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ABSTRACT

INNOVATIVE HYBRID COMPOSITE
NANOMATERIALS

Zeliha Soran Erdem
Ph.D. in Materials Science and Nanotechnology
Advisor: Hilmi Volkan Demir
September 2016

Digital lighting and bio-imaging are two emerging crucial research fields. Nan-
otechnology stands in the center of these applications by providing nano-scale
particles possessing large surface-to-volume ratios, high efficiency, and low toxi-
city while allowing for functionalization, efficient quality lighting and improved
biocompatible bio-imaging. Some of the frequently employed nanoparticles in
optoelectronics and imaging are colloidal semiconductor quantum dots, colloidal
conjugated polymer nanoparticles, and colloidal iron oxide nanoparticles, all of
which we have studied using colloidal approaches to make hybrid composites for
lighting and imaging in this thesis.

Fluorescent inorganic nanoparticles of colloidal quantum dots (QDs) attract
significant interest for many optoelectronic and biomedical applications. Al-
though they possess numerous advantages including broad absorption band, high
quantum yield, and narrow emission spectrum, there are serious concerns on their
recycling due to their cadmium-based composition. Alternatively, relatively low
toxic organic fluorescent polymer nanoparticles or oligomer nanoparticles have
stepped forward. However, their reduced emission efficiency and stability in solid
state is an important limitation for their use in wide-spread solid-state lighting
applications. To address these problems, in the first part of this thesis, we pro-
posed and demonstrated the design of new hybrid composite material systems of
oligomer nanoparticles to be used in solid-state lighting. We first showed that
the emission efficiency and stability of the oligomer nanoparticles in solid state
are significantly improved based on our proposed crystallization technique. Here,
using this simple and low-cost approach, oligomer nanoparticle monoliths were
obtained from the powders of these crystals.

Despite the disadvantages of using QDs, their high quantum efficiency and
narrow-band emission still make them a valuable asset for solid-state lighting.
However, the decrease in solid-film efficiencies is still an important issue to be
addressed. With this perspective, in this thesis we utilized the incorporation
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of QDs into crystalline matrices allowing for the nonradiative energy transfer
(NRET) to improve the emission capability of the nano-emitters. Since it is an
interesting crystalline semiconductor organic molecule, we employed anthracene
as the host donor medium and incorporated the quantum dots being exciton
acceptors. Here, we systematically investigated the NRET from each anthracene
emission peak to QDs and demonstrated the use of this composite system on LEDs
as color converters and the polarization ratio change of quantum dots within this
crystal system.

Magnetic resonance imaging (MRI), for which we also developed colloidal con-
trast agents using nanoparticles (NPs) as the second part of this thesis, is a
powerful diagnostic tool providing good soft tissue contrast and high spatial res-
olution. It produces T;- and To-weighted images, in which the region of interest
is observed as brighter and darker contrast, respectively. Superparamagnetic iron
oxide (I0) NPs are an important member of Ty-weighted contrast agents possess-
ing low toxicity. However, they suffer from poor anatomic details due to their
darker contrast. Therefore, combining T;- and Ty-weighted features in a single 10
NP (dual-modal contrast) is a major step for improving MRI contrast. In order
to meet the requirement for dual-modal contrast agents, which possess both T;-
and Ta-weighted imaging capability, in this thesis we synthesized highly monodis-
perse superparamagnetic cubic IO NPs. Magnetic characterizations along with in
vivo MRI experiments demonstrated that these nanoparticles hold great promise
for dual-modal imaging. This increased dual-modal effect without paramagnetic
material doping or decreasing the size of nanoparticles smaller than 5 nm directed
us to understand the relation of the Ty and Ty relaxations depending on the 10
NP size and shape. Here, we showed the presence of intrinsic paramagnetic phase
in magnetite IO NPs. Moreover, we demonstrated that this contribution is higher
in IO NPs possessing cubic shape compared to the spherical counterparts, which
explains the increased dual-modal effect in the monodisperse superparamagnetic

nanocubes.

Keywords: Oligomer nanoparticles, quantum dots, light-emitting diodes (LEDs),
nonradiative energy transfer, superparamagnetic iron oxide nanoparticles (SPI-

ONs), magnetic resonance imaging (MRI).



OZET
YENILIKCI HIBRIT KOMPOZIT NANOMALZEMELER

Zeliha Soran Erdem
Malzeme Bilimi ve Nanoteknoloji, Doktora
Tez Danigmani: Hilmi Volkan Demir
Eylil 2016

Dijital aydinlatma ve biyogoriintiilleme geligmekte olan oOnemli aragtirma
alanlarmdandir.  Nanoteknoloji, sundugu genis yiizey/hacim oranina sahip,
yiksek verimlilikli ve diigiik toksisiteye sahip nanoboyuttaki parcaciklarin yam
sira fonksiyonellesmeyi, verimli kaliteli aydinlatmay1 ve gelismis biyouyumlu
gortintiilemeyi mimkiin kilmasi nedeniyle bu uygulamalarin merkezinde bu-
lunmaktadir.  Optoelektronik ve goriintiilleme alanlarinda siklikla kullanilan,
ayni zamanda tiimii bu tez kapsaminda aydinlatma ve gortintiileme icin kolloid
yaklagimlar kullanilarak geligtirilen hibrit kompozitlerde ¢alisilan nanopargaciklar
(NP) arasinda kolloidal yariiletken kuvantum noktaciklar (KN), kolloidal konjuge
polimer nanopargaciklar ve kolloidal demir oksit nanoparcaciklar (DO NP) yer
almaktadir.

Isiyan inorganik nanoparcaciklar olarak kolloidal KN’ler, bir¢cok optoelektronik
ve biyomedikal uygulamalar i¢in oldukca ilgi ¢ekicidir. Bu yapilar, genis sogurma
bandi, yiliksek kuvantum verimliligi ve dar 1gtma spektrumu gibi bir¢ok avantaja
sahip olmalarina ragmen, kadmiyum icerikli yapilari nedeniyle geri dontigiimleri
icin ciddi endigeler barindirmaktadirlar. Alternatif olarak, goreceli olarak daha az
toksik yapidaki igiyan polimer nanoparcgaciklar veya oligomer nanoparcaciklar one
cikmaktadir. Ancak, kat1 fazda azalan 1s1ma verimlilikleri ve dayanikhiliklari, bu
malzemelerin yaygin kati hal aydinlatma uygulamalarinda kullanimlar: i¢in biiytik
bir engel teskil etmektedir. Bu problemlere ¢oziim olarak bu tezin ilk kisminda,
kati hal aydinlatmada kullanimlar1 igin oligomer nanoparcaciklarin yeni hibrit
kompozit malzeme sistem tasarimlarini énerdik ve gosterdik. Ilk olarak, énermis
oldugumuz kristalizasyon yontemi ile kati haldeki oligomer nanoparcaciklarin
istma verimliliklerinin ve dayanikliliklarinin istatistiksel olarak anlamli derecede
arttigim gosterdik. Burada, bahsi gecen basit ve ucuz yaklasim ile oligomer
nanoparcacik yekpare taglar, bu kristallerin tozlarindan olusturulmustur.

Kuvantum noktaciklarin kullanimindaki birtakim dezavantajlara ragmen,
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aydinlatma icin halen cok degerli kilmaktadir. Ancak, diigiik kat1 film ver-
imlilikleri, halen tizerinde durulmasi gereken onemli bir problemdir. Bu bakig
acisiyla, bu tezde, nanoigiyicilarin 1gima kapasitelerinin artirilmasi amaciyla
1ginimsiz enerji transferine izin veren KN yiiklenmis kristal matrislerden yarar-
landik. Antrasin ilging bir kristal yariiletken organik molekiil oldugu i¢in antrasini
mesken verici ortam olarak ve kristale gomiilen KN’leri ise eksiton alic1 olarak kul-
landik. Burada, antrasin isima tepelerinin her birinden kuvantum noktaciklara
olan 1g1n1msiz enerji transferini sistematik olarak inceledik. Ayrica, hazirlanan bu
kompozit sistemin 151k yayan diyotlar (LEDs) tizerinde renk déniistiiriicti olarak
kullanimini ve KN’lerin bu kristal sistemi icerisindeki polarizasyon oranlarinin
degisimlerini de gosterdik.

Bu tez caligmasimin ikinci kisminda, kolloidal nanopargaciklari kullanarak
kontrast malzemesini geligtirdigimiz manyetik rezonans goriintiileme (MRG),
iyi bir yumusak doku kontrasti saglayan ve yiiksek ii¢ boyutlu ¢oziintirliige
sahip gii¢lii bir tanisal cihazdir. Bu yontem, ilgilenilen bolgenin daha aydinlik
gortinmesini saglayan Ti- veya daha karanlik goriinmesini saglayan Ty-agirlikl
goriintiiller olugturmaktadir. Siiperparamagnetik DO NP’ler, Ty-agirlikli kon-
trast ajanlarinin 6nemli bir tiyesi olup, disiik toksisite 6zelligine sahiptir. An-
cak, olugturduklar: karanlik kontrast nedeniyle anatomik detaylarin ayirt edilmesi
konusunda ciddi problemlere neden olmaktadirlar. Bu nedenle, Ti- ve Ts-
agirhikh ozelliklerin tek bir DO {izerinde birlestirilmesi (¢ift-modlu kontrast)
MRG icin onemli bir geligmedir. T;- ve Ty-agirlikli goriintiileme yetenegine
sahip cift-modlu kontrast ajanlarima duyulan gereksinimi karsilamak amaciyla,
bu tezde yiiksek tekil dagiliml siiperparamagnetik kiip DO NP’ler sentezledik.
In vivo MRG deneyleriyle birlikte yiiriittiigiimiiz manyetik karakterizasyon
caligmalari, bu nanoparcaciklarin ¢ift-modlu goriintiileme igin umut vaat edici
ozelliklere sahip oldugunu gosterdi. Paramagnetik malzemelerin yiiklenmesi
veya nanoparcacik boyutunun 5 nm altinda olacak sekilde kiiciiltiilmesi gibi
yaklagimlar kullanilmadan goriilen bu ¢ift-modlu goriintiileme etkisindeki artis,
bizi T; ve Ty relaksasyonlarimin DO NP’lerinin boyutuna ve sgekline bagh
iligkisini aragtirmaya yoneltti. Bu calismada, magnetit DO NP’lerin kendiliginden
iclerinde barindirdiklar: bir paramagnetik faz oldugunu bulduk. Ayrica, bu para-
magnetik katkinin kiip yapidaki nanoparcaciklarda kiire seklindekilere kiyasla
daha fazla oldugunu ve tekil dagilima sahip stiperparamagnetik nanokiiplerde
de bu nedenle c¢ift-modlu goriintiilleme etkisinin daha kuvvetli goriildiigiinii
gosterdik.
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Chapter 1
Introduction

Being at the interface of physics, chemistry, biology, and engineering, materials
science has always been an integral part of our civilization. The science of
materials address important problems of the human kind. With this perspective,
during this graduate study we have used the tools of the materials science to
study two fundamentally different problems. The first one that we have worked
on during this time frame is related to the need for high-quality, high-efficiency
light-emitting devices. Considering the facts that the general lighting is
responsible for nearly 20% of the electrical energy consumption [1] and that the
display market grows at a significantly high rate owing to the wide-spread use
of mobile devices,[2] developing efficient light-emitting devices turns out to be
an important topic of interest for the industry and researchers worldwide. To
decrease this energy consumption, light-emitting diodes (LEDs) offer
significantly lower energy consumption compared to existing technologies
including incandescent lamps and fluorescent lamps.[3] Currently, the LED
technology mainly relies on the use of an LED chip, which emits high energy
photons in ultraviolet or blue part of the electromagnetic spectrum, together
with a color-converting layer.[4], [5] The conventional color-converters are based
on the phosphors made of garnets doped with rare-earth ions.[6] Despite their
high photon quantum yields, these materials exhibit a significantly broad
emission spectrum, which is not apt for to achieve high-quality lighting. In
addition, the problems associated with their supply[6] further threaten the LED
industry. As an alternative, colloidal semiconductor quantum dot (QD)
nanocrystals (NC) step forward as they enable spectrum tuning by size and shape
control leading to high-quality lighting.[7] Furthermore, their narrow-band
emission spectra allow for the generation of spectrally pure colors, which

significantly helps increasing the color definition of the displays.[4]

However, the efficient QDs mainly employ cadmium, which makes them

unfriendly for the environment and health, especially when the cadmium is



ionized.[8] A solution to this problem may arise from the use of organic
semiconductor polymer nanoparticles. However, despite the reports proving their
potential, their low solid-film efficiencies and low emission stabilities limit their
use in the solid-state applications. To address this problem of these fluorescent
polymer nanoparticles, in Chapter 3 of this thesis, we present our study on
embedding oligomer nanoparticles into nonionic organic sucrose crystal to
increase their emission efficiency and stability to make them suitable materials

as color-converters on LEDs.

The use of crystalline matrices was also shown to offer significant advantages
for obtaining efficient and stable solid films of QDs.[9]-[13] Especially studying
the interactions of the incorporated QDs within the host medium may allow for
improving the emission intensity and stability of the QDs. In addition, the effect
of the host medium on the emission of the incorporated QDs is an interesting
phenomenon to study. With this motivation, in Chapter 4 of this thesis, we
present our design on a composite material system including QD-incorporated
macro-scale anthracene crystals. This hybrid structure allows the energy to be
transferred nonradiatively from the host matrix to the acceptor QDs while

providing polarization anisotropy to the otherwise-isotropic QD emission.

During this graduate study at Bilkent University, the second problem that
we aimed to address is on obtaining nanoparticles that are capable of providing
high contrast in bioimaging. Today, bioimaging has become an essential part of
the medical diagnosis and particularly enables the detection of the tumours.
Among the many bioimaging approaches such as fluorescence imaging, positron
emission tomography (PET) and computer tomography (CT), magnetic
resonance imaging (MRI) steps forward thanks to its sensitivity and safety.
Furthermore, this sophisticated noninvasive diagnostic tool provides high-
resolution imaging in three dimensions.[14] However, the requirement to the
contrast agents that allow for the differentiation of anatomical details by
enhancing the contrast and image quality directed researchers to the synthesis
of high-quality magnetic nanoparticles. These agents are classified as positive
(T1-weighted) and negative (Ty-weighted) contrast agents. Among them, Ti-

weighted contrast agents shorten the longitudinal relaxation times and results in



bright images in the region of interest, while To-weighted contrast agents shorten
the transverse relaxation time, which leads the formation of a darker image. The
most widely studied Ti-weighted contrast agents are gadolinium- and
manganese-based nanoparticles and they are frequently employed in clinics owing
to their high signal intensity resulting in high resolution between tissues. Despite
their qualified imaging features, it is reported that the regular use of gadolinium-
based contrast agents may cause nephrogenic systemic failure (NSF) disease in
the patients suffering from renal failure.[15] These reports have focused the
interest of the researchers on the superparamagnetic iron oxide nanoparticles,
which are commonly used Ts-contrast agents in MRI.[16] However, due to the
magnetic susceptibility artifacts and negative contrast, it is believed that the
iron oxide nanoparticles possessing dual-modal imaging capability are very
promising.[17] To achieve this goal, the first approach is based on the doping of
the superparamagnetic iron oxide nanoparticles with paramagnetic materials.[18]
On the other hand, the second method is to decrease the diameter of the
nanoparticles to a few nanometers, which enhances the paramagnetic
contribution.[19] In Chapter 5 of this thesis, we demonstrated another method
to obtain dual-modal iron oxide-based contrast agents for the first time. In this
study, we present the synthesis of highly monodisperse iron oxide nanocubes,

their characterizations, and in vivo MRI experiments showing dual-modal effect.

Since the iron oxide nanoparticles are commonly used as To-contrast agents,
the literature lacks of information on their Ti-relaxation dynamics and there is
no systematic study on the change of r; relaxivity depending on the size and
shape of the iron oxide nanoparticles. To address these points, in Chapter 6, we
present our study on the investigation of r; and r, relaxation mechanisms of cubic
and spherical iron oxide nanoparticles having different sizes between 7 and 14
nm. We believe that this study may be a further step on the development of

dual-modal iron oxide contrast agents simply by tuning their size and shape.

We organized this thesis as follows: In Chapter 2, we start with a brief
scientific background on the materials used during this graduate study, then
present our research work in detail in Chapters 3-6, and finally conclude in

Chapter 7 with the results produced during this period and a future outlook.



Chapter 2

Scientific Background

In this thesis work, we mainly employed the colloidal quantum dots (QDs) and
oligomer nanoparticles (OL NPs) as color convertors and the superparamagnetic
iron oxide nanoparticles (SPIONs) as contrast agents in magnetic resonance
imaging (MRI). Prior to giving experimental details, here we provide brief
background information on these materials. We will begin with the synthesis
techniques of inorganic semiconductor nanocrystals and continue with the optical
properties and application fields of these nanocrystals. Then, we will introduce
the synthesis methods of organic semiconductor nanoparticles along with their
optical properties and fields where these nanoparticles can be applied. Finally,
we will focus on the superparamagnetic metal oxide nanoparticles. Here, after
discussing the importance of iron oxide nanoparticle (I0 NP) synthesis with
uniform size and shape, we will briefly discuss the mostly employed 10 NP
synthesis routes. We will finish this chapter with the surface modification
approaches of 10 NPs that are very important for the organic-to-water phase

transition and decreased toxicity.

2.1 Colloidal Inorganic Semiconductor

Nanocrystals

Fluorescent nanoparticles have attracted significant interest for optoelectronic
and biomedical applications, especially within the last two decades.[3], [4], [20]
Semiconductor colloidal quantum dot nanocrystals (QD NCs) are an important
group of inorganic fluorescent nanocrystals, which reveal unique optical features
enabling their use as color-converters and active materials in optoelectronic
devices.[3], [4], [21] To date, different types of these nanocrystals have been
synthesized by employing from II-VI, III-V and IV-VI group elements. Among
the II-VI group elements, we can count CdSe, CdTe, and CdS, which are most

widely used in the QD NCs emitting in the visible regime. Cd-free ZnSe and ZnS



QDs are also among the QDs composed of II-VI group elements; however, they
emit in the ultraviolet (UV) part of the electromagnetic spectrum. Another class
of QDs is based on III-V group elements and can be exemplified with InP QDs
that emit visible light. The last group of QDs is based on IV-VI group elements
and include PbSe and PbS NCs that emit in the near-infrared (near-IR) and IR
emission range. In this thesis work, we synthesized and used II-VI type QD NCs.
Therefore, here we will focus on the synthesis of these Cd-based NCs in organic

solution.

In this section, we will first introduce the synthesis techniques of colloidal QD
NCs. Subsequently, we will summarize the optical properties of these
semiconductor nanocrystals and give information on the applications of these
QD NCs.

