solution was added. The reaction lasted for 1 hour and was
cooled down to room temperature. The Au nanoparticles in the solution were washed with
water 3 times by centrifugation at 12000 rpm for 30 minutes for each time.

2.6.2.2 Synthesis of Au/Silica Nanoparticles

40 pl of 1 mM MPTMS was added into 40 ml 5 x 10™'° M Au nanoparticle water solution
under vigorous stirring. After 10 minutes, the mixture solution was centrifuged at 12000 rpm for
30min. The precipitate of Au nanoparticles was transferred into 20 ml 2-propanol containing 4
ml ammonium hydroxide (30 wt%), immediately followed by adding 40 pl tetramethyl
orthosilicate (TEOS) under vigorous stirring. The stirring was allowed to last for 30 minutes. The
solution was stored at room temperature overnight and then washed twice by a water-ethanol
solution (5:4 in volume). The remaining Au/Silica nanoparticles were re-dispersed in 40 mi
ethanol.

2.6.2.3 Formation of ZnS:Mn nanoparticles

ZnS:Mn nanopatrticles were synthesized by wet chemical method with zinc acetate and
sodium sulfide. Manganese acetylacetonate was used for Mn?* doping. The obtained ZnS:Mn
nanoparticles were redispersed in ethanol for later usage. In order to attach ZnS:Mn on the
surface of silica coated Au nanoparticles, 20 yl MPTMS was added to 15 ml Au/silica ethanol
solution to modify their surfaces. The modification process was conducted at 60 °C for 21 h.

Then, 4 ml of the surface modified Au/silica ethanol solution was mixed with 1 ml ZnS:Mn
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nanoparticle solution in ethanol and stirred for 3 h. For comparison purpose, ZnS:Mn and
silica/ZnS:Mn nanopatrticles were also prepared in similar recipes.

2.6.2.4 Characterization

The identity, crystalline structure, size, and shape of the nanoparticles were observed by
x-ray diffraction and highresolution transmission electron microscopy (HRTEM). The
nanoparticles in solution were brought onto holey carbon covered copper grids for HRTEM
observations. The HRTEM images of the particles were obtained with a JEOL JEM-2100
electron microscope with accelerating voltage of 200kV. The excitation, emission, and
scattering spectra were measured using a Shimadzu RF-5301PC fluorescence
spectrophotometer. The scattering spectra were recorded by synchro measurement. The
extinction spectra were recorded using a Shimadzu UV-2450 UV-Vis spectrophotometer.
2.6.3. Results and Discussion

The HRTEM images of Au and Au/silica/ZnS:Mn nanostructures are shown in Figure 2.10.
The Au nanoparticles have an average size of 15 nm and the silica shell thickness is around 60
nm. Clearly, ZnS:Mn nanoparticles are attached on the surfaces of silica layers on Au

nanoparticles.

ey *

(a)

Figure 2.10 HRTEM images of Au nanopatrticles (a) and Au/silica/ZnS:Mn nanostructures (b).
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Figure 2.11 shows the extinction spectra of Au nanoparticles before and after silica
coating. The extinction peak at 520 nm is from the surface plasmon of Au nanoparticles.®”*°
After silica coating and modification with MPTMS, the surface plasmon extinction peak is red-
shifted to 535 nm. The red shift is due to the change in the surroundings on Au nanoparticles
because the surface plasmon energy is sensitive to the dielectric constant of the surrounding

media.®”®°
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Figure 2.11 The optical extinction spectra of Au nanoparticles before (a) and after (b) silica
coating with surface modification.

The emission spectra of ZnS:Mn and Au/silica-MPTMS/ZnS:Mn excited at 310, 320, 330,
and 340 nm are shown in Figure 2.12. The emission at 442 nm is from donor-acceptor (D-A)
pairs and the emission at 600 nm is from the *T,— °A; transition of Mn?*.">"* It is interesting to

see that the Mn?* emission at 600 nm is quenched while the blue emission at 442 nm is

enhanced in the Au/silica/ZnS:Mn core-shell nanostructures. Furthermore, the enhancement in
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the blue emission is increased with increasing the excitation wavelength. The enhancement is
47% at the excitation of 340 nm. However, the quenching at 600 nm is almost the same at

different wavelengths of excitation. The results are summarized in Table 1.1 and displayed in

Figure 2.13.
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Figure 2.12 The emission spectra of ZnS:Mn and Au/silica/ZnS:Mn excited at 310 nm, 320 nm,
330 nm, and 340 nm, respectively.
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Table 2.1 Luminescence Enhancement And Quenching in Au/Silica-MPTMS/ZnS:Mn Core-Shell

Nanostructures
Excitation Wavelength Enhancement at 442 nm Quenching at 600 nm
310 nm 13 % 21 %
320 nm 16 % 22 %
330 nm 25 % 23 %
340 nm 47 % 22 %

To figure out whether the luminescence enhancement at 442 nm and the quenching at
600 nm are caused by other factors such as the surface passivation from silica, the optical
extinction spectra and emission spectra of ZnS:Mn nanoparticles and silica/ZnS:Mn
nanocomposites were measured and compared in Figures 2.14 and 2.15, respectively. The
procedure for the synthesis of silica/ZnS:Mn nanocomposites is the same as that for
Au/silica/ZnS:Mn except Au nanoparticles were not included in the processing. Thus, the
relations between the silica and the ZnS:Mn nanoparticles should be similar in silica/ZnS:Mn
and Au/silica/ZnS:Mn. As seen in Figure 2.14, the extinction spectrum of silica/ZnS:Mn is almost
identical as that of ZnS:Mn nanoparticles. The absorption at the UV range is mainly from band-
gap transition of ZnS nanopatrticles. Silica is transparent in UV-visible ranges, which is likely the

reason why it has no effects on the optical absorption of ZnS:Mn in the nanocomposites.
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Figure 2.13 The luminescence enhancement at 442 nm and the quenching at 600 nm in
Au/silica/ZnS:Mn core-shell nanostructures as a function of excitation wavelength.

In the photoluminescence as shown in Figure 2.15, the emission at 600 nm from Mn**
emission is increased in intensity while the emission at 442 nm from the surface defects or D-A
pairs is decreased slightly in silica/ZnS:Mn nanocomposites as compared with that of ZnS:Mn
nanoparticles (see Figure 2.15 and the inset). The intensity change is the same for all the
excitation wavelengths at 310, 320, 330, and 340 nm, and this change is just reverted as
observed in Au/silica/ZnS:Mn nanocomposites. The decrease in the 442 nm emission and the
enhancement of the 600 nm emission in silica/ZnS:Mn nanocomposites are likely due to the
nanoparticle surface passivation by silica coating that reduces the surface defects and enhance
the luminescence of Mn*."®"*™ All these observations indicate that the luminescence
enhancement at 442 nm and the quenching at 600 nm in Au/silica/ZnS:Mn nanocomposites are

really from the interaction with Au surface plasmon coupling.
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Figure 2.14 Optical extinction spectra of ZnS:Mn nanoparticles and silica/ZnS:Mn
nanocomposites.

Luminescence enhancement by metallic surface plasmon coupling has been reported
widely.®”® However, little attention has been paid to the enhancement of one peak and the
guenching of another peak from the same sample. To our knowledge, such phenomenon has
been only reported in the light emission of ZnO films by coupling through localized surface
plasmons of Ag islands.”® By sputtering Ag islands onto ZnO films, their band-gap emission at
380 nm was enhanced by three folds, while the defect emission at 530 nm was quenched.”® Our
observation is similar to what was reported in ZnO/Ag island thin films. The photoluminescence
enhancement or quenching may be due to the coupling of the light emission with the surface

76
Iy

plasmon resonance of Au nanoparticles. According to the radiating plasmon model,” when

surface plasmon resonance scattering dominates over the absorption process, the surface
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plasmon energy can be recovered to free space emission, leading to the enhancement of light
emission. Otherwise, light emission will be quenched due to the nonradiative dissipation of

surface plasmon absorption.
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Figure 2.15 Photoluminescence emission spectra of ZnS:Mn nanoparticles (a) and
silica/ZnS:Mn nanocomposites (b) excited at 310 nm,320 nm, 330 nm, and 340 nm,
respectively.

To determine the origin of the surface enhancement or quenching in our experiments,
the extinction spectrum of Au nanoparticles is shown in Figure 2.16 along with the emission
spectrum of ZnS:Mn nanoparticles. The extinction spectrum is consistent with both the
absorption and scattering of the Au nanoparticles. However, the extinction spectral
measurement cannot separate the two components of absorption and scattering. Fortunately,
the size dependent extinction, absorption, and scattering spectra of metallic particles have been

investigated by Messinger et al.”” Based on the results reported, the absorption and extinction

spectra of a given size Au nanopatrticles are very similar, while their scattering spectrum are
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very different. For light scattering spectrum, the scattering intensity corresponding to extinction

peak range is largely reduced, while the scattering is greatly increased at the short wavelength
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Figure 2.16 Extinction spectrum of Au nanoparticles and emission spectra of ZnS:Mn
nanoparticles excited at 340 nm.

To confirm these estimated changes, the light scattering spectra of Au and Au/silica
nanoparticles were measured and displayed in Figure 2.17 along with the light scattering
spectra of ZnS:Mn, silica/ZnS:Mn and silica nanoparticles. As seen, the light scattering from
ZnS:Mn nanopatrticles is very weak. Their light scattering spectrum is almost the same as that of
the solvent ethanol (not shown). The light scattering from silica nanoparticles (around 100 nm)
and silica/ZnS:Mn nanoparticles is stronger than that from ZnS:Mn nanoparticles but still much
weaker than that from Au and Au/silica nanoparticles. As for the Au nanopatrticles reported here,

relative to the extinction spectra, the scattering is very weak at wavelengths longer than 500 nm
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and stronger at wavelengths shorter than 500 nm. After coating by silica, the extinction peak at
520 nm is suppressed but the signal at wavelengths shorter than 450 nm is increased (see
Figure 2.11). More interestingly, silica coating reduces the light scattering in wavelengths longer
than 500 nm but increases the light scattering in 200-500 nm. By comparing with the two
emission peak of ZnS:Mn nanoparticles, it is clear that the Mn®* emission peak at 600 nm is
partially overlapped with the surface plasmon absorption but hardly overlapped with the
scattering of Au nanoparticles. On the contrary, the D-A emission peak at 442 nm is hardly
overlapped with the surface plasmon absorption but largely overlapped with the scattering of Au
nanoparticles. This is likely the reason why the Mn?* emission at 600 nm was quenched but the

D-A emission at 442 nm was enhanced by Au nanopatrticles.
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Figure 2.17 Light scattering spectra of Au, Au/silica, ZnS:Mn, silica/ZnS:Mn, and silica
nanoparticles.

The suppression of surface plasmon from metallic nhanoparticles on the luminescence

behaviors reported here may find some practical applications. ZnS:Mn is a phosphor that has
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been used for solid state lighting based on its orange emission at 600 nm from Mn?*. The blue
D-A emission at 442 nm from ZnS:Mn nanoparticles is an important component for white lights
and color displays. However, its low efficacy limits its practical applications. Its enhancement as
reported here might make its application possible.
2.7 Summary

In summary, water soluble ZnS:Mn nanoparticles have been synthesized in water by a
simple wet chemistry method. The XRD and HRTEM measurement determine that they have
cubic zinc blende crystal structure with average size of 4 nm. Three emissions have been
observed as ZnS exciton emission (368 nm), defect emission (441 nm), and Mn?* ions ‘T, — °A,
transition (598 nm) emission. The application on porcine lens epithelial cells shows ZnS:Mn
water soluble nanoparticles can act as an non-toxic effective fluorescent probe in cell imaging.
Due to its long fluorescence lifetime, successful fingerprint image has been taken with the
presence of ZnS:Mn water soluble nanoparticles. This may further open their more applications
in forensic trace evidence detection. In addition, excited by X-ray, ZnS:Mn nanoparticles are
able to be a new light source for photodynamic therapy. The emulsion process has been
applied to encapsulate ZnS:Mn and hypericin together into PLGA spheres. The cell viability
study demonstrates that the ZnS:Mn-hypericin combination is more efficient in killing cancer
cells. Moreover, Au nanoparticles are found able to affect the emissions from ZnS:Mn
nanoparticles due to surface plasmon resonance. The blue emission enhancement may find

practical applications in white light display and other fields.
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CHAPTER 3
ZnS:Cu,Co WATER SOLUBLE AFTERGLOW NANOPARTICLES — SYNTHESIS,
LUMINESCENCE AND POTENTIAL APPLICATIONS
3.1 Introduction
X-ray excited fluorescent nanoparticles have been applied to study PDT for deep cancer

4647 Although X-ray is involved, the dosage of X-ray used for nanoparticle excitation

treatment.
is greatly reduced comparing to traditional radiation therapy. Moreover, the X-ray excitation
dosage will be further reduced when afterglow nanoparticles are applied as light source for
PDT. Once the afterglow nanoparticles get excited, the X-ray can be removed. However,
nanoparticles can keep emitting light for a certain time. Thus PDT continues without X-ray.
What is more exciting, the afterglow nanoparticles (combined with photosensitizers) may even
be excited outside the body and injected directly into cancer locations.

Afterglow phosphors have already found their applications in traffic signs, emergency
signs, watches, clocks, paintings, and textile printing as well as in “glow in the dark” toys,.78,79
However, most products of traditional afterglow ZnS:Cu( ZnS:Cu,Co) and newer silicate- or
aluminate-based afterglow materials from commercial markets or labs are synthesized through
a solid state reaction, which needs a relatively high reaction temperature (above 1300°C) and
produces large micrometer-sized particles. Although copper or other metal ions doped ZnS has
been studied for many years and rare earth metal ions doped aluminate and silicate afterglow
phosphors developed rapidly, little attention has been paid to the potential biological
applications of afterglow nanoparticles. Recently, afterglow nanoparticles have been proposed
as a light source to activate photodynamic therapy (PDT) for deep cancer treatment.® %%

Moreover, afterglow imaging may be very attractive as it has no background fluorescence or

autofluorescence as no excitation source is required. In order to have much smaller sized
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particles for biological applications, one method is to ground larger particles into sizes suitable
for cell uptake.* Besides the particle sizes, the water solubility of nanoparticles is one of the
other most important requirements. However, there are challenges to synthesize highly efficient
nano-sized water-soluble afterglow particles. First, many nonradiative decay or quenching
processes that exist in the water environment can greatly reduce afterglow. Second, the current
method to synthesize high-quality afterglow materials usually produce micrometer sized
particles. More challengingly, although the electron trap model has been well accepted to
explain afterglow,*" many details about the traps and mechanism are not clear. From previous
reports, wet chemistry method has been applied to synthesize ZnS:Cu and ZnS:Cu,Co
nanoparticles.?****## However, water soluble afterglow nanoparticles have not been reported
before this work. In this chapter, the synthesis, structure and optical properties of water soluble
ZnS:Cu,Co afterglow nanoparticles is reported and the potential biological applications will be
discussed.

3.2 Experimental Details and Characterization

3.2.1. Material Synthesis

Zinc acetate [Zn(CH3;COO),, 99.990%)], copper(ll) acetylacetonate [Cu(CsH-0,),,
99.990%], cobalt acetate [Co(CH3;COO),, 99.995%] and poly(ethylene glycol)
bis(carboxymethyl) ether (PEG-COOH) were purchased from Sigma-Aldrich in the USA.
Sodium sulfide (Na,S) is also a product of Sigma but from Canada. All the chemicals were
used as obtained. Deionized (DI) water was used as reaction solvent.

Copper and cobalt co-doped zinc sulfide afterglow nanoparticles were synthesized by a
simple wet chemistry method. Briefly, 1.836 g Zn(CHsCOOQO), was dissolved in 100 ml DI water
and loaded into a 250 ml flask under vigorous stirring. Then, 0.9 ml PEG-COOH and calculated
amounts of 1.15 mM Cu(CsHgO,), and 0.40 mM Co(CH3;COO), aqueous solution were added to
the solution and heated to boiling. Next, 6 ml of 1.3 M Na,S solution was quickly dropped into

the solution under vigorous stirring. The reaction was allowed to last for 24 h and finally was
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cooled by air to room temperature to form water soluble afterglow nanoparticles. The
nanoparticle powder samples can be precipitated from the solutions by centrifuging, and the
solid samples can be easily suspended into water by sonication.
3.2.2. Characterization

The identity, crystalline structure, size and shape of the nanoparticles were observed by
X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM). The
Energy dispersive X-ray spectroscopy (EDS) was used to carry out the elemental analysis. The
X-ray powder diffraction was recorded in a Rigaku Ultima IV X-ray diffractometer with a
radiation beam of A = 1.5406A. The ZnS:Cu,Co nanoparticles in aqueous solution were placed
onto holey carbon covered copper grids for HRTEM observations. The HRTEM images and
EDS spectrum of the particles were obtained with a Hitachi 9500 electron microscope with
accelerating voltage of 300 kV. X-ray photoelectron spectroscopy (XPS) analysis was carried
out using a Kratos AXIS Ultra DLD high performance spectrometer. The photoluminescence
and afterglow spectra were measured using a Shimadzu RF-5301PC fluorescence
spectrophotometer.