2.1.1 Synthesis of inorganic nanocrystals

For the synthesis of QDs, two main routes have been reported to date. One of
these techniques is epitaxial growth (such as molecular beam epitaxy), and the
other one is the wet-chemistry method, which is also known as colloidal
chemistry (including competitive reaction chemistry, hot-solution etc.).[22] Since
the colloidal chemistry is cheaper than the epitaxial techniques for obtaining
semiconductor nanoparticles,[23], [24] we will only focus on this type of materials

in this part of the thesis.

Typically, colloidal semiconductor quantum dots are atomic clusters
composed of few hundreds to millions of atoms. They are typically fluorescent
nanoparticles that in general comprise of a small (~1-10 nm) inorganic
semiconductor core, an inorganic shell and a layer of organic passivating
ligands.[25] While the core is a quasi-zero dimensional quantum dot, the shell is
used to improve the optical properties including quantum yield and emission
stability, and ligands enable their dispersibility and prevent them from forming
agglomerates. Moreover, the type of the ligands governs the final solvent
dispersing the nanoparticles, which can be nonpolar or polar, organic or inorganic

solvents.



For the synthesis of colloidal QDs, basically three different structures have
been developed. These are the synthesis of “core” QDs, the synthesis of
“core/shell type composite QDs” that are grown using core QDs, and
“core/alloyed shell” QDs, which are synthesized in a single step and thus, also
referred to as QDs synthesized in one-pot (Figure 2.1). Among the most widely
used core QDs, we can include CdTe, CdSe, CdS, ZnSe and ZnS. They can be
dispersed in organic[26], [27] or aqueous[11], [28] solvents depending on the ligand
that is attached to QDs. However, the main challenge for the core QDs is the
decreased quantum yield and low emission stability. Furthermore, the difficulty
in obtaining small QDs emitting at shorter wavelengths arises as another

problem.[29]-[31]
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Figure 2.1. Representative drawings of different architectures of QDs along with
their electronic bands (black), electron (red) and hole (blue) wavefunctions.
Reproduced with permission from Ref.[32]. Copyright The Royal Society of
Chemistry 2013.

The core/shell QDs constitute an important class of these semiconductor
nanocrystals. In this material system, nonradiative recombination sites on the
surface of core QDs are passivated better, which results in higher
photoluminescence quantum efficiencies.[33] Moreover, the shell protects the
structure from photo-oxidation leading to improved emission stability at higher
temperatures and under high photon fluxes. Depending on the band alignments

of the materials used in the core and shell of the QDs, the core/shell QDs can



possess type-I or type-II band alighment. In type-I QDs, both of the electrons
and holes are confined within the core. However, in type-II QDs, electrons and
holes prefer to localize in different parts of the QDs.[34] Most common Cd-based
core/shell QDs are CdSe/CdS and CdSe/CdS/ZnS QDs that have type-I band
alignment together with CdSe/ZnTe and CdTe/CdSe QDs possessing type-11

band alignment.

To obtain these core/shell QDs, first, only core QDs are synthesized and then
the growth of a shell layer around this core QD follows. After synthesizing the
core QDs, the size and concentration of the core nanocrystals are calculated by
absorption spectroscopy. Using these calculations, appropriate amounts of
precursors for the shell growth are determined, and the shell is coated over the
core QDs. The most mature form of CdSe core synthesis was reported by
Bawendi group, in which these cores were used to produce core/shell quantum
dots.[35] A typical synthesis procedure of these core/shell composite QDs is

summarized as follows:

Step 1. CdSe core synthesis:

CdSe core QDs can be synthesized in two different crystal structures referred to
as wurtzite-CdSe (W-CdSe) and zinc-blende-CdSe (ZB-CdSe) cores using
different procedures. Firstly, we will give information on the W-CdSe synthesis
procedure. For this type of core synthesis, a mixture of 60 mg cadmium oxide
(CdO), 280 mg of octadecylphosphonic acid (ODPA) and 3 g of trioctylphosphine
oxide (TOPO) are prepared in a 50 mL three-neck flask. In order to remove the
undesired residues, the reaction solution is degassed at 150 °C for 1 h under
vacuum. Then, the solution is heated up to 320 °C under nitrogen or argon flow
and 1.0 mL of trioctylphosphine (TOP) is added into the flask at this
temperature. Subsequently, the temperature of the reaction mixture is increased
to 380 °C. The injection solution prepared by mixing 60 mg selenium powder
(Se) and 0.5 mL TOP is injected into the flask quickly and reaction is cooled
down to room temperature when the CdSe core nanoparticles are obtained with
the desired size. As-synthesized nanocrystals are precipitated by adding acetone

and dispersed in hexane for further experiments.



On the other hand, ZB-CdSe cores can be synthesized using the following
procedure. For this purpose, 0.1 mmol of selenium dioxide powder, 0.1 mmol of
cadmium myristate and 5.0 g of 1-octadecene (ODE) are mixed in a three-neck
flask and degassed under vacuum at room temperature. After 10 min, the
reaction solution is heated to 240 °C at a heating rate of 25 °C/min under argon
flow. The growth of the nanocrystals takes place within 2 min at 240 °C and
then 0.1 mL of oleic acid (OA) is added into the solution dropwise to stabilize
the growth. Finally, the solution is cooled down to room temperature and the
nanocrystals are precipitated using acetone. Cores are dispersed in hexane and

stored as a stock solution for further experiments or shell growth.

Step 2. CdS shell growth on CdSe core:

In order to synthesize core/shell QDs, one or more inorganic shell is grown on
the core QDs as described below. 100 nmol of CdSe core QDs dispersed in hexane
is mixed with the mixture of 3 mL oleylamine (OAm) and 3 mL ODE in a three-
neck flask for the shell growth. The reaction mixture is degassed under vacuum
at room temperature for 1 h and then at 120 °C for 20 min. Afterwards, the
temperature of the reaction solution is increased to 310 °C at a constant heating
rate of 18 °C/min under nitrogen flow. While the temperature of the mixture is
increasing, the mixtures of cadmium (II) oleate (Cd-oleate) in 6 mL of ODE and
octanethiol (1.2 equivalent amounts of Cd-oleate) in 6 mL ODE are injected
dropwise with a constant rate of 3 mL/h at 240 °C. After injection, 1 mL of oleic
acid (OA) is added quickly and the reaction is kept for further 60 min at 310 °C.
For the cleaning, the obtained nanoparticles are precipitated with acetone and
dispersed in hexane. This step is repeated for two times and CdSe/CdS core/shell
QDs are stored by dispersing them within a nonpolar solvent such as hexane or

toluene (Figure 2.2).



Figure 2.2. Real color images of core/shell QDs under UV light.

Although the core/shell QDs have high photoluminescence quantum yields
(QY) and narrow photoluminescence peaks, their synthesis procedure is very
difficult. One-pot technique (core/alloyed shell), on the other hand, is an easier
procedure than the sequential core/shell QD synthesis. The QY of the red-
emitting core/alloyed shell QDs obtained by one-pot method is lower than the
standard core/shell QDs; however, green- or yellow-emitting QDs can be
obtained to be efficient using this technique. Briefly, one-pot synthesis of these
QDs is based on the rapid injection of semiconductor precursors into a vigorously
stirring hot reaction system where the specific organic solvents and surface
attaching molecules are present. [29], [31] This single-step QDs emitting at
various wavelengths in the range of 500-610 nm are first reported by Bae et al.
[36]

In this thesis work, QDs synthesized via one-pot technique have been studied
and its synthesis procedure is summarized below. For a typical synthesis of
CdSe/CdZnSeS/ZnS nanocrystals, zinc acetate (Zn(acetate),), cadmium oxide
(CdO), selenium powder (Se) and sulphur powder (S) are used as precursors,
TOP and oleic acid (OA) or dodecanethiol (DDT) are used as surfactants and
ODE is used as the solvent having a high boiling point. Briefly, a mixture of 4
mmol of Zn(acetate)s, 0.4 mmol of CdO, 5.6 mL of OA and 20 mL of ODE are
prepared in a three-neck flask and degassed for 1 h at 100 °C under vigorous
stirring to remove oxygen, humiditiy, and other undesired residues.
Subsequently, the temperature of the reaction solution is raised to 310 °C under

argon flow. For Se and S precursor solutions, a mixture of 0.1 mmol of Se powder



and 4 mmol of S powder are prepared in 3 mL of TOP separately, and injected
into the reaction flask quickly at 310 °C. After 1 min, another solution consisting
of 0.3 mL of DDT and 0.8 mL of ODE is injected dropwise into the reaction
flask. The nanoparticles are allowed to grow at 300 °C for 10 min to obtain green-
emitting core/alloyed shell QDs and the solution is cooled down to room
temperature quickly. For cleaning, QDs are precipitated with hexane/acetone
mixture. Finally, QDs are dissolved in hexane or toluene and stored for further

experiments.

2.1.2 Optical properties and applications

Within the last few decades, QDs have attracted significant interest because of
their unique optical properties including broad absorption bands, narrow
emission spectra, and high photostability. Tuning of the emission peak and
absorption band edge is basically governed by the quantum size effect occurring
due to the small nanoparticle dimensions, which is why the QDs are also called
artificial atoms. While the size is decreasing toward the Bohr exciton radius, the
energy states in the bulk semiconductors start to separate apart so that the
energy band gap increases, which leads to a blue shift in the absorption and
emission spectra of the QDs.[34] (Figure 2.3) If the confinement occurs in three
dimensions, quasi-zero dimensional (0D) quantum dots are obtained.
Confinement in two dimensions creates 1D quantum wires or nanowires, whereas
carrier confinement in one direction produces 2D quantum wells or

nanoplatelets.[37]
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Figure 2.3. Absorption (left) and photoluminescence (right) spectra of QDs with

varying sizes under UV light excited at 380 nm. Reproduced with permission

from Ref.[38] Copyright MDPI AG 2012.

In addition to core dimensions governing many optical features, size
uniformity is another important criterion for high-quality lighting and display
applications. This is because the homogeneity in the QD size leads to decreasing
the inhomogenously broadened full-width at half-maximum (FWHM) of the
emission spectra, which increases color purity. The emission wavelengths of the
QDs can be tuned by changing the composition of core and/or shell in addition
to controlling the size. For example, while the emission of CdSe and CdTe QDs
is within visible region, ZnS emits in the UV /blue spectral region. Additionally,
the choice of shell coating material can also affect the emission spectrum of the
QDs. Many core/shell QDs are prepared by coating the emissive cores with the
7ZnS, CdS and ZnSe layers having higher bandgap. However, the bandgap of the
shell material still remains below the bandgap of the ligands, which enables a
weaker exciton confinement compared to only core QDs. Therefore, we observe

a red shift upon coating the core QDs with a shell material.

Since the bandgap energy can be tuned to cover the whole visible regime and
their optical properties can be controlled by altering their size and composition,

QDs are promising materials for a wide range of optoelectronic and biomedical
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applications. QD-based light-emitting diodes (LEDs) are especially promising
materials to obtain high efficiency and high-quality lighting owing to their
narrow-band emission spectra that enable us to control the emission spectra of
the color-converted LED electroluminescence spectrum.[4], [10] This narrow-
band emission also allows for obtaining very pure colors; therefore, QDs are good
candidates for next generation lighting and displays since they enable a
significantly broad color gamut. This potential of the QDs has already attracted
the attention of the display manufacturers including Sony, Samsung, and
Kindle.[3], [4] Another important application area of the QDs is lasers. The main
problem of the current semiconductor lasers includes the challenges to access the
green and yellow regions of the spectrum.[39] To address this issue, QDs have
been used in numerous studies thanks to their tunable optical gain and emission

spectrum.[39]-[41]

QDs are valuable materials not only for optoelectronics, but also for biomedical
applications. Because of their high efficiency and photostability, QDs are good
alternatives to dyes for labeling biomolecules and cells. In order to obtain water-
soluble QDs or protect them from immune system, many biomolecules have been
attached to the surface of the QDs and it is reported that these bindings have
no significant negative effect on the optical signatures of QDs and the
functionality of the biomolecules.[20] Many works have been reported on the
labelling of QDs for tracking intracellular/extracellular dynamics of a single
cell[22] and biomolecule imaging in vivo and in vitro.[42] In addition to imaging,
biosensing is another important application of the QDs. Within this framework,
for example, glucose sensing has been successfully reported[43], [44] and pH-
sensors/probes have also been developed using QD-dopamine composite
materials.[45]-[47]



2.2 Colloidal Organic Semiconductor

Nanoparticles

n-conjugated systems make another important group of fluorescent
nanoparticles attracting considerable attention. Their small sizes, high
fluorescence capabilities, and photochemical stabilities make these conjugated
systems especially promising for optoelectronics and biological applications.
These materials can be investigated mainly in two groups that are conjugated
polymer nanoparticles (CPNs) and self-assembled small-molecule nanoparticles
that are also known as oligomer nanoparticles (OL NPs). These particles can
be synthesized by three different techniques: miniemulsion, reprecipitation and
self-assembly. In this part of the thesis, we reviewed the synthesis methods of
these m-conjugated nanoparticle systems, their optical properties, and

applications.

2.2.1 Synthesis of organic nanoparticles

Inorganic nanoparticles such as QDs exhibit outstanding optical properties in
addition to a remarkably high photostability. However, possible toxicity problem
of Cd-based QDs along with the difficulties in their surface modification have
directed researchers to fluorescent organic nanoparticles. In this part, we discuss
three different techniques to obtain conjugated polymer nanoparticles (CPNs)
and conjugated small-molecule nanoparticles (CSMNPs).

Polymers are mainly organic macromolecules that constitute of monomers.
Conjugated polymers are a specific class of polymers exhibiting conducting or
semiconducting properties. These features stem from the presence of conjugated
double bonds allowing electrons to move throughout the polymer on the p-
orbitals.[48] CPNs and CSMNPs are usually prepared from these conducting

polymers using techniques reviewed below.[49]
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Figure 2.4. Schematic representation showing different strategies to prepare
CPNs. Reprinted with permission from Ref. [49] Copyright The Royal Society of
Chemistry 2013.

CPNs can be typically synthesized by miniemulsion, reprecipitation and self-
assembly techniques (Figure 2.4). Among them, the miniemulsion method is the
most frequently used technique based on the nanoparticle formation based on a
mixture of water and nonpolar solvent. Briefly in this method, desired polymer
is dissolved in an organic solvent, which is immiscible with water, and then is
injected into water to generate phase difference. Subsequently, this prepared
mixture is stirred swiftly using an ultrasonicator to obtain small polymer
droplets. Finally, the solvent of the CPNs is completely evaporated and particles
are dispersed in water. The diameter of the CPNs can be in the range of 30-500
nm. Ostwald ripening and flocculation can be observed sometimes; however, they
can be avoided by adding additives.[50]

Another approach to obtain CPNs is the reprecipitation (nano-precipitation)
method. In this technique, a hydrophobic polymer is dissolved in a good solvent

and injected rapidly into a poor solvent while stirring with an ultrasonicator. As
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a result of the injection, polymers start to aggregate to decrease the contact with
poor phase and form nanoparticles. In many studies, it is reported that the
concentration of starting polymer solution affects the size of resulting CPNs.[51],
[52]

After the discovery of silole molecules in the beginning of 2000s, synthesis and
use of self-assembled conjugated small-molecule nanoparticles have been initiated
by Tang et al. who reported that nonfluorescent small silole molecules turn out
to be highly emissive after aggregation.[53] The physical reasoning of this
phenomenon is explained by the rotational change of phenyl groups around the
core silole owing to the aggregation, which was shown to weaken the nonradiative
energy transfer. Similar aggregation induced emission observations are also
reported by other groups.[54]-[56] Compared to their conjugated polymers
counterparts, these small-molecule nanoparticles have advantages of possessing
well-defined molecular structures in addition to the capabilities of extremely pure
synthesis and having well-controlled molecular weights.[57], [58] The self-
assembly process of these structures is mainly directed by non-covalent
interactions such as electrostatic interactions, m-7n stacking, van der Waals
interactions, and hydrophobic effects.[59] Briefly in this method, nanoparticles
are obtained by mixing separately prepared polymer solutions under stirring and
formed nanoparticles are collected by centrifugation at high speeds.[49]

Within the framework of this thesis work, we used oligomer nanoparticles
obtained by self-assembly technique. In order to obtain them, first red-emitting
oligomers are synthesized in three steps and dispersed in tetrahydrofuran (THF).
Subsequently, water-dispersible oligomer nanoparticles are obtained by
reprecipitation method using oligomer solution in THF. The experimental details

on the nanoparticle synthesis can be obtained from Refs. [60], [61]

2.2.2 Optical properties and applications of organic

semiconductor nanoparticles

CPNs are promising fluorescent materials particularly for biological applications
thanks to their low toxicity, biocompatible nature and small diameters.
Considering the large absorption cross-section and high quantum yield of -

conjugated systems,[62] these materials are good alternatives to the inorganic
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semiconductor materials (Figure 2.5). The optical features of conjugated
polymers mainly depend on the intra- and inter-chain interactions and can be
tuned by adding numerous functional groups or backbone molecules. For
example, addition of the functional groups to the molecule was shown to change
both of the color and targeting functions.[63], [64] Also, size and aggregation are
other important parameters for emission color and quantum yield. Typically,
lower quantum yields are observed with the increasing size of conjugated
polymers and polymer nanoparticles. This is mainly attributed to the energy
transfer mechanism within the structure. While the particle size is increasing,
the configuration and interaction of many fluorescence quenching sites on the
molecules affect the efficiency of energy transfer. Until 2013, it was believed that
conjugated small molecules and polymers with the same sizes reveal similar
properties. However, Fischer et al.[65] compared these two groups in terms of
size and found that they have significant differences in optical features.
Conjugated polymers are good candidates as drug carries whereas conjugated
small nanoparticles release the drug within a shorter time. On the other hand,
conjugated small-molecule nanoparticles are shown to possess superior optical

features with quantum yields as high as 90% and reported to be as good
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Figure 2.5. Real color images of aqueous CPNs under day light (left) and UV
light (right). Reproduced with permission from Refs. [62], [66] Copyright The
Royal Society of Chemistry 2008 and 2010.

In these nanoparticles, the modification of absorption spectrum depends on
the preparation conditions. If conjugated nanoparticles are prepared by
miniemulsion or reprecipitation techniques, a blue shift is observed in the
absorption spectrum due to the unordered conformation and conjugation length
reduction.[52] However, in self-assembly method, nanoparticles have time to be

well-organized, which shifts their absorption spectrum toward longer
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wavelengths.[67] The absorption cross-section is correlated with the diameter of
the nanoparticles and increases with the increasing size. Considering this, the
absorption cross-sections of small-conjugated nanoparticles and CdSe quantum
dots (in the visible and near-UV range) with similar sizes turn out to be
comparable with each other.[62], [68] Additionally, these conjugated small-
molecule nanoparticles reveal higher absorption cross-sections and florescence
brightness compared to their conjugated polymer counterparts.[69] The
structure-dependent optical features along with high photostability and
brightness make these organic semiconductor nanoparticles suitable for biological
applications and optoelectronics, which we will survey below.

For biological applications, biocompatibility, low toxicity, and dispersibility
in water (or physiological environment) are important parameters in addition to
their chemical functionalization capability. Basically, three different strategies
are carried out to functionalize CPNs. The first and second techniques are based
on the binding of specific groups such as targeting groups, amino or carboxyl
groups, and alkoxyl chains. In general, two strategies can be followed to bind
these groups. In the first method, polymerization is performed following the
binding of groups while the second strategy involves linking the functional groups
to the naked CPNs by employing electrostatic and hydrophobic interactions. The
latter strategy consists of two steps that include i) binding specific groups such
as amino/carboxyl groups to the CPN surfaces and ii) covalently binding
targeting/functional groups such as peptides, proteins, antibodies, and drugs to
the molecules linked in the first step. Some of the functional groups/molecules

and their linking modes are represented in Figure 2.6.
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Figure 2.6. Schematic representation of attachment modes and some of the
functional groups. Reproduced with permission from Ref. [49]. Copyright The
Royal Society of Chemistry 2013.

The biological use of these functionalized CPNs can be grouped as fluorescence
imaging, antibacterial/antitumor activities and drug/gene delivery. Both of the
targeted and non-targeted CPNs have been reported for fluorescence imaging. In
a study by Li et al,[70] folic acid was linked to poly(DL-lactide-co-
glycolide)/conjugated polymer co-encapsulated nanoparticles and targeted to
MCEF7 breast tumor cells. Under fluorescence imaging, it was observed that folic
acid functionalization significantly enhances cellular uptake of the nanoparticles
through receptor-mediated endocytosis. Non-targeted NPs can also be uptaken
by cells, however, their uptake efficiency turns out to be very low. Another
application field of CPNs is photodynamic therapy (PDT). This was discovered
by Whitten et al[71] in 2005. Researchers found out that cationic
poly(phenyleneethynylene) (PPE) derivative have antibacterial effect on gram-
negative FEscherichia coli and gram-positive Bacillus anthracis. Moreover,
antitumor activity of CPNs are also demonstrated by Chong et al.[72] CPNs are
also preferred as gene or drug carrier due to their low toxicity and optical
properties. In this respect, there are additional reports on the delivery of small

interfering RNA[73] and plasmid DNA.[74] Also, drug delivery studies were
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carried out by different groups.[60], [75] In a study reported by Pennakalathil et
al.,[60] hydrophobic anticancer drug loaded pH sensitive red-emitting CPNs were
synthesized and shown to be as a good candidate for drug delivery.

CPNs are good materials not only for biological applications, but also for
optoelectronic applications. Photovoltaic devices [76], [77], energy transfer
systems [78]-[80] and LEDs [76], [81], [82] are among the main fields that CPNs
are employed. Since we used conjugated small nanoparticles as color-converters
on blue-emitting LEDs in this thesis, here we will focus on lighting applications
of CPNs in this part. In this respect, white-emitting CPNs have been synthesized
and optically characterized in a study reported by Park et al. [81] In this work,
crosslinking via UV exposure was shown to create a core/shell type nanoparticle
that allows for controlling the photoluminescence spectra. The use of these
nanoparticles on LEDs enabled obtaining a cool-white shade LED having a
moderate color rendition performance. The researchers reported that these
materials have high efficiency under low optical power levels, and can be used in
lighting application as color-converters. In another study, methyl-substituted
ladder-type poly(p-phenylene) nanoparticles were synthesized by miniemulsion
method and used for LEDs. Results showed that LEDs obtained by this approach
have better optoelectronic properties compared to polymer based organic light
emitting diodes (OLEDs) [82]. In another work, Huyal et al. demonstrated the
use of polyfluorene based CPNs for white LEDs exhibiting a successful color
rendition capability.[83] In another work reported by the same group, these
nanoparticles were shown to exhibit a high quantum yield reaching ~70% in solid
films, which proves the suitability of the CPNs on LEDs as color-converters for
high-efficieny white LEDs.[84] The hybridization of the CPNs with
semiconductor QDs was also shown as another technique for obtaining high-
quality lighting. Within this framework, Demir et al. co-integrated blue-emitting
CPNs together with yellow-, green-, and red-emitting QDs to obtain white light.
The resulting material system exhibited a warm white shade with a reasonable
color rendering capability.[85]

Usually, solution-processed CPNs have been used in most of the studies due
to the decreased efficiency problems following the film preparation. This decrease
occurs depending on the aggregation and increased inter- and intra-chain

interactions of CPNs in the film state, which also causes a red shift in the
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emission spectrum.[84], [86] To address this problem, we developed a new
technique to increase the fluorescence efficiency of conjugated small nanoparticles
(OL NPs) in the film state for the lighting applications, which will be explained
in detail in Chapter 3.

2.3 Colloidal Superparamagnetic Metal

Oxide Nanoparticles

Another class of nanoparticles used in this thesis is based on metal oxides. Metal
oxide nanoparticles can be considered as an important material system for
nanotechnology in its broadest sense. For instance, zinc oxide nanoparticles can
be used as electron transport layers in light-emitting and light-harvesting
devices,[87] titanium dioxide nanoparticles are preferred in solar cells and in
catalysis applications[88] whereas nanoparticles having magnetic character such
as manganese oxide, cobalt oxide, and iron oxide are promising for magnetic
resonance imaging (MRI) and hyperthermia.[89] In this thesis work, we studied
the potential of iron oxide nanoparticles possessing various sizes and shapes for
use as contrast agents in MRI. Therefore, here we focus on the iron oxide
nanoparticles (IO NPs). In this section, after discussing the importance of size
and shape controlling of 10 NPs, we provide a concise introduction on their
crystal structures and synthesis and the strategies for their surface modification,
which is very important for the toxicity issues and organic-to-water phase

transition.

2.3.1 Synthesis of metal oxide nanoparticles

Iron oxide nanoparticles are very promising materials owing to their low toxicity
and magnetic properties. Because of their superparamagnetic nature, they can
be manipulated by an external field and lose their magnetization after the
removal of magnetic field, which prevents agglomeration in the physiological
environment. Thanks to these advantages, they especially find use in biomedical

applications, particularly in magnetic resonance imaging (MRI).[90]



Before providing information on the synthesis techniques of 10 NPs, we will
first discuss the importance of size, shape, microstructure, and uniformity on the
magnetic properties and the frequently observed crystal structures of 10 NPs.
Particle size is one of the most important parameters affecting all of the magnetic
features of the IO nanoparticles. While the bulk 10 materials have multidomain
structures, it changes with the decreasing size and a single magnetic domain is
energetically preferred when the size decreases below a critical particle
diameter.[91] These single domain nanoparticles exhibit superparamagnetic
behavior and no hysteresis loop is observed. On the other hand, ferrimagnetic

materials show hysteresis loop as also shown in Figure 2.7.
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Figure 2.7. Influence of the particle size on the magnetic properties of iron oxide
nanoparticles, shown along with their TEM images. Reproduced with permission
from Refs. [92]-[95] Copyright American Chemical Society 2008, 2011, and 2015.
Copyright Nature Publishing Group 2004.

Particle shape is another parameter affecting magnetic behaviors. For
instance, Sayed et al. [96] synthesized several uniquely shaped IO NPs such as
nanorods, nano husk, nanocube, porous spheres, and self-oriented flowers. They

tuned the shapes of the IO NPs by changing the precursor iron salts and
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investigated their crystal structures. Results demonstrated that both the size and
shape affect the crystal structure, which results in the variation of magnetic
features. Since the size and shape of the IO NPs have a significant role in the
magnetic properties of the nanoparticles, the nanoparticle uniformity is also an
important concern in the iron oxide synthesis. Heterogeneous nanoparticles
negatively affect the total magnetic response, while reproducible well-defined
magnetic response can be recorded when NPs of homogenous size and shape

distribution are obtained.[97]

10 NPs may have different crystal structures including hematite (o-Fe;Os),
maghemite (y-Fe;Os) and magnetite (Fes04).[98] Hematite has weak
ferromagnetic properties at room temperature, and is very rarely preferred due
to this disadvantage. Although maghemite nanoparticles possess ferrimagnetic
behavior at room temperature, they become unstable at high temperatures.
However, it was reported that doping maghemites with other metals is a good
approach to enhance their stability.[92] IO NPs having magnetite crystal
structure are among the most widely-studied materials for biological applications
and are considered to be more favorable compared to the hematite and
maghemite counterparts owing to their biocompatibility and size-dependent
magnetic features.[99] Although bulk magnetite has ferrimagnetic property at
room temperature, small NPs (<20 nm) have a single domain and display

superparamagnetic behavior.[100], [101]

Within the last few decades, various techniques have been reported on the
syntheses of metal oxide nanoparticles such as hydrothermal synthesis,[102]
microemulsion method,[103] sol-gel syntheses,[104] thermal decomposition
method,[17], [105] laser pyrolysis technique,[89] co-precipitation method,[106]
sonochemical reactions,[107] flow injection syntheses,[108] and electrospray
syntheses.[109] Among these, the most common techniques for the synthesis of
iron oxide nanoparticles include co-precipitation, microemulsion and thermal

decomposition methods, which will be explained below.

Co-precipitation is a very simple approach for the synthesis of IO NPs. In this
technique, aqueous solutions of ferrous and ferric salts are aged following the

base addition under inert atmosphere.[97] This process can be carried out at
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room temperature or higher temperatures. Although large amounts of NPs can
be obtained by this technique, particle size distribution of NPs is limited and
controlled by many parameters such as salt type, salt concentration, PH, and

ionic strength of the system.[110]

Microemulsion is another technique to obtain 10 NPs. In this method, oil is
mixed with the surfactant added water to obtain immiscible two phase, where
droplets are formed. Some of the widely used surfactant molecules are sodium
dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB) and
polyvinylpyrrolidone.[111] Here, surfactant is mainly used for stabilization and
the ratio of surfactant/water is an important parameter for controlling the
particle size and distribution.[97], [112] To date, numerous nanoparticles such as
iron oxide,[113], [114] polymer/iron oxide composite nanoparticles [115], [116]
and metallic iron nanoparticles [113], [117] have been synthesized using this
approach. However, since the low temperature is used in this route, the

crystallinity and the magnetic properties of these SPIONs become very poor.

The last synthesis technique, which will be discussed here, is thermal
decomposition (pyrolysis) method. It is based on the phase decomposition and
oxidation of organometallic compounds such as iron-acetylacetonate (Fe(acac)s;),
iron (III) chloride (FeCls) and iron pentacarbonyl (Fe(CO);) in high-boiling
organic solvents consisting of varying surfactants.[112] Frequently used
surfactant molecules are fatty acids such as oleic acid, linoleic acid, palmitoleic
acid, and fatty amines such as oleylamine. Although thermal decomposition
method is an old technique, it made important progress over time. In the first
studies involving this method, a further size-selection procedure was required to
have monodisperse nanoparticles.[118] However, in 2001, Hyeon et al. eliminated
the size selection process and synthesized relatively uniform IO NPs with iron
pentacarbonyl precursor, oleic acid, and octyl ether without size selection.[119]
Three years later, Jana and co-workers [89] applied this technique to numerous
magnetic oxide nanoparticles such as chrome, manganese, iron, cobalt, and
nickel. They used heat to decompose the metal fatty acids in organic solution
and managed to synthesize nanoparticles possessing well-controlled size

distribution. At the same time, pyrolysis technique was successfully employed



for the synthesis of highly uniform ultra-large scale iron oxide nanoparticles by
Park et al. [105]. In this study, researchers synthesized iron-oleate (Fe-oleate)
precursor with the reaction of freshly synthesized sodium-oleate (Na-oleate) and
iron chloride. Subsequently, uniform superparamagnetic iron oxide nanoparticles
(SPIONSs) were synthesized by thermal decomposition of Fe-oleate precursor in
the mixture of oleic acid and ODE (Figure 2.8). Although high-quality iron oxide
nanocrystals can be synthesized using this method, the major problem is the
dispersibility of the resulting nanoparticles. These as-synthesized iron oxide
nanoparticles can be dispersed only in organic solvents, which is a big challenge
for the use of these materials in biological studies.[112] However, this problem
can be overcome with ligand exchange or surface coating strategies, which will

be described in detail in Section 2.3.2.

Metal Metal-oleate
: + Na-oleate —> + NaCl
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Figure 2.8. Summary of uniform iron oxide nanoparticle synthesis by thermal
decomposition method along with TEM image of resulting IO NPs. Reprinted
with permission from Ref. [94] Copyright Nature Publishing Group 2004.

2.3.2 Surface modification of iron oxide nanoparticles
for organic-to-water phase transition and against

toxicity

Since IO NPs are desired to employed for the diagnosis and therapy of diseases

in clinics, understanding their toxicity is essential. The reactivity of nanoparticles
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is in general higher than their bulk materials due to their large surface area-to-
volume ratio, which triggers undesirable reactions within the physiological
environment.[120] The main toxic effects of iron oxide nanoparticles arise from
their instability over long periods in biological system and the generation of
reactive oxygen species (ROS) at high iron concentration levels. Among them,
particularly ROS mechanism is responsible for the toxicity of IO NPs by
damaging very important structures such as protein, deoxyribonucleic acid
(DNA), and mitochondria within the cell, which leads to apoptosis (cell
death).[121] For the degradation of IO NPs, mainly endocytosis route is used
and, as a result, iron ions are released. Then, the ferritin proteins incorporate
these free ions and store them after detoxification process. This mechanism is
also known as iron homeostasis and avoids the toxicity of iron oxide
nanoparticles.[122] However, if the concentration of iron ions significantly
increases in the body, this protection mechanism becomes insufficient and free
radical ions start to form, which induces cell death.[123] To address this issue,
antioxidants and iron chelation agents can be used.[124] Also, reticuloendothelial
system (RES) is a very important mechanism taking role to decrease the I0 NP
toxicity. Briefly, RES can recognize agglomerations or hydrophobic and charged
IO NPs due to the opsonization mechanism and remove them from the

circulation within a short time interval [125].

In order to disperse the iron oxide nanoparticles in water and minimize their
toxicity, typically two main strategies referred to as encapsulation and ligand
exchange are employed (Figure 2.9). Encapsulation is a widely used strategy for
the surface modification of I0 NPs.[126]-[128] In this technique, a layer of water-
soluble materials is formed on the surface of the IO NPs by coating. These surface
coating materials can be classified as natural and synthetic polymers, inorganic
materials such as silica, and biological molecules such as biotin, proteins,
antibodies, and peptides.[98] Among the polymers, polyethylene glycol (PEG)
and dextran are two of the frequently used natural polymers for coating the 10
NPs owing to their low cost and biocompatibility. For instance, in a study,
dextran coated 10 NPs were reported nontoxic for human monocyte-
macrophages even at their high concentrations.[129] Silica is a transparent

inorganic matrix that is also employed as a coating material. Although silica
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coating increases the final diameter of the IO NPs, it significantly improves the
biocompatibility and stability of the NPs. Also, there are some studies reporting
that silica-coated large IO NPs can be cleared from kidney and urinary bladder,
which are the main routes for the excretion of molecules typically smaller than
6 nm.[130]-[132] Biological molecules are another large group that have been
used for the purposes of targeting and decreasing the toxicity of IO NPs. These
molecules can be immobilized on the surface of the IO NPs via chemical bonding
or physical adsorption. For instance, Lee et al. successfully linked streptavitin
molecule to y-Fe;O3 IO NPs following the carboxyl group attachment to the
surface. They reported that these functionalized nanoparticles can catch biotin-

labeled oligonucleotides.[133]
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Figure 2.9. Illustration of different approaches for the phase transition of IO NPs.
Reproduced with permission from Ref. [134] Copyright The Royal Society of
Chemistry 2015.

Another popular approach to produce water-soluble biocompatible IO NPs is

the ligand exchange. Briefly, in this method, organic solvent soluble NPs are
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transformed into water by exchanging hydrophobic ligands attached to the
nanoparticle surface such as oleic acid, oleylamine, hexadecanediol with
multifunctional hydrophilic ligands. Some of the frequently used hydrophilic
groups are 3-mercaptopropionic acid (MPA), 1l-mercaptoundecanoic
acid (MUA), and thioglycolic acid (TGA). For effective ligand exchange
reaction, excess amounts of ligands are added on organic solvent-dispersible 10
NPs solution and vortexed for a while.[135] The stability of these nanoparticles
after ligand exchange procedure strongly depends on the number of bounded
ligands to the surface. If this process results with low affinity, particles become
unstable and aggregates in the water.[92] IO NPs can also be easily transferred
to buffer by employing dopamine as a robust anchor and it is reported that this
strategy is very effective to prepare stable 10 NPs.[136] In another work,
hydrophobic ligands were exchanged with octa(tetramethylammonium)-
polyhedral oligomeric silsesquioxane (TMA-POSS) and all solution was

transferred to water phase successfully.[137]

This review in this chapter allows for the complete introduction of all types
of nanoparticles that were colloidally prepared, systematically studied and used

in various targeted applications in this thesis.
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Chapter 3

Organic Monoliths of Colloidal
Oligomer Nanoparticles for High-
Stability, High-Efficiency Color
Conversion

In this chapter of the thesis, we present our study on increasing the efficiency
and stability of the oligomer nanoparticles in solid state. Here, we wrapped
oligomer nanoparticles with an organic matrix, which is sucrose in our case, and
formed organic emissive monoliths from the powders of these oligomer
nanoparticle incorporating sucrose crystals. Using this new approach, we
increased the QY of the oligomer nanoparticles by ~7.5 times compared to their
drop-casted solid films, which brings their efficiencies to comparable levels with
that of inorganic emitters. Moreover, we investigated the temperature stability
of these monoliths and observed a ~3-fold improvement compared to drop-casted
films of the oligomer nanoparticles. These results revealed that the efficiency and
stability of the oligomer nanoparticles can be significantly improved by
incorporating them into nonionic organic crystalline matrices.

This chapter of the thesis is mainly based on Z. Soran-Erdem®*, T. Erdem*,
K. Gungor, J. Pennakalathil, and H. V. Demir, “High-Stability, High-Efficiency
Organic Monoliths Made of Oligomer Nanoparticles Wrapped in Organic
Matrix” (2016) [61] (*equal contribution). Reproduced with permission from
American Chemical Society © 2016.