3.3 Results and Discussion

3.3.1 Structure

Depending on the synthesis conditions such as reaction temperature and precursor
concentration, ZnS may have a cubic (B-ZnS) or hexagonal (a-zZnS) structure.®** The XRD
pattern of our ZnS:Cu,Co nanoparticles presented in Figure 3.1 reveals a cubic zinc blende
structure of ZnS (JCPDS, #05-0566). The main diffraction lines are indexed with the planes of
(111), (220), (311), (400), (331) and (422). When zZnS was doped with Cu?** and Co?**, no
impurities were observed from the XRD pattern because of the low doping level. As a result of
size effect, the XRD peaks were broadened. Based on Debye-Scherer's formula, the average
crystal size was estimated at about 3.5 nm. The lattice parameter of obtained ZnS:Cu,Co

nanoparticles was also estimated from the XRD pattern, which gives a = 0.5393 nm. This value
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is slightly smaller than the standard literature value (JCPDS, #05-0566, a = 0.5406 nm).
However, for pure nano-scaled ZnS particles, both larger and smaller lattice parameters than
ours have been reported (a = 0.5414 nm* and a = 0.5391 nm®). Meanwhile, the doping of Cu**
may cause a slight decrease of lattice parameter if Cu®* substitutes Zn”*, as Cu®* has a smaller
ionic diameter (0.072 nm) than that of Zn** (0.074 nm). It would be hard to tell the existence of

sulfur or zinc defects by using the change of lattice parameter itself.
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Figure 3.1 The XRD pattern of ZnS:Cu,Conanoparticles (0.07 mol% Cu®*, 0.001 mol% Co™").

In order to figure out the atomic ratio of Zn and S in ZnS:Cu,Co nanopatrticles, the energy
dispersive x-ray spectroscopy (EDS) measurements have been done by using a Hitachi H-9500
transmission electron microscope with an accelerating voltage of 300 kV (Figure 3.2). The
results show that the atomic percentages of Zn and S are 53% and 47%, respectively, which

gives Zn:S = 1:0.88. The results support that the nanoparticles have sulfur vacancy defects
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which may increase the surface states (defects) in nanoparticles.
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Figure 3.2 EDS spectrum shows the atomic percentage of Zn and S (other elements are not
labeled). The atomic ratio of Zn:S =1:0.88.

Figure 3.3 shows the HRTEM image of our ZnS:Cu,Co solution sample (Cu 0.07 mol%,
Co 0.001 mol%). The average size of these nanoparticles is about 4 nm. The obvious lattice
fringe display indicates that the nanoparticles are good crystals (inset image). The (111) lattice
planes of some particles can mainly be observed, and this lattice spacing is estimated to be
about 0.31 nm from the HRTEM image, which is consistent with the cubic ZnS (111) spacing

value (0.312 nm) from standard JCPDS database.
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Figure 3.3 The HRTEM image of ZnS:Cu,Co nanopatrticles. The Inset is an enlargement of the
nanopatrticles to show the lattice fringes.

A representative X-ray photoelectron spectroscopy (XPS) image of the ZnS:Cu,Co
nanoparticles (Cu 0.07 mol%, Co 0.001 mol%) is shown in Figure 3.4. The analysis identifies
significant signals of Zn and S due to a large amount of these elements existed in the crystalline
structure. Less amount of O is observed due to the oxidation during sample synthetic and drying
procedure. Obviously, the appearance of C is from the stabilizer PEG-COOH. A weak signal
from Cu indicates the presence of a small amount in the sample, but Co has no signal because

very little amount is present (0.001 mol%).
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Figure 3.4 The XPS profile of ZnS:Cu,Conanoparticals (0.07 mol% Cu®*, 0.001 mol% Co?").

3.3.2. Fluorescence and Afterglow Properties

The fluorescence and afterglow of ZnS:Cu,Co nanoparticle aqueous solutions are
displayed in Figure 3.5. The fluorescence photos were taken on the samples excited by a UV
lamp (360 nm), while the afterglow pictures were taken after the UV excitation was off for 5 s.
Both the fluorescence and afterglow increase in intensity with the increase of the reaction time
from 4 to 24 h. Their intensities reach the maximum at the reaction time of 24 h. For reactions
longer than 24 h, the intensities of the samples are almost the same. This result suggests that a

24 h reaction can form stable and high quality afterglow nanoparticles.
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Figure 3.5 The first row represents the luminescence of ZnS:Cu,Co nanopatrticles synthesized
for different reaction times as indicated under a UV lamp excitation at 360 nm. The second row
is the green afterglow emission after UV irradiation at 360 nm was off for 5 s.

The nanoparticles coated with poly(ethylene glycol) bis(carboxymethyl) ether (PEG-
COOH) are water-soluble and can be dispersed easily in aqueous solvents. In samples for TEM
characterization, the nanoparticle concentration is high (0.5 M), so some nanoparticles are
aggregated and precipitated from the solution as seen in Figure 3.6. However, at a reasonably
low concentration, the nanopatrticle solubility is fairly good. The nanoparticle aqueous solutions
are clear, transparent and stable. One example is shown in Figure 3.6 for the photos of

nanoparticles in water (0.01 M) and their fluorescence when excited by a UV lamp.
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Figure 3.6 The photo of (left) ZnS:Cu,Co nanopatrticles in water (0.01 M) and (right) its
photoluminescence under UV lamp (360 nm).

Figure 3.7 shows the excitation and emission spectra of ZnS:Cu?*,Co** (0.07 mol%, Co**
0.001 mol%) nanoparticles in aqueous solutions. Two emission bands peaking at 470 and 510
nm are observed from samples. Under excitation at 310 and 320 nm, the peak at 510 nm is
stronger, but the peak at 470 nm is dominant when excited at 348 and 360 nm. The excitation
spectra have a sharp peak at 348 nm and a shoulder from 250 to 330 nm. The excitation
spectra are found to be almost identical in shape and position by monitoring the emission peaks

at 470 and 510 nm.

48



140 | e PL by 310 nm
=== PL by 320 nm
== PL by 348 nm
e PL. by 360 NM
=== PLE by 470 nm
=== PLE by 510 nm

120

100

Intensity(a.u.)

250 300 350 400 450 500 550 600 650
Wavelength(nm)
Figure 3.7 The excitation (PLE, left) and emission (PL, right) spectra of ZnS:Cu,Co
nanoparticles (0.07 mol% Cu®* and 0.001 mol% Co™").

The afterglow emission spectra of ZnS:Cu,Co nanoparticle aqueous solution after
excitation at 360 for 1 and 5 min are shown in Figure 3.8. Unlike the fluorescence, the afterglow
has only one emission peak at 525 nm,suggesting that the luminescence centers for the blue
fluorescence at 470 nm have no contribution to the afterglow. The afterglow is from the
luminescence centers that are related to the green fluorescence. It was reported that the co-
doping of Co®* in ZnS:Cu,Co only reduces or enhances the luminescence intensity of ZnS:Cu,
but it does not cause any new emission peaks.’ It was also reported that in ZnS nanoparticles,
co™ may also just function as a sensitizing agent, which only changes the intensity but not the
emission wavelength of the defect emission in ZnS.%? This means the luminescence centers at

ZnS:Cu are also responsible for the luminescence in ZnS:Cu, Co. The co-doping of Co** may
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change the concentrations of these centers but cannot add any new centers or remove any
existing centers.

There are still some debates about the origin of the emissions in ZnS:Cu®* phosphors.
Zinc vacancies have been suggested to cause an emission of 480 nm in ZnS:cu?
nanoparticles.® The same vacancies were also used to explain a blue emission at 450 nm.** Xu

et al.®®

explained an emission at 460 nm in ZnS:Cu for the electron transition from the ZnS
conduction band to the t, state level of Cu?**. One emission at 470 nm from ZnS:Cu®* was
explained by electron recombination from a shallow donor level at the doped Cu®** ions.®
Moreover, the host ZnS nanopatrticles can also display a range of blue emission bands peaking
from 420 nm to 470 nm due to sulfur or zinc defects.*****° In the nanoparticles presented here,
it is noticed that the blue emission is largely reduced by silica coating, and it is well known that
silica coating can largely reduce surface defects. This indicates that the blue emission at 470
nm is from surface states or defects. It has been widely agreed that the green emission is from
the electron transition between the sulfur defect level just below the conduction band and the
Cu® center.""#¥% Therefore, we may conclude that the transition from the sulfur defect state
to the Cu®" center is responsible for the green afterglow emission in ZnS:Cu,Co water soluble
nanoparticles.