3.1 Motivation

Conjugated polymers, which gain their semiconducting features from the

delocalization of m-electrons along the polymer chain,[138] have attracted
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significant interest for numerous applications including light-emitting diodes
(LEDs),[81], [139], [140], [66] solar cells,[141]-[143] bioimaging,[62], [144] and
sensing.[145] Their easy processability is the main factor making them highly
attractive for the aforementioned applications.[146] Additionally, the structure
of used monomers allows for tuning their absorption and emission spectra.
Attaching various side groups further increases their functionality in terms of
the applications.[138] A key acquisition of these conjugated polymers is the
capability of their nanoparticle formation resulting in increased dispersibility in
water, low toxicity, and reduced sensitivity of the optical features to
environmental changes such as thin film formation.[147] However, the problem
of significant decrease in the quantum yield (QY) after solution to nanoparticle
(NP) and film transition, which is attributed to the aggregate-induced
depopulation of the excitons,[84], [86], [148], [149] still persists and strongly

restricts the use of conjugated polymers in solid film.

Recently, conjugated oligomer-based nanoparticles have emerged as an
alternative to the conjugated polymer nanoparticles.[150] Oligomer (OL)
nanoparticles constitute of smaller molecules with well-defined molecular weight
compared to conjugated polymer nanoparticles allow for faster guest release,
which is especially attractive for drug delivery applications. Furthermore, Fischer
et al. reported a higher fluorescent quantum yield with comparable stability and
molar absorptivity in comparison with conjugated polymer nanoparticles.[151]
However, the related literature is still scarce despite the potential of this class of
organic nanoparticles. Among the few studies is the work of Dang et al., which
reports the synthesis and characterization of copper phthalocyanine oligomer
nanoparticles.[152] In another study, Liu et al. employed conjugated oligomers
to functionalize gold nanoparticles and studied their self-assembly as spherical
particles.[153] And recently we demonstrated the use of pH-sensitive orange-
emitting conjugated oligomer nanoparticles as drug delivery agents on MCF7
and MDA-MB-231 breast cancer cell lines.[150]

Nevertheless, these OL NPs could not yet be successfully implemented for
solid-state lighting application. The main reason behind this has been the

inability to obtain strongly emitting color-converting solid films. For example,



spin-coating technique forms only very thin films, limiting the applicability of
the nanoparticles as color-converters on LEDs. Drop-casting, on the other hand,
allows for the formation of thick films that might be suitable for color conversion;
however, in this case the resulting low quantum yields associated with the
aggregation remain as the main bottleneck. In addition to these, their emission
stability at elevated temperatures is prohibitively low. This problem has to be
addressed for possible deployment in industrial use. This is because the light-
emitting diode chips driven at high currents that optically excite the
nanoparticles expose the nanoparticles to high temperatures. Previously,
inorganic semiconductor nanocrystals were investigated using a salt matrix,[9],
[13], [154] for which our group studied similar stability issues.[10], [155] However,
to date OL NPs have never been investigated to remedy the critical problems of
low quantum yield and low temperature stability. Currently, there exists no
materials solution to make high-stability, high-efficiency oligomer nanoparticles

in solid form.

To address these challenges and achieve highly stable and emissive organic
solids applicable to solid-state lighting, in this chapter we show the incorporation
of oligomer nanoparticles into a host crystalline matrix and formation of high-
efficiency and high-stability all-organic monoliths from their powders. We
observed that immobilizing these nanoparticles within a salt matrix does not
help to improve their QYs. However, wrapping them in an appropriate organic
crystal (in our case, sucrose) increases the QY to ~7.5 times compared to their
direct solid film without using a crystal host, also accompanied by a ~3-fold

improved temperature stability.

This approach brings the performance of the oligomer nanoparticles in solid
state to comparable levels with that of inorganic emitters. We subsequently
investigated the emission dynamics of the OL NPs integrated into the host
crystal sucrose and attributed the efficiency increase to possible reversible non-
covalent interactions between the organic nanoparticles and sucrose lattice. The
achieved thickness, size, QY, and stability of the OL NP integrated sucrose
monoliths make the oligomer nanoparticles suitable for solid-state lighting

applications. With this motivation, we demonstrated a proof-of-concept LED
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employing OL NP monoliths as color-converters on a blue LED chip. Considering
the simplicity of our methodology along with the significantly improved QY,
temperature stability, and low cost of the OL NP monoliths presented here, this
approach makes the ubiquitous use of OL NPs achievable for solid-state lighting

and possibly other photonic applications.

3.2 Experimental Methodology

3.2.1 Chemicals

All chemicals and solvents to synthesize OL and OL NPs were purchased from

Sigma-Aldrich Chemical Co. (Germany). Sucrose was also obtained from Sigma-
Aldrich Chemical Co.

3.2.2 Synthesis of 3,3’,3",3"-{[(1E,1'E)-2,1,3-
benzothia-diazole-4,7-diylbis(ethene-2,1-diyl)]-bis(9H-
fluorene-9,9,2-triyl) }-tetrakis(N,N-dimethylpropan-1-

amine) oligomer nanoparticles

Before OL NP preparation, oligomer was synthesized according to the procedure
reported by Pennakalathil et al.[150] In order to convert the OL into
nanoparticles, 10 mg of oligomer was dissolved in 10 mL of THF and the resulting
solution was filtered through 0.45 pm syringe filter. 1 mL of this OL solution
was injected into 20 mL of deionized water slowly under sonication. After 30 min
sonication, THF was removed under reduced pressure at room temperature via

rotary evaporator.

3.2.3 Dynamic light scattering (DLS) measurements

Dynamic volume of OL NPs was measured using Malvern Nano-ZS Zetasizer.

Size distribution of number was reported as the average diameter.
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3.2.4 Preparation of crystals, monoliths, and films

Sucrose stock solution used in this study was prepared by dissolving sucrose (260
g) in 500 mL Milli-Q water. For the crystallization, 1, 2, 3 and 4 mL of OL NP
solution (0.11 mg/mL) was mixed with the 2 mL of saturated sucrose stock
solution. Water of the mixtures was evaporated on a vibration minimizing pad
purchased from Sorbothane at room temperature. After a few days of drying,

formation of macrocrystals was completed (OL NP crystals).

In order to obtain OL NP powders, these crystals were mechanically powdered
using a mortar. OL NP monoliths for all concentrations were prepared by
applying pressure. Briefly, ~80 mg of OL NP powders were placed between two
stainless steel disks and a pressure of 5400 psi was applied using a hydraulic
press for 5 min at room temperature. The thickness and size of the monoliths
were measured as 0.5 and 13.0 mm, respectively. For comparison, films of OL
solution in THF and OL NP solution in double distilled water (ddH,O) were
prepared by dropping 100 pL of these solutions onto a glass substrate and dried

at room temperature.

3.2.5 Transmission electron microscopy (TEM)

Morphological structure of the OL. NPs was investigated using a FEI Tecnai G2
F30 transmission electron microscope. Sample for imaging was prepared by
dropping 2 pL of stock OL NP solution on a 200 mesh copper grid and staining

with uranyl acetate (2%, w/v) for 1 min.

3.2.6 Focused ion beam scanning electron microscopy
(FIB-SEM)

Oligomer nanoparticle cross-sectional images were taken using FEI NanoSEM
dual beam system. OL NPs with the different diameters were spin coated onto a
silicon wafer. Prior to imaging, protective platinum layer was coated with
electron beam and ion beam, respectively. Careful ion etching was performed at

low ion currents and cross-sectional images were obtained after etching.



3.2.7 X-ray diffraction spectroscopy (XRD)

Crystal structures of OL. NP crystal, powder, and monolith were investigated
using a Panalytical X'pert Pro Multi-purpose X-Ray Diffractometer operated at
45 kV and 20 mA with Cu Ka radiation and a diffracted beam monochromator.
XRD spectra were obtained between 10° to 60 ° of the 26 angle with a step size
of 0.01°.

3.2.8 Photoluminescence (PL) and quantum yield

(QY) measurements

PL spectra of varying forms of OL and OL NPs were taken using an Ocean
Optics Maya 2000 spectrometer equipped with an integrating sphere, a Xenon
lamp, and a monochromator at an excitation wavelength of 400 nm. QY of
solutions, films, and OL NPs in crystal, powder, and monolith forms were
obtained using the method described elsewhere.[10], [156] Statistical analyses
were performed using GraphPad Prism 5, and one-way ANOVA and Tukey’s
multiple comparisons post-tests were employed to determine the statistical

difference in quantum efficiencies.

3.2.9 Lifetime and temperature dependent lifetime

measurements

Time-resolved fluorescence decays of the OL NP dispersion, drop-casted film,
crystals, powders and monoliths were acquired by using a PicoHarp 200 time-
resolved single photon counting system (PicoQuant). The time-resolved photon
count decay curves were recorded at the wavelengths where the emission maxima
were observed in the PL measurements. Amplitude-averaged lifetimes were
extracted by exponential reconvolution method using the FluoFit software.
Temperature dependent lifetime of OL NP film and OL NP monolith were
measured at 50, 100, 150, 200, 250, and 300 K using the same set-up.
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3.2.10 LED preparation

The OL NP monoliths were directly placed on an Avago ASMT blue LED. The
luminance was recorded under varying current flows between 10-350 mA using
an Ocean Optics integrating sphere and spectrometer. Colorimetric and

photometric characterizations were carried out employing in-house written codes.

3.3 Results and Discussion

Oligomer nanoparticles were prepared according to a recently reported
procedure.[150] To investigate the effect of the incorporated conjugated OL NPs
amount on QY, four different OL NPs embedded sucrose crystals were prepared
by mixing the varying volumes (1, 2, 3, and 4 mL) of 1.3 mM aqueous dispersion
of OL NPs with 2 mL of saturated sucrose solution (1.5 M). Crystals were
allowed to grow slowly at room temperature over 10 d. Subsequently, the crystals
were powdered by mechanical grinding and then transformed into their disc-

shaped monoliths by applying a pressure of 5400 psi.

60

Quantum Efficiency (%)

50 |
a0 |

30 |

20

10

26.4

30.7

Crystals

Powders

AT
36.5

30.7

Monoliths
43.5

Figure 3.1. (a) Quantum yields of OL NP dispersion, OL NP drop-casted film

and OL NPs as a function of concentration in crystal, powder, and monolith
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forms. Reprinted with permission from Ref. [61] Copyright American Chemical

Society 2016.

As shown in Figure 3.1, the QY is maximized in the sample immobilizing 3
mL of OL NP in crystal, powder, and monolith form. Therefore, here we mainly
focus on 3 mL OL NP incorporating samples with the highest efficiency
throughout the manuscript (unless otherwise stated). For this sample, we
calculated the concentration of the oligomer nanoparticles to be 11.8 pmol in 1
mg of the crystals by re-dissolving the crystals in sucrose and recording the
absorption spectrum. The OL NP incorporating crystals were denoted as “OL
NP crystal”, the powders made from these crystals as “OL NP powder”, and the
monoliths prepared using these powders as “OL NP monoliths”. The procedure
of obtaining oligomer nanoparticles and the real color images of OL NP

dispersion, crystal, powder and monolith are represented in Figure 3.2.

Oligomer nanoparticle
(OL NP) in water

Oligomer in THF

——— -

Dropwise to water under
sonication

QY: 36.0% QY: 42.4% QY: 43.5%

Figure 3.2. Schematic diagram depicting the preparation of oligomer
nanoparticles and the real color images of OL NP in dispersion, crystal, powder,
and monolith form, along with their quantum yields. Reproduced with

permission from Ref. [61] Copyright American Chemical Society 2016.
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The photoluminescence (PL) spectra of OL in tetrahydrofuran (THF) and
their drop-casted films along with the PL spectra of OL NPs in water, their films,
powders, and monoliths were measured and displayed in Figure 3.3. The
emission peak of the oligomer solution in THF (OL solution) was monitored at
576 nm and this peak red-shifted in solid film and in nanoparticle aqueous
dispersion to 596 nm (Figure 3.3a), which we attribute to the nonradiative
interaction between oligomer molecules in close proximity. When we compare
the PL spectra (Figure 3.3b), we observe that crystal, powder, and monolith
emissions blue-shifted and became narrower compared to the OL NP dispersion
and its film. Additionally, there is a more profound blue shift in powder and

monolith compared to crystals.
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Figure 3.3. (a) Photoluminescence spectra belonging to OL solution in THF, OL
NP dispersion in water, and their solid films. (b) Photoluminescence intensity of
OL NP dispersion, solid-film and OL NP crystal, powder, and monolith. Insets
show the real-color images of OL NP crystal, powder, and monolith. Reproduced

with permission from Ref. [61] Copyright American Chemical Society 2016.

We also measured the absorption spectra of the OL NP film, powder, and
monolith. Our results presented in Figure 3.4 show no significant difference
between the absorption capabilities of these materials except a slight increase in
crystals, monoliths, and powders compared to OL NP film, which possibly stems
from the increasing scattering of the excitation photons pumping OL NPs within

sucrose matrix leading to improved absorption.
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Figure 3.4. Absorption spectra of the OL NP film, OL NP crystal, OL NP
powder, and OL NP monolith. These measurements were taken using an
integrating sphere equipped with a Xenon lamp due to the scattering nature of
these materials. Reprinted with permission from Ref. [61] Copyright American

Chemical Society 2016.

We next measured the QY of OL NP dispersion, its solid-film, and crystal,
powder, and monolith form of OL NP using the methodology reported in Refs.
[10] and [156] The significance of QY differences were analyzed using a one-way
ANOVA statistical test. As depicted in Figure 3.5b, the QYs of the OL NP
dispersion and film turned out to be very similar and were calculated as 4.24+0.7%
and 6.14+1.4%, respectively. After the crystallization of OL NP within the
sucrose, the QY of the crystal (36.0£1.7%) surprisingly increased by ~6-fold

compared to the nanoparticle film.
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Figure 3.5. (a) Real-color photographs of OL NP in all forms along with sucrose
crystals, powders, and monoliths prepared without OL NPs under daylight and
UV light excited at 365 nm. (b) Quantum efficiency (ns: nonsignificant) and (c)
lifetime of OL NPs in dispersion, solid film, crystal, powder, and monolith form.
Reprinted with permission from Ref. [61] Copyright American Chemical Society
2016.

This significant increase in the QY clearly suggests that the sucrose molecules
passivate the nonradiative transitions in the OL NPs. It is also possible that
sucrose molecules separate the OL NPs, which in turn contributes to both a QY
increase and blue-shifts, and narrows the emission spectrum. We also observed
that powdering the crystals further increased the QY to 42.44+1.0% and the QY
of the OL NP monoliths were measured to be 43.5+1.7%, which is ~7.5 times
that of the OL NP film. Since we do not expect any chemical interaction or
additional passivation to occur during the powdering of crystals, we hypothesize
that removal of unfavorable strain effects in the crystals contributed to the QY
increase in powders as well as improved light outcoupling thanks to the scattering
nature of powders. Because the roughness of the powder particles significantly
decreases during the monolith formation, we expect that the scattering effects

weaken and QY decreases in the monoliths. However, the QYs of powders and
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monoliths are still very similar, which suggests that it is mainly strain effects

that influence QY increase more than scattering effect.
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Figure 3.6. Photoluminescence peaks of OL NP crystals, powders, and monoliths
as a function of OL NP incorporation along with their quantum efficiencies.
Reproduced with permission from Ref. [61] Copyright American Chemical

Society 2016.

In our measurements, we observed that the QY increases are correlated with
the blue shift of the emission peak (Figure 3.6 and 3.7) suggesting a
passivation mechanism, which should also affect the fluorescence lifetime of the
nanoparticles. In order to reveal these dynamics, we performed time-resolved

fluorescence decay measurements.
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Figure 3.7. Photoluminescence peaks and quantum efficiencies of oligomer in
THF, oligomer NPs in water, and their drop-casted films. Reproduced with
permission from Ref. [61] Copyright American Chemical Society 2016.

The calculated lifetimes presented in Figure 3.5¢ showed a clear increasing
pattern similar to the QY measurements for all the samples indicating an
inhibition of the nonradiative processes. We also performed time-resolved
fluorescence decay measurements at reduced temperatures down to 50 K (Figure
3.8a). We observed that the lifetime of the OL NP film lengthens more (40.4%
change) with decreasing temperature while the lifetime of the OL NP monolith
lengthens less (23.6% change) compared to the OL NP film. These results
strongly suggest that temperature dependent nonradiative transitions such as
diffusion of excitons may dominate in the OL NP film. In the OL NP monolith,
however, those transitions seem to be suppressed and the nonradiative

transitions with weaker temperature dependence prevail.
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Figure 3.8. (a) Temperature dependent lifetimes of drop-casted oligomer
nanoparticle film and OL NP monolith. (b) Lifetime change in re-dissolved
crystal, powder, and monolith compared to OL NP dispersion in water and in
sucrose solution without crystallization. Reprinted with permission from Ref. [61]

Copyright American Chemical Society 2016.

The QY data along with the steady-state PL spectra and time-resolved
fluorescence decay measurements show that the optical features of the OL NPs
are improved upon incorporation into sucrose. These changes might stem from
physical or chemical interactions between the sucrose molecules and the
incorporated OL NPs. To reveal the details regarding possible interactions, we
compared the fluorescence lifetimes of the OL NP dispersion, OL NP in sucrose
solution (without crystallization), and re-dissolved OL NP crystal, powder, and
monolith in water. As represented in Figure 3.8b, lifetimes of the re-dissolved
crystal, powder, and monolith shorten and converge to the initial lifetime of OL
NPs. Similarly, we observed a sharp decrease in the QY of the OL NP crystal,
powder, and monolith toward the QYs of the OL NPs in the dispersion.
Furthermore, we kept the OL NP sample in sucrose solution for one week and
did not record any change in the lifetime and QY. Our attempts to detect any
chemical interaction using Raman and X-Ray photoelectron spectroscopies have
failed due to the dominance of the sucrose signal. These findings suggest that
reversible physical and/or possibly noncovalent interactions (such as hydrogen
bonding) between the OL NPs and sucrose molecules may be the main causes of

the observed changes in the optical features.
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Figure 3.9. Real color photographs of the mixtures consisting of OL NP
dispersion and saturated sucrose evaporated in vacuum chamber and in
lyophilizer together with the photographs of their powders and monoliths under
ambient lighting and UV illumination. Reproduced with permission from Ref.

[61] Copyright American Chemical Society 2016.

To understand the effect of the crystal structure on the QY of the OL NPs
incorporated into sucrose, we quickly evaporated the solvent of the mixture
consisting of saturated sucrose solution and the OL NP dispersion using a
vacuum chamber and also using a lyophilizer (Figure 3.9), then powdered these
highly amorphous solids, formed their monoliths, and measured their QYs. We
observed that the samples prepared using these fast evaporation techniques
acquire similar QYs compared with the samples prepared by slowly evaporating
the water (Table 3.1). Therefore, we conclude that having a well-defined crystal
structure does not play a significant role in achieving high QYs while the
passivation of nonradiative transitions in sucrose host may be the strongest

reason of QY enhancement.



Table 3.1. Quantum efficiencies of the OL NP powders and monoliths that are
prepared by slowly and quickly evaporating the water of OL NP dispersion and
saturated sucrose mixture. Fast evaporation was carried out using two different

methods: a vacuum chamber and a lyophilizer.