To support the above conclusion, pure ZnS and ZnS:Cu®* nanoparticles were prepared
and their luminescence properties were measured and compared. The emission spectra of pure
ZnS (blue) and ZnS:Cu** (green) nanoparticles excited at 320 nm (dotted) and 340 nm (solid)
are shown in Figure 3.8. Pure ZnS nanoparticles have a strong blue emission peaking at 454

84,93,94

nm which is assigned to the surface defects or surface states. The spectra are similar to

emission spectra of ZnS:Cu*" nanoparticles™**%

and support that the green emission is from
Cu®. In bulk ZnS: Cu®* phosphors®®®’ the green emission of Cu®* is dominant, while in ZnS:
Cu”* nanoparticles, the blue emission is dominant because the surface states in nanoscale

materials are much higher than in the bulk. However, it is interesting to see that only the cu®
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related green emission contributes to the afterglow, while the surface state blue emission has

no contribution to the afterglow emission.
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Figure 3.8 Photoluminescence emission spectra of pure ZnS (blue) and ZnS:cu® (green, 0.07
mol% Cu2+) nanoparticles excited at 320 nm (dotted) and 340 nm (solid).

Figure 3.9 shows the variation of the afterglow spectra of ZnS:Cu, Co nanoparticles at the
Cu* concentrations of 0.02, 0.07 and 0.14%, while the concentration of Co®* (0.001%) is the
same for all three samples. The afterglow intensity increases from 0.02 mol% to 0.07 mol%, but
decreases at the concentration of 0.14 mol%. This is a typical dependence of a luminescence
on the dopant concentrations. At low concentration, the intensity increases with the dopant
concentration because the luminescence centers increase and then reach critical concentration

for the maximum peak. At concentrations higher than the critical value, the luminescence
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guenching begins due to energy migration among the luminescence centers. Therefore, the

emission intensity begins to decrease.***®
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Figure 3.9 The afterglow spectra of ZnS:Cu,Co nanoparticles at different Cu* levels as
indicated. The concentration of Co®" is the same in all the samples (0.001 mol%). The afterglow
spectra were taken after UV irradiation at 360 nm for 60 s.

The introduction of cobalt at a certain level has been shown to quench the luminescence
of ZnS:Cu,Co solid state phosphors but enhance their afterglow intensity.l'2 In our experiments,
we found that ZnS:Cu nanoparticles themselves without co-doping with cobalt display no
afterglow at all. The intensity change of the afterglow from ZnS:Cu,Co nanoparticles with the
concentration of Co** is shown in Figure 3.10 while the concentration of Cu®* (0.07 mol%) is
the same for all the five samples. The dependence of the afterglow intensity on Co®*
concentration is similar to the concentration dependence of most doped phosphors, which can
be explained by “concentration quenching”.”**® However, it is well known that Co®* is not a
luminescence center in ZnS:Cu?®*, Co®". It is only a sensitizer that activates the Cu®" related
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292 Thys, its effect on the

luminescence and may change the concentration of some defects.
afterglow intensity is complicated. At a certain low concentration range, Co** may function as a
sensitizer to enhance the afterglow emission. At high concentrations, it might function as a

guencher to suppress the afterglow luminescence. Much work is required in order to reveal its

contribution and mechanism to the afterglow of ZnS:Cu?®*,Co?*" nanoparticles.
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Figure 3.10 The afterglow spectra of ZnS:Cu,Co nanopatrticles at different Co”" levels as
indicated. The concentration of Cu* is the same in all samples (0.07 mol%). The afterglow
spectra were taken after UV irradiation at 360 nm for 60 s.
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Figure 3.11 The afterglow decay curves of ZnS:Cu,Co nanoparticles after UV irradiation at 360

nm for 60 s.
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The afterglow decay curves of ZnS:Cu®*,Co** nanoparticles are shown in Figure 3.11. In
the measurements, a sample was first activated by a UV lamp (360 nm) for 60 s, and then, the
sample was loaded into the sample chamber of a fluorometer for the decay measurement. The
loading of the sample took 5 s. Here, we define the decay lifetime as the time when the
afterglow reaches its half intensity and the longevity as the time when the afterglow is totally
gone. Based on the decay curves and the sample loading time, the afterglow decay lifetimes of
our samples are estimated to be within a time scale of several seconds. Their longevities are
also estimated and shown in Table 3.1. It should be noted that the decay lifetime and longevity
is longer if the UV activation time is longer.

Table 3.1 The Longevities of ZnS:Cu®*,Co*" Nanoparticles After UV Excitation for 60 s.

Sample Concentration Longevity
0.001% Co** 140 s
. 2+ 2+

ZnS:Cu“” (0.07%),Co 0.003% CoZ" 150 s
0.015% Co°" 75s

0.02% Cu*" 65 s

. 2+ 2+ 0

ZnS:Cu”*, Co” (0.001%) 0.07% 140 S
0.14% Cu*" 50 s

3.4 Application of ZnS:Cu,Co in PDT

For medicinal applications of luminescent nanoparticles, one example is for photodynamic

therapy in which a photosensitizer is activated by light to produce singlet oxygen for cancer cell

101,102

destruction. PDT has been widely used for skin cancer treatment but rarely for deep

cancer treatment because light cannot penetrate deeply into tissue. Recently, a new concept of
PDT called nanoparticle self-lighting photodynamic therapy was proposed by Chen.®*®" In this
now modality, afterglow nanopatrticles are used as a light source for PDT activation, which will

80,81

make PDT useful for deep cancer treatment. Here, the ZnS:Cu,Co afterglow nanoparticles
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are conjugated with photosensitizer tetrabromorhodamine-123 (TBrRh123) and applied to
cancer cell viability study by using PDT method.
3.4.1 Photosensitizer Selection and Sample Preparation

As it is described previously, the absorption of selected photosensitizer needs to match
the emission form nanoparticles to reach efficient energy transfer. In this case, the afterglow
emission from ZnS:Cu,Co is chosen and the photosensitizer TBrRh123 has been selected
because its maximum absorption overlaps the afterglow emission spectrum. Figure 3.12 shows

the afterglow and fluorescence of ZnS;Cu,Co and TBrRh123 absorption spectra together.

PL of ZnS:Cu,Co Abs of TBrRh123

P

Afterglow of ZnS:Cu,Co

300 400 500 600 700
Wavelength (nm)

Figure 3.12 The afterglow and fluorescence of ZnS;Cu,Co (excited by 360nm) and
TBrRh123 absorption spectra together.

The conjugation of ZnS:Cu,Co nanoparticles and TBrRh123 is synthesized by a standard
amidation method. For comparison, the sample of ZnS:Cu,Co solution and the sample of

TBR123 solution are also prepared by using the same procedure.
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3.4.2 Results and Discussion
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Figure 3.13 The emission spectra of ZnS:Cu,Co (black), TBrRh123 (blue) and ZnS:Cu,Co-
TBrRh123 conjugation.

In Figure 3.13, excited by 360 nm, the emission spectra of ZnS:Cu,Co (black) and
TBrRh123 (blue) are peaked at 456 nm and 544 nm respectively. After their conjugation, the
ZnS:Cu,Co emission almost disappears and the intensity of TBrRh123 emission increases to
almost 7 times higher , associated with a little red shift. The possible reason could be that,
TBrRh123 absorbs the afterglow and fluorescence energy from ZnS:Cu,Co nanoparticles
because of the absorption-emission overlap and thus emits much stronger light. At this point,
the enhancement of ZnS:Cu,Co and TBrRh123 conjugation emission indicates a successful

energy transfer from the nanoparticles to photosensitizer.
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Figure 3.14 Comet Assay images of human prostate cancer-3 cells before (left) and after (right)
UV light treatment (360nm, 3 min) for control (the first row), ZnS:Cu,Co (the second row),
TBrRh123 (the third row), and ZnS:Cu,Co-TBrRh123 conjugation (the fourth row), respectively.
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The same amount of ZnS:Cu,Co, TBrRh123, and ZnS:Cu,Co-TBrRh123 conjugation are
applied to human prostate cancer-3 cells for a 24 h culture. The Comet Assay of cells before
and after UV light treatment (360nm, 3 min) for different samples is shown in Figure 3.14. It is
seen that there is very little cell killing after the UV light treatment in both the control and
ZnS:Cu,Co samples. However, about 30% cells are dead after the UV light treatment in
TBrRH123 added sample. The percentage of cell killed increases to 56% in ZnS:Cu,Co-
TBrRh123 conjugation added sample. As the singlet oxygen generated by photosensitizer has
been proposed as the reason of killing cancer cells, this result indicates that the afterglow
ZnS:Cu,Co nanoparticles have transferred emission energy to activate TBrRh123, which then
created singlet oxygen resulting in the death of much more cells.

3.5 X-ray Excited ZnS;Cu,Co Afterglow

X-ray is an efficient energy source widely used in biological imaging and treatment.
The soft tissues in the body (such as blood, skin, fat, and muscle) allow most of the X-ray to
pass through. However, X-ray is capable to damage or kill tissues cells depending on its dosage
and radiation time. Thus, less X-ray radiation is always a target being pursued in medical
treatment. As it has been mentioned previously, using afterglow nanoparticles as a light source
in PDT for deep cancer treatment can largely reduce the usage of X-ray radiation.* For a future
practical deep cancer PDT application by using ZnS:Cu,Co afterglow nanopatrticles, it would be
very necessary to test their afterglow properties firstly with X-ray excitation.

In order to examine X-ray excited ZnS:Cu,Co afterglow, the ZnS:Cu,Co nanoparticle
agueous solution was loaded inside of a small glass vial and put on a stage under a X-ray tube
(X-RAD 320 irradiator, Precision X-Ray, Inc.). The afterglow pictures were taken by a digital
camera with exposure time fixed at 30 s. Figure 3.15 shows The ZnS:Cu,Co afterglow photo
pictures excited by X-ray at different working voltages and radiation time. Clearly, the X-ray
excited afterglow has been seen after X-ray is turned off. By using same operation voltage

(120KV), the ZnS:Cu,Co afterglow intensity gradually increases with X-ray radiation time
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increasing from 0.5 min to 4 min (image 1 to 4). On the other hand, with same radiation time of
2 min, the afterglow intensity increases apparently by increasing X-ray operation voltage from

120KV to 160KV.

'

e e

Figure 3.15 The ZnS:Cu,Co afterglow photo pictures (in black and white) excited by X-ray at
different working voltages and time, (1) 120KV, 0.5 min; (2) 120KV, 1 min; (3) 120KV, 2 min; (4)
120KV, 4 min; (5) 160KV, 2 min.

This preliminary observation firstly demonstrates the X-ray excited afterglow from water
soluble ZnS:CuCo nanoparticles. As X-ray can penetrate most body tissues, this study offers
ZnS:CuCo afterglow nanoparticles great opportunities in future deep cancer PDT and other
potential applications.

3.6 Other Potential Applications

As mentioned, afterglow phosphors have been widely investigated and used in traffic
signs, emergency signs, watches, clocks, paintings and textile printinggg as well as in “glow in
the dark” toys.”® However, little attention has been paid to the potential biological applications of
afterglow nanoparticles. Actually, afterglow nanoparticles have many potential applications in

biology and medical science. For example, long lasting afterglow nanoparticles can be used for
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in vitro and in vivo imaging while no excitation light is needed because some afterglow
phosphors can last longer than 10 h after activation.'® In biological systems, many cells and
biological processes are light sensitive, and light has tremendous applications in biology and
medicine.’®® In addition, light therapy or phototherapy has been applied to treat Acne

105-107

vulgaris, Psoriasis and eczema, vitiligo, jaundice, and wound healing. Many skin diseases

are light sensitive, and both phototherapy and photodynamic therapy have been applied for their

104,105

treatment. The immune system and many enzymes are also light sensitive. Some bacteria

and organisms use light to harvest energy and nutrients.'**'%

Potentially, afterglow
nanoparticles can find applications to activate or/and accelerate these biological processes. For
these potential applications, the afterglow nanoparticles must be water soluble and must be
able to be delivered and targeted to cancer cells. The synthesis of doped nanoparticles in
aqueous solutions presents an additional challenge due to luminescence quenching by the
solvent. In aqueous solutions, the dominant mode of luminescence quenching of the excited
ions occurs via the coupling of the excited states of the lanthanide ions to the O—H oscillators of
water molecules coordinated to the cation.’® The result of the coupling is the energy transfer
from excited states of emitters to O—H oscillators of bound water molecules. Ligands with N-H
oscillators that have vibronic frequencies similar to the O-H oscillators are also effective
guenchers of nanoparticle luminescence in solution. Therefore, appropriate coating to prevent
the coupling of nanoparticle luminescence centers with O—H or N-H oscillators would be an
efficient way to enhance the luminescence of water-soluble doped nanoparticles. The present
work represents the first investigation of water soluble afterglow nanoparticles and their
potential applications in biology and medical science.
3.7 Summary

In summary, green afterglow is observed from ZnS:Cu,Co water soluble nanoparticles.

Cu” is responsible for the afterglow from nanoparticles but the co-doping of Co®" is critical in

obtaining the afterglow. The ZnS:Cu,Co nanoparticles have a cubic zinc blende structure with
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average size of about 4 nm. The afterglow intensity and longevity are dependent on the
concentrations of both Cu®* and Co®*. Our ZnS:Cu,Co nanoparticles are almost non-cytotoxic
to human prostate cancer-3 cells, while the ZnS:Cu,Co-TBrRh123 conjugation kills more cells
than TBrRh123 itself by applying UV light. For the first time, X-ray excited afterglow from water
soluble ZnS:Cu,Co nanoparticles is observed. The successful observation of afterglow from
water soluble nanoparticles opens their new applications in biological imaging, labeling and

therapy.
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CHAPTER 4
ENHANCEMENT OF AFTERGLOW IN ZNS:Cu,Co WATER-SOLUBLE NANOPARTICLES BY
AGING
4.1 Introduction
Afterglow efficiency and longevity are the key parameters for practical applications in
disease treatment and medical imaging. The afterglow of higher brightness and longer
persistent time can greatly improve the imaging and disease treatment results. In order to reach
a high quality afterglow material, lots of efforts have been done by developing new materials or
applying different dopants into the lattice structure of phosphors.®”**1%% Meanwhile, new
synthesis methods appeared to seek high optical performance of long persistent luminescence

materials.®?%3" 11

Recently, our research group found the afterglow property increment in
CazZnGe,0¢:Th** phosphor by using ZnO nanopowder instead of ZnO bulk materials, and a
optimized ratio of ZnO nanopowder to bulk material was suggested as 0.71:1 to enhance the

afterglow intensity and other optical properties.™?

However, these efforts are mainly dealing
with large phosphor particles (in micrometers) from solid state reaction. There is still not a
general method to enhance the afterglow properties. Although researchers promoted various
models for afterglow emissions, the real mechanism of afterglow is so complicated and remains
unclear. As for nano-sized afterglow materials, it is still almost a blank area except this work and
the other work in which large particles were physically grinded into small sizes.* Afterglow
nanoparticles may be a better candidate comparing with fluorescent nanoparticles in medical
imaging as the background fluorescence or autofluorescence can be avoided by removing the
excitation source. However, in general, afterglow intensity is much lower than fluorescent

phosphors although there might be some compensation from afterglow’s long persistent time.

Therefore, it would be very promising if the afterglow intensity can be enhanced to a high level.
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This work becomes more challenging because there is also a requirement of particle water
solubility for biological applications. ZnS is a good afterglow material for biological applications
due to its low toxicity and wide gap for doping. In the previous work, we have prepared water-
soluble ZnS:Cu,Co afterglow nanoparticles. In this chapter, we report our new observations on
their afterglow enhancement by aging.