Slow Fast Evaporation Fast Evaporation
Evaporation using Vacuum using
Chamber Lyophilizer
Powder 42.4% + 1.0% 44.1% + 0.2% 42.4% + 1.0%
Monolith 43.5% + 1.7% 43.3% + 1.5% 42.9% + 1.1%

Since the improved temperature stability of the color-converting emitters are
of significant importance especially for the solid-state lighting, we studied the
photoluminescence intensity change of the OL NP film and OL NP monolith at
65 °C and 130 °C, which are carefully chosen for lighting applications (Figure
3.10 and Figure 3.11).
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Figure 3.10. Normalized temperature stability of OL NP solid film (pink, circle)

and OL NP monolith (blue, square) at (a) 65 °C and (b) 130 °C. Reprinted with
permission from Ref. [61] Copyright American Chemical Society 2016.
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Figure 3.11. Photoluminescence spectra of the drop-casted OL NP film at (a) 65
degrees and (b) 130 degrees along with the photoluminescence spectra of OL NP
monolith at (¢) 65 degrees and (d) 130 degrees. Reprinted with permission from
Ref. [61] Copyright American Chemical Society 2016.

These temperatures were deliberately selected because we measured the
temperature of the LED chip around the location, where the monolith is placed,
around 65 °C (Figure 3.12) using an infrared camera. Moreover, the typical

junction temperature of the InGaN/GaN-based LED chips is above 130 °C.[157]
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Figure 3.12. Thermal camera image of the LED driven at 350 mA. Reproduced
with permission from Ref. [61] Copyright American Chemical Society 2016.

In our emission stability tests, we heated the samples on a hot plate at these
temperatures without interruption and recorded their PL intensities at different
time points. As shown in Figure 3.10a, the OL NP film lost 45% of its initial PL
intensity within 25 min at 65 °C; on the other hand, the OL NP monolith lost
only 7% of its PL intensity at the same time interval. After 5 h of exposure, OL
NP film lost 69% of its PL intensity, whereas the monolith lost just 18% of its
PL. The pattern was similar for the samples heated at 130 °C (Figure 3.10b).
After a rapid decrease in the PL intensity, the decrease slowed down and at the
end of the test, OL NP film and OL NP monolith lost 91% and 72% of their
initial PL intensities, respectively. According to these results, we conclude that
OL NP monoliths showed improved stability compared to the OL NP film at
both temperatures indicating the suitability of this material system for solid-

state lighting applications.

Subsequent to optical characterizations, we carried out the morphological
characterizations starting with the transmission electron microscopy (TEM)
imaging of OL NPs. Contrast difference was provided by negative staining of the
TEM sample and the images are presented in Figure 3.13a. As depicted in this
figure, OL NPs exhibited well-dispersed spherical shapes with sizes of 56.6+7.7
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nm, which is also verified by dynamic light scattering (DLS) measurements to
be 57.17 nm.

Figure 3.13. (a) Transmission electron microscopy image of OL NPs (Scale bar:
50 nm). Scanning electron microscopy image of (b) a single large OL NP (>500
nm) and (c) an aggregated area consisting of OL NPs with the diameter of 98
nm (Scale bars: 200 nm). Insets show the zoom-out of the imaged area (Scale
bars: 500 nm). Reproduced with permission from Ref. [61] Copyright American
Chemical Society 2016.

We also imaged the nanoparticles by using scanning electron microscopy
(SEM) after etching some portion of the particle with focused-ion beam (FIB)
(Figure 3.13b and c). We first etched nanoparticles with the size of 56.6 nm,
which are used in the crystallization processes. However, FIB exposure etched
the whole nanoparticle due to the small size that they have; therefore, we needed
larger nanoparticles. For this purpose, we used two larger OL NPs with the sizes
of >500 nm and 98 nm for imaging. Figure 3.13b shows the SEM image of OL
NP (>500 nm) on a silicon wafer, which was etched in half using FIB. We
subsequently imaged smaller OL NPs (with the diameter of 98 nm) to be more
correlated with our experiments (Figure 3.13c). In this case, however, the small
sized nanoparticles did not survive after FIB etching. Therefore, we took images
from an aggregated area (Figure 3.13c, inset) where we observed flu filamentous
structures with very low contrast in the center of the particle indicating the
micelle-like structure of the nanoparticle. We believe that these structures allow
for the penetration of the sucrose molecules between the oligomer molecules and
help passivating the nonradiative transitions during the crystallization, which in

turn helps increasing the QY. In addition to these images, we also attempted at
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taking the TEM images of the OL NPs in the sucrose matrix by following the
technique presented in Ref [11]; however, no contrast could be observed between

the organic nanoparticles and the host medium.
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Figure 3.14. X-ray diffractogram of oligomer nanoparticle crystal, monolith, and
powder. Reprinted with permission from Ref. [61] Copyright American Chemical
Society 2016.

After imaging the nanoparticles, we further characterized the crystal structure
of OL NP crystals, OL NP powders, and the OL NP monoliths using X-ray
diffraction spectroscopy (XRD) (Figure 3.14). The crystal structure of sucrose
was identified as monoclinic (JCPDS#24-1977). As shown in the Figure 3.14,
OL NP crystals have prominent peaks at 11.6°, 16.7°, 22.5°, 25.2° and 38.3°,
which are in line with the literature showing the crystal structure of sucrose.[11]
We found out that powdering the crystals increases the polycrystalline character
with dominant XRD signal occurring at 22.5°. Furthermore, no significant
change in the XRD signal was observed after the formation of monoliths under
high pressure. Thus, we conclude that this level of pressure did expectedly not
change the crystal structure of OL NP powders in parallel with our observations

of insignificant QY and lifetime changes upon monolith formation.
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Considering the low QYs of the organic nanoparticle solid films, especially at
high particle densities required for solid-state lighting applications, the
methodology that we present here makes these nanoparticles suitable color-
converters for solid-state lighting. With this motivation, we employed these OL
NP monoliths as color-converters on a high power blue LED emitting at 460 nm
to obtain a proof-of-concept LED. The spectrum of the resulting OL NP monolith
integrated LED is presented in Figure 3.15.
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Figure 3.15. Emission spectrum of the OL NP monolith integrated blue LED at
increasing currents along with the chromaticity points of the emitted light (inset,
right). Moreover, representative image, real color images of OL NP monolith on
LED without current flow and with current flow are presented from left to right
(inset, left). Reprinted with permission from Ref. [61] Copyright American
Chemical Society 2016.

Based on this data, we calculated the chromaticity coordinates and correlated
color temperatures (CCTs) of the emission to characterize the shade of the white
emission. Results show that the generated white light has a warm white color up
to 80 mA as indicated by the color coordinates around (0.37, 0.29) and CCTs
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~3200-3700 K (Figure 3.16). After this current level, however, the emission
from the blue LED chip becomes significantly strong making the appearance of

the emitted light bluish as also shown by the chromaticity coordinates around
(0.20, 0.15) and CCTs of ~30,000 K.
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Figure 3.16. (a) Correlated color temperature (CCT), (b) luminous efficiency of
the device, (c¢) S/P ratio and (d) power conversion efficiency of the OL NP
monolith integrated LED. Reproduced with permission from Ref. [61] Copyright
American Chemical Society 2016.

We also evaluated the color rendition performance of the LED by calculating
the color quality scale (CQS) (Figure 3.17). The resulting CQS values around
70 at low current ranges indicate that this white LED exhibits mediocre color
rendition capability. We later calculated the luminous efficiency of the LED to
be in the range of 15-20 Im/W.e. The luminous efficacy of optical radiation
(LER) values of this LED escalate around 250 lm/W,, at low current levels
indicating a small overlap of the emission spectrum with the human eye
sensitivity function. This LER performance, however, can be improved if the

narrow emitting nanoparticles with PL peaks close to 550 nm are employed.
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Figure 3.17. (a) Emission spectrum of the OL NP monolith integrated LED, (b)
corresponding chromaticity coordinates, (c) calculated color rendering index
(CRI) and color quality scale (CQS) values, and (d) luminous efficacy of optical
radiation along with a schematic of the OL NP monolith integrated LED and
real-color photos of the LED without and with current flow (inset). Reproduced

with permission from Ref. [61] Copyright American Chemical Society 2016.

3.4 Summary

In this chapter, we show the incorporation of oligomer nanoparticles into an
organic host to obtain highly efficient and highly stable fully organic color-
converting monoliths suitable for solid-state lighting. In this presented approach,
sucrose is used to wrap oligomer nanoparticles, and the powders of their crystals
are employed to form monolith. The fluorescence quantum yields of the resulting
solid monoliths reached 43.5% while that of their direct solid film remained only
at 6.1%. Furthermore, we showed that these oligomer nanoparticle monoliths
improve the temperature stability of the oligomer nanoparticle emission by ~3-
fold compared to the bare oligomer nanoparticle solid-film. We believe that the
considerably increased quantum yield and temperature stability of the oligomer

emission within monoliths, in addition to the low cost and simplicity of the
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preparation method presented here, will provide opportunities to deploy oligomer

nanoparticles in solid-state lighting and possibly other photonic applications.
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Chapter 4

Organic Macrocrystals of Colloidal
Semiconductor Quantum Dots for
Exciton Transfer and Polarized

Emission

In this chapter of the thesis, we present our investigation on the nonradiative
energy transfer (NRET) within the core/alloyed shell quantum dot immobilized
macro-scale semiconductor anthracene crystals. Here, we obtained this QD-
anthracene composite material system by using a simple crystallization technique
based on solvent evaporation, and systematically varied the incorporated amount
of QDs within the macrocystal. Results demonstrated a stronger exciton transfer
with the increasing amounts of QDs. Since anthracene has several
photoluminescence (PL) peaks, we investigated NRET efficiency for all of these
peaks and found out that NRET efficiency changes at different emission peaks
of the host anthracene, which we attribute to the variations in the QY of each
emission mechanism. Moreover, we investigated the polarization anisotropy of
QDs within the macrocrystals and observed an increase in the polarization ratio
reaching ~2.5 at the collection angle of 60°. We finally employed these

macrocrystals as color converter on a LED as a proof-of-concept demonstration.

This chapter of the thesis is mainly based on Z. Soran-erdem™, T. Erdem™, P.
L. Hernandez-martinez, M. 7. Akgul, N. Gaponik, and H. V. Demir,
“Macrocrystals of Colloidal Quantum Dots in Anthracene: Exciton Transfer and
Polarized Emission” (2015) [158] (*equal contribution). Reprinted with

permission from American Chemical Society © 2015.



4.1 Motivation

In recent years, colloidal nanocrystal quantum dots (QDs) have attracted
significant attention in the field of photonics since they provide tunable and
narrow-band emission spectra accompanied with broad absorption spectra, large
quantum efficiency, and relatively high photostability unlike most organic
dyes.[159]-[161] Owing to these unique optical properties, QDs were employed
in light-emitting diodes (LEDs),[4], [161], [162] lasers,[163] photodetectors,[164]
and solar cells.[165] Furthermore, their photophysical features have allowed for
their use as donors and acceptors in nonradiative energy transfer (NRET).[166]
These studies were reported for QDs in dispersion[167] and in solid-film.[168],
[169] While working with films, QDs were frequently used in functional devices
by incorporating them into polymer matrices (e.g., silicone). Another technique,
recently reported by Otto et al.,[9] relies on the ionic crystal growth around
colloidal quantum dots in salt solutions forming macrocrystals of these QDs. The
attractive feature of this approach is its simplicity. The previously demonstrated
crystalline host matrices[9], [13], [154] include NaCl, KCl and KBr salts and

sucrose[11], which were shown to improve the robustness and stability of QDs.

In all these previous demonstrations of macrocrystals, QDs were integrated
into water soluble solutes. This has substantially limited the applicability of the
QD macrocrystals because only those QDs that can be dispersed in water
(aqueous QDs) could be used. For that purpose, QDs either had to be synthesized
directly in water, which in the end limits the usable set of appropriate materials,
or they had to undergo a phase transfer via ligand exchange, which typically
reduces the quantum efficiency and may complicate the fabrication process. This
creates a major limitation because most of the high-efficiency QDs are
synthesized and dispersed in nonpolar solvents. Therefore, the use of a host
crystal material that can be dissolved in organic solvents and are compatible
with nonpolar QDs will remove this limiting requirement and widely broaden the
applicability of the QD macrocrystals. As a candidate material system, in
addition to their advantages such as low toxicity, abundance, and affordability,

organic crystals that are composed of benzene group gain importance because
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they can be dissolved in organic solvents such as chloroform capable of dispersing

nonpolar QDs.

In this chapter, we present the first account of organic crystal growth around
nonpolar QDs using anthracene (CiHyo) as the host crystal. In this work, we
obtained large scale QD-incorporated anthracene macrocrystals by using solvent
evaporation technique. Structural characterization of anthracene with and
without red-emitting CdSe/CdZnSeS/ZnS alloy QDs was carried out. It was
found that the inclusion of these QDs in the anthracene solution allows for the
growth of larger macrocrystals of over 1 cm in one dimension, which is otherwise
limited to sub-cm size. Moreover, we systematically studied NRET from the host
anthracene acting as the donor to the inorganic QDs employed as the acceptor
by benefiting from the strong absorption of QDs in the blue region where
anthracene molecules emit strongly. Because anthracene has several
photoluminescence (PL) peaks (at 429, 494, and 533 nm), we further investigated
the nonradiative energy transfer and lifetime decays at every peak as a function
of the QD incorporation, and the maximum NRET efficiency was found to reach
28%. Developing an exciton transfer model, we studied the quantum efficiency
of the anthracene emission contributing to each PL peak. We found that the
most efficient anthracene emission occurs at the peak of 494 nm. In addition, the
polarization of the QD emission inside the anthracene host was analyzed and
found to reveal a vertical-to-parallel polarization ratio of ~1.5 starting at 0°
collection angle and increasing further to ~2.5 at 60°. Finally, as a proof-of-
concept demonstration, a light-emitting diode was constructed employing these
QD-incorporated anthracene crystals as tunable color-converters. This study
reports for the first time the exciton transfer from the host organic crystal to the
incorporated acceptor QDs together with its accompanying anisotropic emission
and its application to tunable color-conversion LEDs. Since anthracene is
especially important for electronics,[170] optoelectronics,[171]-[173] and physical
chemistry,[170]-[174] this work may lead to new opportunities to utilize

anthracene in these fields.
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4.2 Experimental Methodology

4.2.1 Preparation of anthracene crystals and

anthracene-QD macrocrystals

Macrocrystals were obtained by crystallization of oversaturated anthracene
solution in chloroform. To prepare oversaturated anthracene stock solution, 2.08
g of anthracene was dissolved in 50 mL chloroform. After the filtration using a
filter with a pore size of 0.2 pm, the concentration of the anthracene stock
solution was measured to be 27.3 mg/mL. To grow anthracene crystals, 1 mL of
this stock solution was dried in a vial in a laminar flow hood at room
temperature. The anthracene-QD macrocrystals were formed by mixing the QD
solution and anthracene stock solution. For the systematic study, 6.5, 13.1, and
19.6 mg of red emitting QDs were used and these samples were named as MC 1,
MC 2, and MC 3, respectively. In order to obtain macrocrystals, 250 pL of
chloroform was added to the desired concentrations of QDs (MC 1, MC2 and
MC 3) after the evaporation of hexane and the dispersion was mixed with 1 mL
anthracene stock solution. Chloroform was evaporated under laminar flow for

two days to obtain macrocrystals.

4.2.2 Synthesis of colloidal quantum dots

4.2.2.1 Chemicals

Cadmium oxide (CdO, 99.99 %), zinc acetate (Zn(acetate)s, 99.9 %), sulfur (S,
99.9 %), selenium (Se, 99.99%) and anthracene were purchased from Sigma-
Aldrich in powder form. Oleic acid (OA, 90 %), trioctylphosphine (TOP, 90 %),
1-octadecene (1-ODE, 90 %), dodecanethiol (DDT, 99 %) and chloroform were

bought from Sigma-Aldrich and used without any purification.
4.2.2.2 Synthesis procedure

Red-emitting CdSe/CdZnSeS/ZnS quantum dots were synthesized following the
method in the literature.[36] For a typical synthesis, 1 mmol CdO, 2 mmol
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Zn(acetate)s, 5 mL of OA and 25 mL of 1-ODE were loaded into a 50 mL three-
neck flask. After degassing the flask for nearly 2 h at 100 °C under vigorous
stirring to remove the oxygen, water and other residues, the temperature was
raised to 310 °C under Ar flow and a solution of TOP:Se was swiftly injected at
this temperature. The TOP:Se solution was prepared via dissolution of 0.2 mmol
of Se powder in 0.2 mL of TOP and 0.8 mL of ODE mixture. After 1 min, 0.3
mL of DDT dissolved in 0.8 mL of 1-ODE was dropwise injected. Following 20
min. of growth, a solution containing 2 mmol of S dissolved in 1 mL of TOP was
injected into the system. Subsequently, the quantum dots were allowed to grow
for 10 min. more to complete the synthesis. The mixture was cooled down to
room temperature and precipitated with hexane/acetone twice. Finally, the
resulting quantum dots were dispersed in hexane and used for further
experiments. The concentration of the final QD dispersion was measured to be
26.1 mg/mL.

4.2.3 Calculation of the QD to anthracene weight

ratio in the macrocrystals

The weight percentages of the QDs in the macrocrystals to the anthracene
molecules were calculated by completely dissolving ~10 mg of each macrocrystal
sample in 3 mL of chloroform followed by ultrasonication and measuring the
absorbance spectrum. Since the absorbance of the QDs is proportional to the
concentration of the QDs in the dispersion, we first calculated the concentration
of the QDs in the macrocrystals by comparing with the absorbance of the QDs
in dispersion (3.48 mg/mL) that were not embedded in macrocrystals. Since
anthracene molecules do not absorb at 623 nm where the QDs have their first
exciton peak, we used the measured absorbance levels at this wavelength in our
calculations. Using the concentration information, the mass of the QDs in the
dissolved macrocrystals was calculated using the volume of the solution (3 mL).
Finally, the weight ratios of the QDs inside the macrocrystals to the anthracene
molecules were determined as 15.4% for MC 1, 34.5% for MC 2, and 64.6% for
MC 3. Correspondingly, the anthracene-to-quantum dot mass ratios are 646.8%
for MC 1, 289.8% for MC 2, and 154.7% for MC 3. We estimated the molar

concentration of the QDs inside crystals to be between 0.38 and 0.53 pmol/cm?
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for MC 1, between 0.81 and 1.12 pmol/cm?® for MC 2, and between 1.44 and 1.74
pmol/cm®. Further details regarding this calculation can be found in Supporting

Information.