4.2 Sample Preparation and Characterization

4.2.1 Chemicals

Zinc acetate [Zn(CH3COO),, 99.990%)], copper(ll) acetylacetonate [Cu(CsH;O,),,
99.990%], cobalt acetate [Co(CH3COOQ),, 99.995%], sodium hydroxide [NaOH, 98%], and 3-
mercaptopropionic acid (MPA) [HSCH,CH,COOH, 99%)] were purchased from Sigma-Aldrich in
the USA. Sodium sulfide (Na,S) is also a product of Sigma but from Canada. All chemicals were
used without further purification. Deionized (DI) water was used as the reaction solvent.
4.2.2 Sample Preparation

In a typical synthesis, 0.918 g of Zn(CH3;COO), was dissolved in 200 mL of DI water
and then mixed with 12 mL of 1.15 mM Cu(CsHgO;), and 0.15 mL of 0.40 mM Co(CH3CQOO),
agueous solutions in a 250 mL flask under mild stirring. The molar ratios of copper and cobalt
ions to zinc ions are 0.28% and 0.001%, respectively. Then, 2 mL of MPA was added to the
solution, and the PH value was adjusted to 10.4 by using 2 M NaOH. The solution was
degassed by N, gas for 30 min before 5 mL of 0.46 M Na,S solution was quickly injected under
vigorous stirring. The reaction was allowed for 15 min and then heated to boiling temperature
and lasted for 24 h to form the water-soluble afterglow nanopatrticles. Finally, the solution was
cooled by air to room temperature and then separated into two halves: one half was used for
immediate measurements, and the other half was sealed and stored for 2 weeks at room
temperature before any measurements. By adding the proper amount of ethanol, the
nanoparticle powder samples can be obtained using centrifuging followed by drying in a vacuum

oven. The solid powder can be easily redispersed into DI water.
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4.2.3 Characterization

The identity, crystalline structure, size, and shape of the nanopatrticles were observed by
X-ray diffraction and high-resolution transmission electron microscopy. The X-ray powder
diffraction was recorded in a Rigaku Ultima IV X-ray diffractometer with a radiation beam of A =
1.5406 A. The ZnS:Cu,Co nanoparticles in aqueous solution were placed onto holey carbon-
covered copper grids for HRTEM observations. The HRTEM images of the particles were
obtained with a Hitachi 9500 electron microscope with accelerating voltage of 300 kV. The X-ray
photoelectron spectroscopy analysis was carried out by using a Kratos AXIS Ultra DLD high
performance spectrometer. The photoluminescence and afterglow spectra were measured by
using a Shimadzu RF-5301PC fluorescence spectrophotometer. The absorption spectra were
recorded by using a Shimadzu UV-2450 UV-vis spectrophotometer. A 15 W UV lamp with an
irradiation peak at 360 nm from UtiliTech (product F15T8) was used as the excitation source for
afterglow measurement.

4.3 Results and Discussion

4.3.1 Fluorescence and Afterglow Enhancement

The photo pictures of aqueous ZnS:Cu,Co afterglow nanoparticles before and after aging
are displayed in Figure 4.1. The left column shows the samples under normal light. The
fluorescence pictures under a UV lamp (360 nm) are shown on the middle column. The
afterglow pictures (right column) were taken after the same UV lamp excitation was off for 2 s.
As shown in pictures, the clear ZnS:Cu,Co aqueous sample turned to semi-transparent after
aging for 2 weeks at room temperature. Under UV light, the aged sample exhibited a much
intensive blue emission. The afterglow has been observed from both samples, although it is

pretty low for the sample without aging. Obviously, the afterglow increased significantly after

aging.
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Figure 4.1 The photo pictures of non-aged (top row) and aged (bottom row) aqueous
ZnS:Cu,Co nanoparticle samples under normal light (left), UV lamp (middle), and their
afterglows (right) that were taken after the UV lamp was off for 2 seconds.

Figure 4.2 shows the fluorescence spectra of both ZnS:Cu,Co aqueous samples
described above by using excitation of 360 nm. The blue emission from the samples is at
around 466 nm, which is related to ZnS surface defect (S vacancy)."® The fluorescence
intensity apparently increased after the aging for 2 weeks at room temperature and the emission
of the aged sample is red shifted to 469 nm from 466 nm in the fresh sample. The doping of
Cu* and Co® in zZnS:Cu,Co nanopartiles has been discussed in our previous work.'*®
Basically, Cu** doping shifts the blue emission (454 nm) of ZnS to 472 nm and is responsible to
a green emission shoulder located at about 510 nm. As for the co-doping of Co*, it may change

the emission intensity but not the emission wavelength on ZnS:Cu,Co nanopatrticles.
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Figure 4.2 Fluorescence spectra of nonaged (a) and aged (b) ZnS:Cu, Co nanopatrticles in
water by using excitation of 360 nm.
Figure 4.3 shows the afterglow emission spectra of the non-aged and aged ZnS:Cu,Co
samples. The spectra were recorded after a 2 minute exposure using the UV lamp peaked at

360 nm. Similar to our previous report,'*®

unlike their blue fluorescence, the afterglow emission
is green with a peak at around 500 nm. As pointed out in our previous work, the green afterglow
from ZnS:Cu,Co water-soluble nanoparticles is attributed to the electron transition from S
vacancies to Cu*" centers.’® After aging for two weeks at room temperature, the afterglow

intensity is increased more than 7 times while the fluorescence is only increased 1.4 times in

intensity.
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Figure 4.3 Afterglow emission spectra of nonaged (a) and aged (b) aqueous ZnS:Cu,Co
nanoparticle samples. The spectra were recorded after 2 min exposure under the UV lamp (360
nm).

The afterglow decay spectra for the non-aged and aged aqueous ZnS:Cu,Co samples
excited by the UV lamp are displayed in Figure 4.4. The decay curves show a close linear
property in the logarithmic scale plot, which means that the afterglow intensity is not decaying in
time by a simple power function relationship. Here we define decay lifetime as the time when
the afterglow intensity reduces to its half level and longevity as the time cost when afterglow is
gone (not detectable to the fluorescence spectrophotometer, which means the intensities below
1 on the spectra). The decay lifetimes of the samples are estimated from the plot and they are
both at a same range of several seconds. The longevities of them can be seen as around 40 s

and 180 s, respectively. The luminescence and afterglow intensities of the two samples are
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summarized in Table-4.1. Our observations indicate that the aging increases both the

fluorescence and afterglow.
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Figure 4.4 Afterglow decay spectra (monitored at 500 nm) of non-aged (a) and aged (b)
aqueous ZnS:Cu,Co nanoparticles. The spectra were recorded after 2 min exposure to the UV
lamp (360 nm).

Table 4.1 Photoluminescence (466 nm) and Afterglow (500 nm) Intensities From the Non-aged
and Aged Samples

Samples Non-aged Aged
Emission Intensity (a.u.) 187 255
Afterglow Intensity (a.u.) 3.4 28.5
Afterglow Longevity (s) 40 180
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4.3.2 Mechanisms for Afterglow Enhancement

We are interested in why ageing can largely enhance the afterglow of the nanoparticles.
For this purpose, we investigated the nanoparticle crystal structure, size and surface
characteristics before and after ageing. The X-ray diffraction patterns in Figure 4.5 demonstrate
that ZnS:Cu,Co nanoparticles prepared in water have a cubic zinc blende structure (JCPDS, no.
05-0566) regardless of the non-aged or aged samples. There is no apparent difference found in
the XRD patterns for the both samples. No Cu®+ or Co*" impurities are observed from the
measurements, which indicates that Cu** and Co®* were doped into the crystal lattice. By
comparing with the standard cubic ZnS structure, the main diffraction peaks are indexed with
the lattice planes of (111), (220), (311), (400), and (331), respectively, although all of them
slightly shift to larger diffraction angles. This can be seen obviously with setting up the standard
peak positions of pure ZnS (dash lines). The broad XRD peaks are indicative of the small size
effect of nanoparticles. From the width of the peak broadening, the average crystal size is
calculated by using Debye-Scherrer formula and gives similar size results of 3+1 nm for the
both samples without or with aging. Further, the lattice constant is obtained from the XRD
patterns respectively by using software Jade 5.0, which gives a = 0.5383 nm (nhon-aged) and a
= 0.5380 nm (aged). The two values are similar but both are slightly smaller than the lattice
constant of pure ZnS (JCPDS, no. 05-0566, a = 0.5406 nm). The resulted smaller lattice
constants are also consistent with the observation of peak right shifting described above. It is
possibly due to the partial substitution of some Zn** ions by Cu** and Co*" ions as the radius of
Cu® (0.72 A) and Co®* (0.58 A) are smaller than Zn®* (0.74 A). This further proves that Cu®*

and Co?" ions were doped into the ZnS nanoparticle lattices.
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Figure 4.5 X-ray diffraction patterns of non-aged (a) and aged (b) ZnS:Cu,Co water soluble
nanoparticles. The dash lines indicate the standard peak positions of pure ZnS (JCPDS, no.
05-0566).

From high resolution transmission electron microscope (HRTEM) measurement, the
images do not show apparent mean size changes for the non-aged and aged ZnS:Cu,Co
afterglow nanoparticles. Figure 4.6 displays the HRTEM images of the two samples. The
average sizes of the non-aged and aged particles are similar, both about 4 nm. This is also in
agreement with the size estimated from XRD measurements. It is interesting to see the
average sizes of the ZnS:Cu,Co nanoparticles remain almost the same even they were aged at
room temperature for 2 weeks. This is quite different from the work done by Zang et al., in which
the ZnS particles were stabilized by polyphosphate and their size was found to get increased

after aging at 10 °C for a few days."**

However, some of the nanoparticles are aggregated after
aging for 2 weeks as shown in the image (right). Aggregation may cause the red-shift of the

emission due to particle-particle interaction which has been reported in literature.**
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Figure 4.6 HRTEM images of non-aged (left) and aged (right) ZnS:Cu,Co nanoparticles in
water.

Optical absorption spectra have been widely used to estimate the size of ZnS
nanoparticles as the band gap of semiconductor nanoparticles is largely related to their size

known as quantum confinement.*>*%%/

To further study the size change of ZnS:Cu,Co
nanoparticles in agueous solution before and after long time aging, the absorption spectra of
two samples were measured and shown in Figure 4.7. A pronounced shoulder appears at 315
nm (3.93 eV), which is from the confined excitons in ZnS nanoparticles. The exciton absorption
is shifted to shorter wavelengths or higher energies comparing to the band gap of bulk ZnS
(~3.6 eV) as a result of quantum size confinement. From works done by other researchers, the
absorption (~315 nm) of undoped or doped ZnS usually means an average particle size of 3~5

nm which is consistent with the results from XRD and HRTEM measurements, 0116117
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Figure 4.7 Absorption spectra of non-aged (a) and aged (b) ZnS:Cu,Co water soluble

nanoparticles.

Regarding to the aged samples, it displays a stronger but smoothly decreasing curve with
no apparent ZnS absorption peak. As shown in Figure 4.1, after aging at room temperature for
2 weeks, the clear sample became semi-transparent due to the particle aggregation that has
been mentioned in above. The optical semi-transparent solution may absorb and scatter or
even partially block the light passing through, therefore the absorption (extinction) of the aged
sample is more intensive. As it will be discussed in the following section, there is slow oxidation
occurring on ZnS and this might affect ZnS band gap structure and weaken its absorption, so

the weak peak is submerged in the intensive absorptions and cannot be seen.
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Figure 4.8 XPS spectra of non-aged (a) and aged (b) ZnS:Cu,Co nanopatrticles. The binding
energy peaks are labeled with corresponding elements, as shown only in the top plot (a)
representatively.

It is well known that the surface effect becomes significantly important as particles shrink
to very small sizes. In order to give further insight into the surface properties of ZnS:Cu,Co
nanoparticles, the X-ray photoelectron spectroscopy (XPS) of the samples without and with
aging was investigated and shown together in Figure 4.8. The XPS spectra of the two samples
perform as almost identical and the element labels are just shown in one of them. Significant
signals of Zn, S, and O were found from each sample. C also can be seen from the spectra but
it should be from stabilizer 3-mercaptopropionic acid (MPA). Further quantification analysis
gives the atomic ratio of Zn:S:O for the two samples separately, which is shown together in
Table 4.2. Either sample has a ratio of Zn:S lower than the starting precursor ratio in synthesis.

The increasing S is also due to thiol groups from the stabilizer MPA that are attached on
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particle surfaces. The existence of large ratio of O in both samples indicates that there was
oxidation process occurring in the long time reaction and air cooling (=30 h totally). After aging,
the O increased to a higher amount while the amount of S decreased to a lower level. The ratio
of O to S is much higher in the aged sample (2.45) than in the fresh sample (0.87). As the
oxidation is able to remove S? ions (5S> — S0,%),***!8 this could produce tow results. Firstly,
the thiol groups from the stabilizer could be destroyed and leave the particle surface which
further lead to particle aggregation as described before. This also explains the decreasing
amount of S on the ZnS:Cu,Co particle surfaces shown from the XPS measurement. Secondly,
more S vacancies could be left on the surface of ZnS:Cu,Co nanoparticles associated with the
slow oxidation process to particles themselves. As the surfaces with absent atoms have high
surface energy and have tendency to accept other species,*®, oxygen may be preferred to site
on or enter the particle crystal structure as a SO,> form, combining with Zn** ions, and/or
staying at interstitials. The particle surfaces then become much rich with oxygen. This is why an
increasing amount of O has been found in the XPS measurements. However, there is no ZnO
found from the XRD patterns, which means that no ZnO crystal structure formed even the O
may enter the ZnS structure or possibly substitute S. In a word, the oxidation can generated
more S vacancies which then contribute to the much intensive blue emission from ZnS:Cu,Co
nanoparticles. Moreover, the increased S vacancies and appearance of O in ZnS:Cu,Co crystal
structure may produce more electron traps, which in turn enhance the afterglow intensity and
longevity from ZnS:Cu,Co nanoparticles.

Table 4.2 XPS Quantification Report of the Atomic Ratio of Zn:S:O of Non-aged and Aged
ZnS:Cu,Co Nanoparticles.

Zn S (0] o/s
Non-aged 1 1.33 1.16 0.87
Aged 1 0.76 1.86 2.45
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4.4 Summary

In summary, it is observed that aging can enhance the luminescence and particularly the
afterglow of water-soluble ZnS:Cu,Co nanoparticles. The structure and size of the particles
remains the same but some particles are slightly aggregated. XPS measurements indicate that
more oxygen are entered into the nanoparticles and more defects appeared after aging. The
partial oxidation is perhaps responsible for the afterglow enhancement as this could provide

more electron storage which is a source for afterglow emission.

76



CHAPTER 5
BLUE AFTERGLOW FROM ZnS:Ag,Co WATER SOLUBLE NANOPARTICLES
5.1 Introduction

Doped ZnS materials are able to emit visible colors from blue to red by varying the
dopants. Comparing with photoluminescence, afterglow has similar luminescent centers. Based
on our previous work, we have suggested that the green afterglow from ZnS:.Cu,Co
nanoparticles is due to the electron transition from sulfur vacancies to Cu®* luminescent centers.
Thus, it is possible to obtain other afterglows from ZnS based materials by simply changing the
doped luminescent centers. As the doped luminescent centers vary and create new energy
levels in ZnS host, afterglow nanoparticles of different wavelengths could be synthesized. This
may greatly increase the opportunities of ZnS based afterglow materials in further applications.
For example, the photosensitizers in PDT are mostly having their maximum absorptions in a
UV-blue range, hence blue afterglow nanoparticles can work with them more efficiently.
Therefore, the synthesis of blue afterglow nanoparticles is promising, especially for the PDT in
deep cancer treatment. What is more, the success of synthesis of other afterglow materials by
using same preparation method may provide further evidence to the afterglow mechanism in
ZnS:Cu,Co nanopatrticles that was promoted before. In this chapter, we synthesized ZnS:Ag,Co
blue afterglow water soluble nanoparticles by using the same preparation method for
ZnS:Cu,Co afterglow nanoparticles. It is also the first time, to my best knowledge, that the blue
afterglow were obtained from doped ZnS water soluble nanoparticles.

5.2 Synthesis and Characterization

5.2.1 Chemicals
Zinc acetate [Zn(CH3COOQ),, 99.990%)], silver nitrate [AgNO;, 99%], cobalt acetate

[Co(CH3CO0),, 99.995%], sodium hydroxide [NaOH, 98%], and 3-mercaptopropionic acid
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(MPA) [HSCH,CH,COOH, 99%] were purchased from Sigma-Aldrich in the USA. Sodium
sulfide (Na,S) is also a product of Sigma but from Canada. All chemicals were used without
further purification. Deionized (DI) water was used as the reaction solvent.
5.2.2 Sample Preparation and Characterization
The silver and cobalt doped water soluble ZnS afterglow nanoparticles were prepared

by following the same method described in the previous chapter. For Ag* dopping, silver nitrate
was applied in the experiment instead of copper(ll) acetylacetonate. After the reaction was
finished, the solution was sealed with air left in the container and stored for 3 weeks at room
temperature. The solution turned from clear to semi-transparent after aging. To obtain powder
samples, ethanol was added to precipitate the particles and the white cloudy solution was
centrifuged at 8000 rpm. The supernatant of the solution was removed and the precipitation was
washed with DI water twice and dried in a vacuum oven. The solid powder can be easily
redispersed into DI water.

The identity, crystalline structure, size, shape, composition and optical properties of the
nanoparticles were characterized by using the same instruments and methods described in the
previous chapter.