4.2.4 Calculation of the quantum dot molar

concentration in anthracene macrocrystals

Although the exact composition of the CdSe, CdS, ZnSe, and ZnS parts cannot
be known within alloyed quantum dots, an estimation leading to molar
concentration in the macrocrystals is still possible (ignoring the contribution
from ligands). Our calculation starts with the assumption of spherical quantum
dots with diamaters of 6.5 nm.[36] This corresponds to a volume of 143.8x 10
cm?® per QD. If the alloyed QDs were totally made of CdSe, the molecular weight
of these QDs would be 5035.7x10% g/mol. Similarly, QDs comprising of only CdS
would have a molecular weight of 4177.8x10% g/mol. The molecular weight of
the QDs comprising of only ZnSe would be 4562.1x10? g/mol, and that of the
QDs comprising of only ZnS would be 3540.6x10* g/mol. Since the molecular
weight values corresponding to CdSe and ZnS QDs represent two extreme cases,
the exact molecular weight of the QDs should remain between two of these
values. Therefore, we continue our calculations using the range defined by these

two upper and lower values.

Considering the QD-to-anthracene weight ratios given in the Experimental
Methods section of the paper, QD weight inside 10 mg of macrocrystal becomes
1.34 mg for MC 1, 2.57 mg for MC 2, and 3.93 mg for MC 3. This means that
there are 2.66-3.78 nmol QDs for MC 1, 5.10-7.26 nmol QDs for MC 2, and 7.80-
11.1 nmol QDs for MC 3 within 10 mg of macrocrystals.

The total volume of the macrocrystals is estimated by summing the total
volume of the QDs and total volume of anthracene (having a density of 1.28
g/cm?®). Consequently, the volume of 10 mg macrocrystal becomes 7.0-7.1x10°
cm? for MC 1, 6.2-6.4x10* cm?® for MC 2, and 5.4-5.7x10° c¢m® for MC 3. As a

result, the molar concentration of the QDs in macrocrystals becomes 0.38-0.53
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pmol/cm? for MC 1, 0.81-1.12 pmol/cm? for MC 2, and 1.44-1.74 pmol/cm? for
MC 3.

Furthermore, the distance between each QD can be estimated by assuming a
uniform distribution of the QDs inside the macrocrystals. Accordingly, the
center-to-center distance (d..) between each QDs is calculated using d..=(Volume
of Macrocrystal/Number of QDs)"?. The calculated d.. values become 14.6-16.4
nm for MC 1, 11.4-12.7 nm for MC 2, and 9.9-10.5 nm for MC 3. Considering
the size of the QDs, the surface-to-surface distance between QDs are thus
estimated to be 8.4-9.9 nm for MC 1, 4.9-6.2 nm for MC 2, and 3.4-4.0 nm for
MC 3.

4.2.5 Calculation of the forster radius in anthracene

macrocrystals

The Forster radius is calculated using Equation 4.1,

) 1 \U6

. (QOOOQ In(10)x2J

0= 5 4

1287°n"Na (4.1)
where ) stands for the quantum efficiency of the donor, which was measured to
be 20%. x”is the orientation factor taken as 2/3, n is the refractive index taken
as 1.595, and N, is the Avogadro’s number, and J is the overlap integral. J is
defined as in Equation 4.2, where A stands for the wavelength, f stands for the
normalized emission spectrum of the donor, and ¢ stands for the extinction

coefficient of the acceptor in units of M™em™.

J= j e(A) f(A)AdA
(4.2)

The extinction coefficient of the QDs is estimated using Equation 4.3 where
A(2) is the measured absorbance of the QDs in dispersion. [ is the path length,
which is 1 cm in our measurement. Finally, ¢ is the molar concentration of the

QDs deduced between 6.91 and 9.83 pM for CdSe and ZnS assumptions using
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the absorbance measurements of the QDs with 3.48 g/mL concentration together

with the molecular weights found above. The resulting values become 14.1 and

15.1 nm for CdSe and ZnS assumptions, respectively.

A1

e(A)= AlZ)
cl (4.3)

4.2.6 Details of the semi-empirical model for

nonradiative energy transfer

In this case, the decay rate of the donor in the presence of the acceptor can be
written as in Equation 4.4, where Ry and 1; denote the Forster radius and the

distance of the donor molecule from the acceptor QDs, respectively.

=22 (%]

i Tp\ i

(4.4)

Assuming that the acceptor molecules are separated from each other, we can
introduce the density of acceptor QDs per donor anthracene molecule (Nap).
Furthermore, considering that the acceptor molecules are small, we can treat the
summation as an integral over the volume. As a result, the decay rate of the

donor emission in the presence of acceptor can be expressed as in Equation 4.5

o 6 6

Vou = I NA/D & 472-r2dr=£7z-NA/D R_O

DA o\ r 3 p| R,.3
Feo @ (4.5)

where Rqgp stands for the radius of the QD. Since R’ is proportional to the

product of quantum efficiency at the corresponding wavelength ((2)) and the

overlap integral (J), we can find the relative quantum efficiency of anthracene

emission at the wavelengths of interest using Equation 4.6.
6

Ry’ o« Q(2)J (4.6)

Toward this aim, we first fitted Gaussian functions around each emission

peak, but this was not sufficient to fit to the experimental data around the main

peak. Therefore, we added a Gaussian to the shoulder of the main emission for
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spectral analyses of the anthracene emission (Figure 4.1). We did not use the
Gaussian at 575 nm in our energy transfer analyses due to its very low emission
intensity. The overlap integral (J) was calculated according to Ref. [175] using
the absorption spectrum of the QDs in the solid-film and the sum of Gaussians
fitted to the anthracene emission, which together acquire reasonable emission

intensity at the wavelengths of interest.
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Figure 4.1. Photoluminescence spectrum of anthracene crystal (red continuous
curve) along with the numerical fit carried out using the sum of Gaussian
functions (black dotted curve). Individual Gaussian functions used during the
fitting were presented with green dotted curves. Reprinted with permission from

Ref. [158] Copyright American Chemical Society 2015.

4.2.7 Film preparation and light-emitting diodes
(LED) fabrication

The films of the anthracene without QD and anthracene-QD macrocrystals (MC
1, MC 2, and MC 3) were prepared by mixing each macrocrystal powder with
epoxy. Briefly, anthracene crystals and macrocrystals (MC 1, MC 2, and MC 3)
were mechanically grinded to obtain fine powders. Subsequently, ca. 8.5 mg of

each of these macrocrystal powders were mixed with the commercially available
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two-component epoxy (Bison) of ca. 50 pL. and hardened on a 1.0 cmx2.3 c¢cm

glass.

The films of the macrocrystals were placed on an Optosource LED emitting
at 380 nm driven by an electrical current injection between 10 and 100 mA. The
emission spectra of the LEDs integrated with anthracene-QD macrocrystal color
conversion films were collected using an optical fiber and recorded employing an
Ocean Optics Maya 2000 spectrometer. Color coordinates of these LEDs were

calculated using an in-house written MATLAB code.

4.2.8 Optical characterizations

The optical characterizations of the anthracene-QD macrocrystal films were
performed by photoluminescence (PL) and time-resolved fluorescence (TRF)
spectroscopy. PL spectra of the prepared films were obtained by an Ocean Optics
Maya 2000 spectrometer equipped with an integrating sphere, a Xenon lamp,
and a monochromator at an excitation wavelength of 375 nm. Photoluminescence
excitation spectra were recorded using the same setup; only the excitation
wavelengths were changed. TRF spectra were acquired using a PicoHarp 200
time-resolved single photon counting system (PicoQuant). The time-resolved
photon count decay curves were measured at the wavelengths where the emission
maxima were observed in the PL measurements. The photoluminescence
lifetimes were calculated using the amplitude-averaged lifetimes extracted using
the FluoFit software by employing exponential reconvolution method to take the
instrument response into account during the numerical fitting. The
characterization of optical polarization was carried out using two different
methods. In the first method, the polarization of the quantum dot emission was
investigated using the approach reported in the study of Sherwood and
Thomson.[176] In the second method reported in the study of Uran et al.,[177]
the response of the instrument was determined using the emission intensity of a
QD film prepared by drop-casting at various polarization angles and then the
polarization behavior of the QD incorporating macrocrystals was measured. The
results obtained by both methods were found to be in excellent agreement with

a difference of <5%.
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4.2.9 Structural characterizations

Morphological structure of the macrocrystals was investigated using optical
microscopy and scanning electron microscopy (SEM). For this purpose, samples
were freshly prepared and imaged using optical microscopy. For further
investigation, the same samples were coated with 4 nm Au/Pd prior to imaging
and then were characterized by a FEI Quanta 200 FEG SEM. The crystal
structure of the macrocrystals was also studied using X-Ray diffractometry
(XRD). Following the powdering of the samples using a mortar, XRD spectra of
the macrocrystals were taken between 5°and 65° of the 20 angle with a step size
of 0.013° by using Panalytical X'pert Pro Multi-purpose X-Ray Diffractometer
operated at 45 kV and 40 mA with CuKa radiation and a diffracted beam

monochromator.

4.3 Results and Discussion

In this work, anthracene macrocrystals incorporating QDs were prepared using
solvent evaporation method. Prior to our work, the growth and structure of
anthracene crystals have been extensively studied.[174], [178], [179] Following
the first report of anthracene crystals in 1948,[179] different crystal growth
methodologies including the Bridgman—Stockbarger technique, physical vapor
transfer method, and solution method were employed. Unlike the standard heat
assisted solution techniques,[178] here, the solvent of the 1 mlL anthracene
solution (27.3 mg/mL) with and without the QDs was evaporated under laminar
flow at room temperature. To systematically study the effect of the QDs on the
physical and optical features of the macrocrystals, we grew macrocrystals using
6.5, 13.1, and 19.6 mg of QDs and named these samples as MC 1, MC 2, and
MC 3, respectively. We estimated the molar concentration of the QDs inside
macrocrystals to be between 0.38 and 0.53 pmol/cm? for MC 1, between 0.81 and
1.12 pmol/cm?® for MC 2, and between 1.44 and 1.74 pmol/cm?®. After the
formation of the final macrocrystals, microscopic and macroscopic structures of

crystals were investigated using optical microscopy and SEM.
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Figure 4.2. (a) Macroscopic images taken under ambient light and UV lamp

illumination at 366 nm (scale bars: 1 cm). Imaging of the macrocrystal of
nonpolar quantum dots in anthracene (left) and the anthracene crystals without
quantum dots (right) performed by optical microscopy (scale bars: 400 pm) and
scanning electron microscopy (scale bars: 100 pm) along with real color
photographs of the powders belonging to the anthracene crystal, MC 1, MC 2,
and MC 3 under UV lamp illumination at 366 nm. (b) Photoluminescence spectra
of the films prepared using powders of the anthracene crystal alone (without QD
incorporation) and MC 1, MC 2 and MC 3 (with QDs) when excited at 375 nm.
(¢) Normalized photoluminescence intensity per QD in MC 1, MC 2, and MC 3.
(d) Photoluminescence excitation (PLE) spectra of MC 1, MC 2, and MC 3
normalized with respect to the QD amount along with that of the only QD film,
all recorded in the emission wavelength range of 600-750 nm to collect the QD
emission except the PLE of the anthracene crystal recorded between the emission
wavelengths of 430 and 750 nm. Reprinted with permission from Ref. [158]
Copyright American Chemical Society 2015.

It is apparent from Figure 4.2a that the resulting QD-anthracene macrocrystal
(left) acquires a significantly larger size (cm-scale) compared to the anthracene
crystals alone without QD incorporation (sub-cm) (right). Under ultraviolet

illumination, the resulting emission color is red-violet in the case of QD-
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anthracene macrocrystal while only anthracene crystals appear blue. As seen in
Figure 4.2a, the crystal facets were obvious for the anthracene crystals. On the
other hand, when QDs were embedded into the anthracene host, instead of clear
crystal facets, we observed linear orientation of the crystal edges and the
formation of relatively larger crystals. This suggests that QQDs take role in the

growth and orientation of anthracene in the crystallization process.
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Figure 4.3. X-ray powder diffraction (XRD) pattern of the anthracene crystal
and QD-embedded anthracene macrocrystals prepared using 27.3 mg of
anthracene and 6.5, 13.1, and 19.6 mg of QDs for MC 1, MC 2, and MC 3,
respectively. Zoom-in to the prominent peak corresponding to the (001) plane
indicating the shift toward larger angles as the incorporation amount of the QDs
increases (Inset). Reprinted with permission from Ref. [158] Copyright American

Chemical Society 2015.

X-ray diffraction (XRD) analysis was also performed in powder form to
investigate anthracene macrocrystals grown by incorporating varying amounts

of QDs (Figure 4.3). The crystal structure of anthracene was identified as
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monoclinic (JCPDS#04-0300). (001), (002), (003), (004), (005), and (006) crystal
planes were observed in all anthracene crystals (Table 4.1) being consistent

with the earlier reports.[180], [181]

Table 4.1. XRD peak locations (20 degrees) of anthracene crystals (without QD)
and anthracene-QD macrocrystals corresponding to (001), (002), (003), (004),
(005), and (006) planes.

Planes (001) (002) (003) (004) (005) (006)
Anthracene crystal  9.44 19.11 29.15 38.97 49.34 58.88
MC 1 9.49 19.18 29.21 39.03 49.39 58.96
MC 2 9.51 19.18 29.22 39.03 49.40 58.95
MC 3 9.55 19.24 29.28 39.08  49.44 58.99

The prominent peak corresponding to the (001) plane was observed at 9.44°
(dom=9.36 A) for the anthracene alone. With the QD addition, the (001) and
other equivalent peaks of all macrocrystals shifted toward larger angles. For
instance, the diffraction peaks for the (001) plane were observed at 9.49°
(dom=9.31 A), 9.51° (don=9.29 A) and 9.55° (dwn=9.25 A) for MC 1, MC 2, and
MC 3, respectively (Figure 4.3, inset). The decreasing pattern in the d-spacing
suggests smaller lattice constants and increased strain within the macrocrystals
owing to the QD incorporation. In addition, we observed an increase in the XRD
signal between 24-28° 41-47°, and 48-55° in the QD-embedded macrocrystals. In
the report of Bae et al.,[36] zinc blende quantum dots were shown to exhibit
XRD peaks at 27.5°, 46.0°, and 55.0°. Consistent with these XRD peaks, here we
associate the XRD signals at the observed angles to the QDs incorporated into

the anthracene host.
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Figure 4.4. (a) Photoluminescence decay lifetimes of the anthracene emission at
429 nm, 494 nm, and 533 nm in the anthracene crystals and anthracene-QD
macrocrystals (MC 1, MC 2, and MC 3) together with the lifetimes of the QD
emission at 653 nm. All of the samples are excited at 375 nm. (b) The
nonradiative energy transfer (NRET) efficiencies at the wavelengths where the
donor lifetimes are measured. Reprinted with permission from Ref. [158]

Copyright American Chemical Society 2015.

We started the optical characterization by taking the PL spectra of the
anthracene crystals and the QD-anthracene macrocrystals. As shown in Figure
4.2b, the anthracene crystals exhibit PL peaks at the wavelengths of 429, 494
and 533 nm when excited at 375 nm. In the case of the QD-anthracene
macrocrystals, we also observe another peak around 653 nm owing to the
emission from the incorporated QDs. With the increasing incorporation amount

of the QDs, we observe a slight red shift in the emission peak of the QDs
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suggesting possible formation of some aggregates inside the macrocrystals. In
addition, we observed a strong decrease in the emission of the anthracene host
accompanied by an increase of the emission intensity per QD (Figure 4.2¢). While
the radiative energy transfer plays a role for this decrease in the steady-state
emission intensity of the anthracene, it does not modify emission kinetics.
Therefore, to investigate the nonradiative energy transfer, we analyzed the time-

resolved fluorescence decays of the QDs inside the macrocrystals.
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Figure 4.5. Time-resolved fluorescence lifetime decays of the anthracene crystal
alone and the anthracene-QD macrocrystals (MC 1, MC 2, and MC 3) at 429
nm by exciting the samples at 375 nm given along with the instrument response
function (IRF). Reproduced with permission from Ref. [158] Copyright American
Chemical Society 2015.

67



—Anthracene Crystal Anthracene Crystal Fit

- —MC1 ——MC 1 Fit
r —MC2 MC 2 Fit
—MC3 ——MC 3 Fit

1000 4

100 -

Photon Count

1 —L 1 W IEW~ NI N -1 11l s N8 A AL BVLAYIL

15 25 35 45 55 65 75
Time (ns)

Figure 4.6. Time-resolved fluorescence lifetime decays of the anthracene crystal
alone and the anthracene-QD macrocrystals (MC 1, MC 2, and MC 3) at 494
nm by exciting the samples at 375 nm given along with the instrument response
function (IRF). Reproduced with permission from Ref. [158] Copyright American
Chemical Society 2015.
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Figure 4.7. Time-resolved fluorescence lifetime decays of the anthracene crystal
alone and the anthracene-QD macrocrystals (MC 1, MC 2, and MC 3) at 533
nm by exciting the samples at 375 nm given along with the instrument response
function (IRF). Reprinted with permission from Ref. [158] Copyright American
Chemical Society 2015.
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Our results presented in Figure 4.4a, Figure 4.5-4.7, and Table 4.2 show

that the anthracene photoluminescence decay accelerates in the presence of

quantum dots. Furthermore, the anthracene fluorescence lifetimes become

shorter with the increasing QD incorporation.

Table 4.2. Time-resolved fluorescence decay lifetimes of the anthracene crystal

and the macrocrystals with varying QD incorporation (MC 1, MC 2, and MC 3)

at the emission peaks of 429, 494, 533, and 653 nm. The samples are excited at

375 nm.
429 nm 494 nm 533 nm 653 nm
Only Anthracene 4.45 ns 11.0 ns 19.9 ns -
MC 1 4.02 ns 9. 42 ns 17.5 ns 29.5 ns
MC 2 3.76 ns 8.24 ns 16.6 ns 26.7 ns
MC 3 3.93 ns 7.84 ns 14.7 ns 22.2 ns

On the other hand, the presented results indicate longer lifetimes of the QDs

in anthracene with the increasing anthracene-to-QD mass ratio accompanied by

an increased delay of the QD decay curve (Figure 4.8).
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Figure 4.8. Time-resolved fluorescence lifetime decays of the anthracene-QD
macrocrystals (MC 1, MC 2, and MC 3) at 653 nm by exciting the samples at
375 nm given along with the instrument response function (IRF). Reproduced

with permission from Ref. [158] Copyright American Chemical Society 2015.

Complementary to the decrease in anthracene emission and increase in the
emission intensity per QD, these lifetime modifications suggest that the Forster-
like nonradiative energy transfer takes place from the host anthracene molecules
to the embedded QDs.[182], [183] Additionally, we do not observe any fast decay
component in the time-resolved fluorescence decay of the QDs suggesting that
there is no significant fast charge transfer,[182] which is prevented by the ZnS
shell coating of the QDs.[183] Moreover, the photoluminescence excitation (PLE)
spectra of the QDs in the macrocrystals significantly differ from that of the only
QDs and mimic the PLE spectrum of anthracene crystal in its absorption range
(Figures 4.2(d) and 4.9).

70



14 ===MC1 @600-750 nm

MC2 @600-750 nm

1.2

ER ==MC3 @600-750 nm
@
> os = =0Only QD @600-750 nm
g = «=0nly Anthracene @430-750 nm
+«= 0.6
£
-
Z 04

0.2

0 4

340 390 440 490 540 590 640

Wavelength (nm)

Figure 4.9. Photoluminescence excitation (PLE) spectra of MC 1, MC 2, and
MC 3 normalized with respect to the QD amount in the macrocrystals along
with that of the only QD film, all recorded in the emission wavelength range of
600-750 nm to collect the QD emission. PLE spectrum of the anthracene crystal
was recorded between the emission wavelengths of 430 and 750 nm. Reproduced

with permission from Ref. [158] Copyright American Chemical Society 2015.

However, toward shorter wavelengths where the anthracene does not absorb
light, the QD emission in the macrocrystals tends to follow the trend of the only
QD film. This shows that the excitation of anthracene molecules strongly triggers
the emission of the QDs in the macrocrystals. Considering all of these arguments,
here we conclude that Forster like nonradiative energy transfer is the most

dominant nonradiative energy transfer mechanism in our macrocrystal system.
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Table 4.3. Nonradiative energy transfer efficiencies (yxrer) and rates (psrer) of
the macrocrystals deduced from Table 4.2 at the emission peaks of 429, 494, and
533 nm.

nnrer (%) y~reT (DS™)

MC1 MC2 MC3 MC 1 MC MC

2 3
429 nm 9.6 15.4 20.6 0.024 0.041 0.058
494 nm 14.1 24.9 28.5 0.015 0.030 0.036
533 nm 12.4 16.9 26.5 0.007 0.010 0.018

In order to analyze the energy transfer mechanism inside the macrocrystals,
we systematically recorded the time-resolved fluorescence decay lifetimes at each
photoluminescence peaks of the exciton donating anthracene molecules as a
function of the incorporated QD amount. We calculated the nonradiative energy
transfer efficiency (n) from the donor lifetime modification using the Forster
theory employing Equation 4.7 where tp and tpa stand for the amplitude
averaged lifetimes of the donor in the absence and presence of acceptor,

respectively.

Uy, -1z,
1o, (4.7)

At 429 nm, we observe accelerated time-resolved fluorescence decays as a
result of the nonradiative energy transfer from the anthracene host to the
acceptor QDs. Corresponding lifetimes decrease from 4.45 to 4.02, 3.76, and 3.53
ns for MC 1, MC 2, and MC 3, respectively (Figure 4.5, Figure 4.4a, and Table
4.2). Consequently, the nonradiative energy transfer efficiencies turn out to be
9.6%, 15.4%, and 20.6% for MC 1, MC 2, and MC 3, respectively (Figure 4.4b
and Table 4.3). At 494 nm, we observe a similar acceleration pattern in the

photoluminescence decays as in the case of 429 nm. The lifetime of the
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anthracene emission decreases from 11.0 to 9.42, 8.24, and 7.84 ns for MC 1, MC
2, and MC 3, respectively (Figure 4.6, Figure 4.4a, and Table 4.2). These
lifetimes indicate a more efficient exciton transfer process compared to that at
429 nm with n reaching 14.1%, 24.9%, and 28.5%, respectively (Figure 4.4b) and
Table 4.3). At 533 nm, the variation of the lifetimes and nonradiative energy
transfer efficiencies follow the same pattern as the amount of QD incorporation
increases. While the emission decay lifetime of the anthracene crystals without
QD incorporation is 19.9 ns, the incorporation of QD decreases this value within
macrocrystals to 17.5, 16.6, and 14.7 ns for MC 1, MC 2, and MC 3 (Figure 4.7,
Figure 4.4a, and Table 4.2), respectively, corresponding to 12.4%, 16.9%, and
26.5% nonradiative energy transfer efficiencies (Figure 4.4b and Table 4.3). The
rates of the nonradiative energy transfer presented in Table 4.3 follow the same
increasing pattern as the QD amount increases. We attribute this decrease of the
donor lifetimes (and increase of nonradiative energy transfer rates) to the
increased nonradiative energy transfer from the anthracene molecules to QDs
going from MC1 to MC3. This is because there are more acceptor QDs available
per donor anthracene molecule to feed excitons going from sample MC 1 to MC
3. Therefore, a donor anthracene molecule should transfer more excitons going
from MC 1 to MC 3. This then results in shorter anthracene lifetimes going from
MC 1 to MC 3. In a complementary manner, there are fewer anthracene
molecules per acceptor QD going from MC 1 to MC 3. Therefore, a QD has fewer
excitons transferred to it going from MC 1 to MC 3; consequently, the QD
lifetime decreases as going from MC 1 to MC 3 (Figure 4.8 and Table 4.2). This
observation is further supported by the shorter delays of the acceptor decay
curves, decreasing PLE intensity per QD (Figures 4.2(d) and 4.9), and decreasing
photoluminescence intensities per QD (Figure 4.2c) going from MC 1 to MC 3.
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Figure 4.10. Ratio of the acceptor lifetime (t4) in the presence of donor to the
original acceptor lifetime (tao) in the absence of donor as a function of the
nonradiative energy transfer efficiency (n). The calculations were parametrized
with respect to the acceptor-to-donor ratio. These calculations are based on the
decay dynamics reported in Lindhoud et al.[184] and use 1/e lifetimes.
Reproduced with permission from Ref. [158] Copyright American Chemical
Society 2015.

In our experiments, we observe that the acceptor lifetime shortens from 29.5
ns in MC 1, to 26.7 ns in MC 2, and 22.2 ns in MC 3 with increasing QD
concentration in macrocrystals. These results are in parallel with the study of
Mutlugun et al.[167] where acceptor lifetimes shortened with increasing acceptor
concentration. However, they always remained longer than the acceptor lifetime
in the absence of donor. Our results are also consistent with the theoretical
acceptor decay model of Lindhoud et al.[184] showing that the acceptor lifetime
shortens as the acceptor-to-donor concentration ratio increases. This model also
predicts that the acceptor lifetime in the presence of donor always remains longer
than that in the absence of donor (Figure 4.10). In our experiments, we cannot
present the acceptor lifetime in the absence of donor because the host itself acts
as the donor and choosing any other host material would change the
photophysical characteristics of the incorporated QDs. However, in order to have
an idea about the acceptor lifetime without a donor, we measured the lifetime of

drop-casted QDs to be 4.90 ns, which is much shorter than the lifetime of the
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QDs in anthracene macrocrystals. In addition to this, we estimated the acceptor
lifetime in the absence of donor using the model in Ref. [184] to be around 9.2-
13.0 ns, which is also shorter than the acceptor lifetime in the presence of

acceptor.

To gain further insight of the physical mechanisms behind, we predicted the
surface-to-surface distance to be between QDs between 8.4 and 9.9 nm for MC
1, between 4.9 and 6.2 nm for MC 2, and between 3.4 and 4.0 nm for MC 3,
which are shorter than the predicted Forster radii (see Experimental
methodology). These results indicate strengthened sharing of excitons with the
increasing QD concentration. As a consequence, increasing the QD concentration
decreases the number of excitons received by each QD leading to shorter acceptor
lifetimes. However, these transferred excitons to QDs still make the acceptor

lifetimes in the macrocrystals longer compared to the case of without donor.
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Figure 4.11. The overlap integral between QD absorption and individual emission
mechanism of anthracene at 429, 494, and 533 nm. Reprinted with permission

from Ref. [158] Copyright American Chemical Society 2015.

To reveal the physical reasoning behind the observation that the nonradiative
energy transfer at longer wavelengths occurs more efficiently compared to 429
nm, we investigated the relation between the overlap integral (J) and the

quantum yield at the wavelength of interest (((A)) by assuming the random
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distribution of exciton donating anthracene molecules and the acceptor QDs.
The details of our semi-empirical model are presented in Experimental
Methodology section. Our results summarized in Figure 4.11 show that the
overlap integral remains unaffected although the absorption of the QDs is
stronger at shorter wavelengths. This is mainly because of the 4™ power
dependence of the overlap integral on the wavelength. Subsequently, we
calculated the normalized Forster radius (Ro’) (Figure 4.12a), and then
calculated normalized quantum efficiency (Figure 4.12b). Here, we observe that
the quantum efficiency takes its highest value for all the samples at 494 nm
where the nonradiative energy transfer occurs most efficiently. Considering the
wavelength dependence of the overlap integral and quantum efficiency, we
conclude that the difference of the nonradiative energy transfer efficiency is
essentially caused by the difference in the quantum efficiency at each wavelength,

reaching its highest value at 494 nm.
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Figure 4.12. Normalized (a) R¢® and (b) relative quantum efficiency of the
anthracene emission calculated using Equation 4.6 and the overlap integral
between the anthracene emission and the QD absorption at various emission
wavelengths for MC 1, MC 2, and MC 3. Reproduced with permission from Ref.
[158] Copyright American Chemical Society 2015.

Since the optical properties of the anthracene are anisotropic,[185], [186] their
macrocrystals might be expected to enhance the emission anisotropy of the
incorporated QDs. To examine this hypothesis, we systematically investigated
the polarization of the emitted light from the QDs that are immobilized in single
anthracene-QD macrocrystals (not in powdered form). Here we employed a single
cm-scale macrocrystal taken from the batch of MC 3 because of its larger size
making the optical anisotropy measurements easier. Our results show that when
the photons emitted normal to the surface of the anthracene-QD macrocrystal
are collected, the ratio of the perpendicular polarization to the parallel

polarization was measured to be ~1.50 (Figure 4.13 and 4.14a). Increasing the
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collection angle to 30°, no significant change in the anisotropy of the QD emission
was observed (Figure 4.13 and 4.14b). A further increase of the collection angle
to 60° improved the polarization ratio to ~2.50 (Figure 4.13 and 4.14c). This
observed anisotropy in the QD emission can either stem from the anisotropic
extraction of electromagnetic radiation at different polarizations or from the
emission rate difference caused by the anisotropy in the refractive index of the
medium. One of the important indicators of the latter mechanism is the
difference of the photoluminescence decay lifetimes at different polarizations. To
identify the governing effect in our system, we investigated the emission
dynamics of the QDs for both of the polarizations and did not measure a
noticeable difference in the lifetime, which suggests that the main source of the
observed anisotropy is the extraction efficiency difference rather than the

modification of spontaneous emission rate.
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Figure 4.13. The ratio of polarizations of the QD emission within MC 3 at
different collection angles. Reprinted with permission from Ref. [158] Copyright
American Chemical Society 2015.
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Figure 4.14. Emission spectra of the QDs within the anthracene macrocrystals
at perpendicular (s) and parallel (p) polarizations at the collection angles of (a)
0°, (b) 30°, and c) 60° when excited at 375 nm. (d) The ratio of polarizations at
different collection angles. Reproduced with permission from Ref. [158] Copyright

American Chemical Society 2015.

Finally, we present a proof-of-concept demonstration of these anthracene-QD
macrocrystals as color enrichment films on a commercially available LED
emitting at 380 nm. The photons emitted from the LED at this wavelength were
strongly absorbed by both the anthracene molecules and the QDs in the
macrocrystal. As a result of the photoluminescence of the anthracene and QDs
and the nonradiative energy transfer between them, the color conversion results
in the emission spectra in Figure 4.15 for MC 3 LED (and Figure 4.16a-c for
MC 1, MC 2, and MC 3 LEDs) and the corresponding color coordinates presented
in Figure 4.16d. The results show a trend in the change of the obtained color as
the incorporated QD amount varies, as expected, due to the both radiative and

nonradiative energy transfer. This proof-of-concept demonstration indicates that

79



the anthracene crystal is a good host for the QDs to be integrated into color
conversion LEDs thanks to its compatibility with the transparent epoxies used

by the industry.
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Figure 4.15. Emission spectra belonging to the color converting powdered film of
MC 3 on a UV LED emitting at 380 nm driven by 10-100 mA along with its real
color photograph. Reproduced with permission from Ref. [158] Copyright

American Chemical Society 2015.
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Figure 4.16. Emission spectra belonging to the color converting powdered films
of (a) MC 1, (b) MC 2, and (¢) MC 3 on a UV LED emitting at 380 nm driven
by 10-100 mA. (d) Corresponding chromaticity coordinates of the light emitted
from the LEDs employing the anthracene-QD macrocrystal powders as the color
conversion film together with color photographs of the MC 1 LED, MC 2 LED,
and MC 3 LED. Reprinted with permission from Ref. [158] Copyright American
Chemical Society 2015.

4.4 Summary

In summary, in this chapter we demonstrated anthracene-QD macrocrystals to
elucidate the interaction of the QDs within the host anthracene crystals. First,
we carried out structural characterizations using optical and scanning electron
microscopies. We observed that the QD incorporation affects the crystallization
process of anthracene and leads to the formation of larger macrocrystals.
Subsequently, we investigated the nonradiative energy transfer dynamics where

the anthracene and the QDs serve as the exciton donating and accepting entities
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in the macrocrystal, respectively. Our results showed that the photoluminescence
lifetime of the anthracene molecules decreases with the increasing QD
incorporation, indicating stronger exciton transfer. Moreover, we found that the
anthracene does not emit most efficiently at the main photoluminescence peak
at 429 nm in the presence of the QDs inside the macrocrystals, but instead the
highest quantum efficiency occurs at 494 nm. In addition to this, the polarization
anisotropy of the QD emission was observed at various collection angles. We
found that these QDs exhibit a ~1.5 polarization ratio at the surface normal
collection, while this number increases to ~2.5 at the collection angle of 60°.
Finally, we used this nonradiative energy transfer concept on a color conversion
LED employing the anthracene-QD macrocrystal as the color conversion film
and demonstrated color tunability as a function of the incorporated QD amount.
We believe that the findings of this study may open up new possibilities for
employing crystalline organic semiconductors such as anthracene in the field of

colloidal photonics.



Chapter 5

Highly Monodisperse Dual-Modal
Colloidal Magnetite Nanocubes
for MRI

In this part of the thesis, we present our study on the synthesis of highly
crystalline and highly monodisperse colloidal iron oxide nanocubes along with
their potential use for dual-modal MRI. Here, we colloidally synthesized
monodisperse iron oxide nanocubes with the diameter of ~9.7 nm. Structural
characterizations revealed that the crystal structure of these nanocubes is
magnetite. Moreover, our magnetic characterizations demonstrated that these
iron oxide nanocubes can simultaneously enhance the contrast in Ti- and T

weighted MR images, which holds great promise as dual-modal contrast agents.

This chapter of the thesis is mainly based on V. K. Sharma, A. Alipour, Z.
Soran-Erdem, Z. G. Aykut, and H. V. Demir, “Highly monodisperse low-
magnetization magnetite nanocubes as simultaneous Ty —T» MRI contrast
agents,” Nanoscale, (2015). [187] Reprinted with permission from The Royal
Society of Chemistry © 2015.

5.1 Motivation

Magnetic nanoparticles have been used as contrast agents for magnetic resonance
imaging (MRI),[101], [188] drug delivery vehicles,[189] and in magnetic
separation.[190] Among them, MRI is one of the most powerful medical
diagnostic tools because it can provide images in a noninvasive manner together
with real-time monitoring capability featuring excellent anatomical details based
on the soft tissue contrast and functional information.[191] Different than the X-
rays and computerized tomography (CT), MRI does not require ionizing
radiation. In this technique, static magnetic field is used as source and generated

from a series of electro-magnetic coils. After applying magnetic field, some of the
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resonance frequency waves are absorbed by the targeted atomic nuclei and these
energy levels change basically depending on the type, density, distribution, and
arrangement of the protons. This process is referred as the “excitation”.
Afterwards, magnetic field is turned off, and the atomic nuclei return to their
equilibrium state and release the absorbed energy. By processing this energy

difference, MR images are constructed in white and black colors.[192]

The sensitivity of MRI can be greatly improved by using contrast agents that
enhance the contrast of the region of interest from the background. Following
the excitation of protons and turn off the magnetic field, MR signal is lost within
a short time (~a few seconds), and this duration is referred as the “relaxation
time”. Considering this phenomenon, the MRI contrast agents are generally cate-
gorized according to their effects on longitudinal (T:) and transversal (Ts)
relaxations, and their respective ability is referred to as longitudinal (r;) and
transversal (r2) relaxivity. The region where T, relaxation takes place appears
brighter, whereas T, relaxation results in a darker contrast in the MR images.
Ti-based contrast agents are thus called as positive contrast agents, whereas T

counterparts are also known as negative contrast agents.

Superparamagnetic iron oxide (SPIO) nanoparticles (NPs) with strong
magnetic moments are the prevailing T, contrast agents, especially in the
imaging and detection of lesions from normal tissues.[193] The significant
drawbacks of these T, contrast nanoparticles are, however, magnetic
susceptibility artifacts and negative contrast effects, which may limit their
clinical applications. In contrast, T, imaging, typically using paramagnetic
materials as the contrast agents, provides an excellent resolution between tissues
due to their high signal intensity. Gadolinium (Gd) and manganese (Mn) based
species are the most commonly used T contrast agents in clinics.[194], [195]
With unique advantages of their own, combining T, and T, imaging capabilities
into a single type of contrast agent for MRI attracts considerable interest because
this can give accurate diagnostic information. As a result, this creates strong
motivation for designing new strategies to obtain synergistically enhanced T, and
T, dual-modal contrast agents (DMCAs) for MRI. There are few reports[19],
[196]-[199] on the DMCAs with both T;and T, capabilities for MRI. Mn.Fe; O
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nanocrystals have been reported as potential DMCAs by different groups.[196],
[197] It was found that a specific composition results in simultaneous T; and T
contrast enhancement effects, which stems from different magnetic moments of
the constituent Mn** and Fe*" ions.[200] Gadolinium-labeled magnetite
nanoparticles (GMNPs)[198] synthesized wvia conjugation of gadolinium and
magnetite nanoparticles have also been reported as potential DMCAs. Zhou et
al.[19] demonstrated monodisperse gadolinium iron oxide (GdIO) nanoparticles
as DMCAs synthesized using a magnetically decoupled core-shell design.[201] In
this design, GdIO nano-particles were obtained by embedding the paramagnetic
Gd,O; species into superparamagnetic Fe;Oy4 nanoparticles. However, although
gadolinium (Gd)[202] has been the most popular choice among the paramagnetic
metals, it has been recently linked to a medical condition known as nephrogenic
systemic fibrosis (NSF).[194] For obvious reasons, this has led to concerns over

the safety of Gd-based T, contrast agents in MRI applications.