5.3 Results and Discussion

5.3.1 Optical Properties

The photo pictures of aqueous ZnS:Ag,Co nhanoparticle samples under normal light, UV
lamp, and their afterglow are displayed in Figure 5.1. The nanoparticle solution is semi-
transparent as the scales from the other side of the flask are clearly seen through the solution.
Under UV light, the solution emits bright blue color. The blue afterglow from ZnS:Ag,Co

nanoparticles is taken after the UV light is off for 2 s.
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Figure 5.1 The photo pictures of aqueous ZnS:Ag,Co nanoparticle sample under normal light
(top,left), UV lamp (top,right), and their afterglow (bottom) that were taken after the UV lamp
was off for 2 seconds.

Figure 5.2 reveals the photoluminescence and afterglow spectra of water soluble
ZnS:Ag,Co nanoparticles. The photoluminescence spectrum is obtained by using excitation
wavelength of 360 nm and afterglow is using the UV lamp which emits UV light peaked at 360
nm. The blue emission from ZnS:Ag,Co is at around 441 nm, which is due to the transition from
surface defects to Ag" luminescent centers and consistent with ZnS:Ag emission reported

before. %2

As it is already discussed in previous chapters, the Co* doping may affect the
emission intensity but not wavelength. Although the dopant Co? often acts as a luminescence
quencher,? it is important for the green afterglow from ZnS:Cu,Co nanoparticles and the blue

afterglow of ZnS:Ag,Co nanoparticles herein. Actually, the afterglow can be barely observed

without Co** co-doping for both cases. While the real role of Co® ions in afterglow is still
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unclear, they might help to form deeper electron traps which result in slower trapped electron
release. The blue afterglow band centered at 475 nm is broad and covers the whole their

dominant radiative electron transitions are in different energy ranges.

PL 441 nm

Intensity (a.u.)

Afterglow 475 nm

400 450 500 550 600 650 700
Wavelength (nm)

Figure 5.2 The photoluminescence (solid curve, excitation=360 nm) and afterglow (dash curve)
spectra of water soluble ZnS:Ag,Co nanoparticles. The afterglow spectra were recorded after 2
min exposure under the UV lamp (360 nm).

The absorption spectrum of ZnS:Ag,Co water soluble nanoparticles is displayed in Figure
5.4. A pronounced shoulder appears at 315 nm (3.93 eV), which is known as the exciton
absorption in ZnS nanoparticles. It is shifted to shorter wavelengths or higher energies
comparing to the band gap of bulk ZnS (~3.6 eV) as a result of quantum size confinement. The

exciton absorption of undoped or doped ZnS is related to the particle average size. Based on
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previous works, the exciton absorption at around 315 nm of undoped or doped ZnS

nanoparticles usually means an average particle size of 3~5 nm.***%*17

Absorption (a.u.)

M [ 2 1 2 1 2 (] 2

250 300 350 400 450 500
Wavelength (nm)

Figure 5.3 Absorption spectra of ZnS:Ag,Co water soluble nanoparticles.

Figure 5.4 shows the afterglow decay spectrum of ZnS:Ag,Co nanopatrticles excited by a
UV lamp. By using a logarithmic scale plot, the afterglow intensity displayed an almost linear
(but not exactly) relationship to the decay time. Differing from those afterglow decay of solid
powder materials,® the afterglow from nanoparticles in water solution may be much complicated
and is not following a simple power function relationship. For water soluble nanoparticles, many
factors affect their optical properties, such as sizes, surface defects, stabilizers, solvents, and
possible interactions of liquid molecules and nanoparticles. Under the same definitions of
afterglow decay lifetime and longevity described in the last chapter, the decay lifetime of

ZnS:Ag,Co nanoaparticles estimated from the plot is about 2.5 seconds. The longevity can be
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seen as about 90 seconds. It should be noticed that varying the Ag* and Co?* doping levels may
optimize both afterglow intensity and longevity. Thus, future work is necessary for obtaining

higher afterglow properties.
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Figure 5.4 Afterglow decay spectra (monitored at 475 nm) of aqueous ZnS:Ag,Co nanopatrticles.

The spectra were recorded after 2 minute exposure to the UV lamp (360 nm).
5.3.2 Structure

The X-ray diffraction pattern shown in Figure 5.5 demonstrates that the ZnS:Ag,Co
nanoparticles have a cubic zinc blende structure (JCPDS, no. 05-0566). The main peaks can be
indexed with the lattice planes of (111), (220), (311), and (331), respectively. The broadening of
the diffraction peaks is indicative of the small size effect of nanoparticles. From the width of the
peak broadening, the mean crystal size D is determined as 4+1 nm by using Scherrer equation
D=0.9M/(BcosB), where A is the X-ray wavelength (here A = 1.54060 A), B is the full width at half
maximum (FWHM) and 6 is the diffraction angle.

82



2500

(111)

2000 -

=
a
o
o
|

1000 |-

Intensity (a.u.)

500

20

2 Theta (degree)

Figure 5.5 X-ray diffraction patterns of ZnS:Ag,Co water soluble nanoparticles.

The high resolution transmission electron microscope (HRTEM) image of ZnS:Ag,Co
water soluble nanoparticles is displayed in Figure 5.6. The mean diameter of these
nanoparticles is estimated to be 4 nm, which is consistent with the calculated value from XRD
measurement. The obvious lattice fringe display indicates that the nanoparticles are crystals.
The (111) lattice planes of some particles can mainly be observed and this lattice spacing is
measured to be about 0.31 nm from the HRTEM image, which agrees with the spacing value

(0.312 nm) of cubic ZnS (111) plane from the standard JCPDS database.
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Figure 5.6 HRTEM images of ZnS:Ag,Co water soluble nanoparticles.

5.3.3 Oxidation on the Particle Surface

Figure 5.7 shows the X-ray photoelectron spectroscopy (XPS) measurement of ZnS:Ag,Co
nanoparticles. Significant signals of Zn, S, C, and O have been found from the sample. The C
measured from the spectra should be from stabilizer 3-mercaptopropionic acid (MPA) and is not
concerned for ZnS:Ag,Co crystal structure. There is no silver or cobalt displayed in the XPS
spectra as their doping levels are low. For comparison purpose, the XPS quantification
measurement is also done for fresh sample of ZnS:Ag,Co before aging. The quantification
reports of the atomic ratio of Zn:S:O for both fresh and aged samples are shown in Table 5.1.
Similar to the results obtained for ZnS:Cu,Co nanoparticles, we observe that the S level
reduced and O level increased significantly. It is due to the oxidation process on the surface of
ZnS:Ag,Co nanoparticles. Similarly to the discussion in Chapter 4, the oxidation removes the S*
ions (5> — SO,%) and produces two results. One is that the oxidation destroyed some thiol

groups from the stabilizer and results in a decreased S level (Table 5.1) and particle
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aggregation (Figure 5.1). On the other hand, as the surfaces with less atoms have high surface
energy and have tendency to accept other species,™'®, oxygen may be preferred to site on or
enter the particle crystal structure and thus a large increasing of oxygen is observed. We can
reach a same conclusion for ZnS:Ag,Co, as that for ZnS:Cu,Co water soluble nanoparticles. In
a word, the surface oxidation produces more S vacancies and then possibly forms more

electrons traps, a large amount of trapped electrons may finally result in the apparent blue

afterglow observed.
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Figure 5.7 XPS spectra of ZnS:Ag,Co nanoparticles. The binding energy peaks are labeled with

corresponding elements.

Table 5.1 XPS Quantification Report of the Atomic Ratio of Zn:S:0 of ZnS:Ag,Co Nanoparticles
Before and After Aging.

Zn S (0] o/s
Before aging 1 1.28 1.50 1.17
After aging 1 0.76 2.22 2.92
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5.4 Summary

In summary, we have successfully synthesized water soluble ZnS:Ag,Co blue afterglow
nanoparticles by using the same strategy developed in the last chapter for ZnS:Cu.Co
nanoparticles. The crystal structure and size of the nanopatrticles remain the same as expected.
The blue afterglow centered at 475 nm has a longevity of about 90 s. The XPS measurements
also indicate that the same oxidation process occurred on ZnS:Ag,Co nanoparticles. The
oxidation removes S on nanoparticle surfaces and produces more S vacancies that could act as
electron traps for afterglow. Thus, apparent afterglow can be obtained by aging (oxidation)
method. The blue afterglow ZnS:Ag,Co nanoparticles may have more potential PDT
applications because the absorptions of many photosensitizers are in UV-blue range. Cobalt
co-doping is necessary for doped ZnS afterglow nanopatrticles. By changing the dopant in ZnS
based materials, new ZnS based water soluble afterglow nanoparticles can be synthesized by

using similar method developed in this work.
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