Iron oxide NPs are still considered to be the best materials for MRI
applications.[203] They are more biocompatible than Gd and Mn based materials
because iron species are rich in human blood, which are mostly stored as ferritin
in the body. Cytotoxicity investigations also confirmed that the iron oxide NPs
are well tolerated by the human body.[204]-[207] However, common iron oxide
NPs are not appropriate for Ty MRI contrast agents. Although ferric (Fe*") ions
having 5 unpaired electrons increase the r; value, the high r; of iron oxide
nanoparticles derived from innate high magnetic moment prevents them from
being utilized as T contrast agent. This problem can be resolved by decreasing
the size of the magnetic nanoparticles. The magnetic moment of magnetic nano-
particles rapidly decreases as their size decreases due to the reduction in the
volume magnetic anisotropy and spin disorders on the surface of the
nanoparticles. Recently, Kim et al.[208] reported 3 nm sized spherical iron oxide
nanoparticles as a potential candidate for Ty contrast agents, with high 1
relaxivity of 4.78 mM's'. On the other hand, Lee et al.[207] reported extremely
high r; relaxivity (761 mM's') for the ferrimagnetic iron oxide nanocubes of 22
nm size. Very recently, Li et al.[18] reported dual-modal MRI contrast capabili-
ties of ultrasmall iron oxide nanoparticles. They reported high longitudinal

relaxivity r1=8.3 mM's? but the transverse relaxivity was comparitively lower
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r»=35.1 mM's'. A careful observation of the result suggests that if we increase
the size of the iron oxide NPs, r; relaxivity will decrease and 1, relaxivity will
increase. The MR relaxivity is strongly related to the size and shape of the
nanoparticles. Zhen et al.[209] observed that iron oxide nanoparticles with cubic
geometry possess high relaxivity values (up to 4 times stronger) in comparison
with the spherical counterparts. Therefore, size- and shape-controlled synthesis
of uniform nanoparticles is critical for the fine control of MR relaxivity. In the
previous studies, iron oxide nanoparticles have not been reported as efficient
dual-modal contrast agents in MRI. The issue is, if we decrease the size too much
they compromise the T, contrast capabilities of these NPs and wice versa.
Recently, Zhou et al.[210] regulated the balance of T: and T, contrast by
controlling their structure and surface features, including morphology, exposed
facets, and surface coating. Also, iron oxide nanoparticles are commonly known
to possess a magnetite (Fe;Os) or maghemite (FexOs) crystal structure, which
are quite difficult to differentiate only on the basis of XRD measurements. But
a careful observation of the previous reports reveals that they also lack detailed
characterization to differentiate between a magnetite (FesO,s) and maghemite

(FexOs3) crystal structure of the iron oxide NPs.

In this chapter, we show the synthesis of highly mono-disperse and crystalline
iron oxide nanocubes for simultaneous contrast enhancement in both Ti- and Ts-
weighted MRI. We also performed a detailed characterization to confirm the
magnetite structure of the iron oxide nanocubes. These nanocubes were
successfully demonstrated as DMCAs in phantom experiments and in vivo MRI.
Also, these nanocubes are small in size (9.7 nm) and can be used in most parts
of the human body.[194], [211] These nanocubes are unique in that, being smaller
in size, they offer simultaneous T; and T, contrast enhancement in MRI while
being safer for the body. To the best of our knowledge, this is the first report of
dual contrast enhancement in Ti- and Ty-weighted MR images using magnetite

nanocubes.
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5.2 Experimental Methodology

5.2.1 Materials

Ammonia (28 wt% in water), poly(5)oxyethylene-4-nonyl-phenyl-ether (Igepal
Co 520), tetraethyl orthosilicate (TEOS, 99%), oleic acid (tech 90%), 1-
octadecene (tech 90%) and iron (III) chloride hexahydrate (99.99%) were
purchased from Sigma-Aldrich. Sodium hydroxide, ethanol, hexane, cyclohexane
and other reagents were purchased from Alfa Aesar. All chemicals were used as

received without further purification.

5.2.2 Synthesis of sodium oleate

Sodium oleate was prepared by adding sodium hydroxide (0.71 g, 17.6 mmol) to
oleic acid (5.56 mL, 17.6 mmol) dissolved in ethanol (50 mL). The reaction
mixture was stirred overnight at room temperature. Removal of the solvent

under vacuum yielded the product as a white soap.

5.2.3 Synthesis of iron—oleate complex

In a typical procedure, iron chloride (FeCl, - 6H,O ~ 0.9 g, 5 mmol) and sodium
oleate (4.56 g, 15 mmol) were mixed in a round bottom flask with distilled water
(60 mL), ethanol (25 mL) and hexane (25 mL) to generate the Fe-oleate complex.
The reaction system was allowed to perform at 90 °C for 4 h before cooling to
room temperature. When the reaction was complete, the upper organic layer
containing the Fe-oleate complex was washed two times with distilled water in
a separatory funnel. After washing, hexane was evaporated off, resulting in the

Fe-oleate complex in a waxy form.

5.2.4 Synthesis of magnetite nanocubes

Iron oleate (0.5 g), oleic acid (0.1 mL) and l-octadecene (10 mL) were mixed in
a three neck bottle flask and degassed under argon for 30 min at 70 °C. The

reaction mixture was heated to 320 °C with a constant heating rate of 5.5 °C
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min?, and then maintained at that temperature for 30 minutes. When the

reaction temperature reached 320 °C, a severe reaction occurred and the initial
transparent solution became turbid and brownish black. The resulting solution
containing the nanocrystals was then cooled to room temperature, and the
synthesized nanocrystals were precipitated using iso-propanol and redispersed in

hexane for further use.

5.2.5 Silica coating on magnetite nanocubes

For the reverse microemulsion synthesis, IgePAL CO-520 (1.3 mL) was dispersed
in cyclohexane (10 mL) and stirred for 15 min (500 rpm) to form a stable
solution. Subsequently, a dispersion of nanocubes (0.5-1 nmol) in cyclohexane (1
mL) was added, followed by TEOS (80 pL) and ammonia (150 pL). Between the
additions, the reaction mixture was stirred for 15 min (500 rpm). Once ammonia
was added, the mixture was stirred for 2 days. Finally, the particles were purified
by adding 25 mL of ethanol to the reaction mixture and the whole mixture
centrifuged for 20 min at 9500 rpm. After the removal of the supernatant, 25 ml.
of ethanol was added, and the silica particles were sedimented again by
centrifugation at 9500 rpm for 20 min. This was repeated once more for 20 min,
after which the particles were redispersed in 5 mL double distilled water and

stored at 4 °C.

5.2.6 Characterization of the magnetite nanocubes

TEM, HR-TEM images and the SAED pattern of nanocubes were obtained using
a high resolution transmission electron microscope (TEM-Tecnai G2 F30)
operating at 300 kV. UV-Vis absorption spectra were recorded using a UV-Vis
spectrophotometer (Varian -Cary 100). FT-IR spectra was recorded by using an
FT-IR spectrometer (Bruker-Vertex 70). Magnetic measurements (M-H and M-
T curves) were recorded on a Quantum Design MPMS-XL-7 system. MR
phantom experiments were performed at room temperature on a 3T Siemens
TrioTim MR scanner. Various concentrations (3 to 60 pM) of magnetite
nanoparticles were prepared for MRI phantom study. Ti-weighted and T

weighted phantom MR images of magnetite nanoparticles were acquired using a
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spin echo (SE) sequence under the following parameters: TR/TE=1000/12 ms
(T,), TR/TE=10000/330 ms (T5), (slice thickness=3 mm, flip angle=90°,
acquisition matrix=384 pixelsx384 pixels, FoV=120x120 mm?).

5.2.7 In vivo MR imaging

Animal experiments were performed using a Sprague Dawley (200-250 g) rat
according to a protocol approved by the animal ethics committee of Bilkent
University, Turkey. MRI experiments were performed at room temperature on a
3T Siemens TrioTim MR scanner. Silica coated magnetite nanocubes with the
dosage of 1 mgkg ' were injected into a rat through its tail vein and coronal
images of the kidneys were taken before and after the injection of magnetite
nanocubes. Ti-Weighted and To-weighted in vivo rat MR images were acquired
using a spin echo (SE) sequence under the following parameters: TR /TE=550/11
ms (T.), TR/TE=4420/94 ms (T,) (slice thickness=2 mm, flip angle=90°,
acquisition matrix=384 pixelsx384 pixels, FoV=90x90 mm?).

5.2.8 Cytotoxicity studies

The in vitro cytotoxicity of iron oxides nanocubes was investigated using a 1929
mouse cell line. Silica coated iron oxides were added with the concentrations of
0, 25, 100 and 200 pg Fe mL "' and their toxic responses were evaluated by the
Alamar Blue Assay after 24 h. To determine the viability, 2x10°* 1929 cells were
seeded into a 96-well plate (n = 3) and silica coated cubic iron oxides were added
in different concentrations in ddH,O. For the positive control, the cells were
grown without exposure to the nanoparticle solution. In order to understand the
fatal effect of less medium on the cells, we added phosphate buffer saline (PBS)
with the same amount of ddH,O as the negative control group for each
concentration. Cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) containing 10% fetal bovine serum (FBS) at 37 °C and 5% CO, for 24
h. Subsequently, the cells were incubated in Alamar Blue solution (10% in
DMEM-high glucose colorless medium) at 37 °C for 1 h. After the desired
incubation time, the supernatant (200 uL) was transferred into a 96-well plate,

and the absorbances at 570 and 595 nm were measured. A calibration curve was
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constructed using known concentrations of cells (L929) to relate the cell numbers

to the dye reduction (%).

5.3 Results and Discussion

Magnetite nanocubes were synthesized using thermal decomposition of the iron-
oleate complex using a modified receipe.[105] We observed that the shape and
size of the iron oxide NPs can be controlled by varying the molar ratio of iron-
oleate to oleic acid and the heating rate. In Ref.,[105] 12 nm sized spherical
magnetite NPs were synthesized with the ratio of iron-oleate:oleic acid as 2:1,
with a heating rate of 3.3 °C min'. In our case, cubic shaped magnetite NPs
were obtained with increased oleic acid amounts, i.e., equal molar ratio of iron-
oleate and oleic acid, with a heating rate of 5.5 °C min . The small but critical
reduction in the growth rate by the additional oleic acid appears to promote the

formation of iron oxide NPs with a nonspherical, faceted shape.
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Figure 5.1. (a) Magnetite nanocubes dispersed in hexane. (b) TEM, (c) HR-
TEM, (d) PSD and (e) SAED pattern of the as-synthesized magnetite nanocubes.
Reprinted with permission from Ref. [187] Copyright The Royal Society of
Chemistry 2015.
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Figure 5.1a shows the magnetite nanocubes dispersed in hexane and Figure
5.1b shows TEM (transmission electron microscopy) images of monodisperse
magnetite nanocubes with an average size of 9.740.5 nm. The particle size
distribution (PSD) of the nano-cubes obtained using ImagelJ software is shown
in Figure 5.1d. XRD spectra of as-synthesized iron oxide nanocubes are presented

in the Figure 5.2.

Iron Oxide Nanocubes
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(220)
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Figure 5.2. XRD spectra of as-synthesized iron oxide nanocubes. Reproduced

with permission from Ref. [187] Copyright The Royal Society of Chemistry 2015.

From the XRD data, it is found that the reflections are closer to the magnetite
structure of the iron oxide NPs (Table 5.1). To further confirm the structure of
these nanocubes, we have also recorded, SAED, FT-IR and absorption spectra.
The magnetite structures of the iron oxide nanocubes were confirmed by selected
area electron diffraction (SAED) pattern,[212] Fourier transformed infrared
spectra (FT-IR)[105], [213] and optical absorption measurements.[213] We
carried out SAED (Figure 5.1e) of these nanocubes and found that the rings can
be assigned to the spinel structure of magnetite (JCPDS#19-0629). The 220
(d=2.9683 A) and 400 (d=2.0956 A) phases in the SAED pattern are exclusive
to the structure of magnetite.[212] The highly crystalline nature of these

nanocubes is demonstrated by the high-resolution (HR) TEM images as shown
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in Figure 5.1c. HR-TEM also confirms that the spacing between the planes

(d~0.295 nm) is close to the magnetite structure of iron oxide nanocubes.

Table 5.1. XRD data comparison of the experimental data with the standard

magnetite and maghemite JCPDS data.

(hkl) Experlmem:\l Data JCPDS 19-0629 JCPDS 39-1346
Planes d(A) Magnetite Maghemite
Fe;04 Fe,0,
d(A) d(d)
(220) 2.96406 2.9670 2.9530
(311) 2.53165 2.5320 2.5177
(400) 2.11472 2.0993 2.0886
(422) 1.71430 1.7146 1.7045
(511) 1.61598 1.6158 1.6073
(440) 1.48642 1.4845 1.4758

To further confirm the crystal structure of the as-synthesized iron oxide
nanocubes, we performed absorption and FT-IR measurements. The nanocubes
are easily dispersed in hexane to form transparent colloids, with a characteristic
vivid color corresponding to the color of the bulk material. The absorption data
are generally consistent with the characteristic color of the sample and are,
therefore, considered as a reliable way of differentiating magnetite and
maghemite structures of iron oxide. For Fe;O, nanocubes, the absorption
spectrum exhibits a full absorption band in the visible region 400-700 nm, which
corresponds to the black color of the dispersion.[213] For a-Fe;Os, the strongest
absorption peak appears at 400-450 nm and corresponds to the red color. In our
case, the absorption spectrum exhibits a full absorption band in the visible area
(Figure 5.3a) along with the black color of the dispersion (Figure 5.1a).
Therefore, from the absorption data, it is clear that in our case the nanocubes

possess a magnetite structure.
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Figure 5.3. (a) Absorption spectra of the as-synthesized magnetite nanocubes.
(b) FT-IR spectra of the as-synthesized magnetite nanocubes and the iron—oleate
complex. Reproduced with permission from Ref. [187] Copyright The Royal
Society of Chemistry 2015.

FT-IR spectra of the iron-oleate complex and iron oxide nanocubes are
presented in Figure 5.3b. FT-IR was used to identify the functional groups
present in the nanocubes. The wide band at 3130-3630 cm™ is assigned to O-H
vibrations. The sharp bands at 2923 and 2853 c¢m™ are assigned to the asym-
metric methyl stretching and the asymmetric and symmetric methylene
stretching modes, respectively. The sharpness of the bands is attributed to the
well-ordered, long hydrocarbon chain of oleic acid. The characteristic bands at
1560 and 1443 c¢m™ can be attributed to the asymmetric and symmetric COO
stretches, respectively, indicating that the oleic acidchain is attached in a
bidentate fashion, with both oxygens symmetrically coordinated to the
surface.[214] Based on the FT-IR spectra, oleic acid is thought to coat the surface
of the nano-cubes. TEM results, in conjunction with FT-IR data, suggest that,
in our case we have a core-shell structure, with an iron oxide core and an oleate
shell (~1.6 nm). This is also confirmed by the uniform spacing between the
nanocubes (Figure 5.1b). FT-IR is also used as a tool to distinguish magnetite
and maghemite structures from each other through their distinct lattice
absorption peaks.[199] The lattice absorption peaks of the iron oxide nanocubes

centered at ~595 c¢cm™ (Figure 5.3b) indicate that the nanocubes are most
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probably magnetite.[215], [216] Therefore, on the basis of the SAED pattern,
optical absorption data and FT-IR measurements, we confirm that these iron

oxide nanocubes possess a magnetite structure.

We also studied the magnetic properties of these nano-cubes using a Quantum
Design MPMS-XL-7 system. The magnetization dependence on the magnetic
field (M-H curve) of the magnetite nanocubes was measured at body temperature
(310 K). We performed the measurements at body temperature because we
wanted to use these materials in humans as MRI contrast agents. M-H curves as
shown in Figure 5.4a indicate that the saturated magnetization (M) of the as-
synthesized magnetite nanocubes (~18 emu g') is much lower than that of mag-
netite NPs with a similar size (~65 emu g') measured at room temperature.[217]
Moreover, the continuous growth of magnetization along with the applied
magnetic field for magnetite nano- cubes is probably due to the enhanced spin
canting effect on the surface layer of these nanocubes because of the size and
shape,[218] which may be responsible for the partially paramagnetic properties
of these nanocubes. The characteristic M-H curves of these nanocubes are similar
to those of the high-spin paramagnetic rare-earth materials and
superparamagnetic nanoparticles,[219] suggesting that these nanocubes exhibit
both superparamagnetic and paramagnetic behaviors. The presence of mixed
magnetic phases is further confirmed by fitting the M-H curves with the following
relation:

M(T) = M, [coth (::THT) - (%T)] + yH (5.1)
where M(T) is the magnetization of the nanocubes at temperature T, M,
represents the saturation magnetization of the nanocubes, u is the magnetic
moment of the nanocubes, y is the susceptibility of the nanocubes and kg is the
Boltzmann constant. The first term in Equation (5.1) is the superparamagnetic
contribution and the second term is the paramagnetic contribution to the total
magnetic moment of the nanocubes. The M-H fit obtained by using Equation
(5.1) is shown in red color in Figure 5.4a. Equation (5.1) is in excellent agreement
with the experimental data, substantiating the simultaneous presence of two

magnetic phases in the nanocubes. Therefore, we conclude that these nanocubes
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possess superparamagnetic and paramagnetic phases simultaneously, which
result in simultaneous contrast enhancement in T and Ty-weighted MR images
similar to GdIO NPs.[19]
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Figure 5.4. Magnetic properties; (a) M—H and (b) M=T curve of the as-
synthesized magnetite nanocubes. Reprinted with permission from Ref. [187]

Copyright The Royal Society of Chemistry 2015.

We also studied the magnetization (M) dependence (zero field cooled-ZFC
and field cooled-FC curves) on temperature (T) of the as-synthesized magnetite
nanocubes. The ZFC and FC curves, which coincide initially, but start to
separate and follow different trends as the temperature is decreased from 310 to
5 K. In the FC mode at the field level of H=100 Oe, the magnetization increases
slightly and then levels off (Figure 5.4b), whereas the ZFC magnetization reaches
a maximum followed by a steady decrease to a value approaching zero in the low
temperature region. The shape of the FC curves is the result of the presence of
dipole-dipole interactions between the oleate-capped magnetite nanocubes.[220]
Moreover, the variation of the magnetization in the ZFC and FC modes indicates
a dominant superparamagnetic behavior for the magnetite nanocubes. The value
of the blocking temperature for the nanocubes is estimated to be 235 K, obtained

from the Stoner-Wohlfarth relationship:

K
TB - *
25kp

(5.2)
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where T is the blocking temperature, K is the anisotropy constant, V is the
volume of the nanocubes, and kg is the Boltzmann constant. Similar values of

the blocking temperature for iron oxide NPs are reported by Caruntu et al.[217]

Magnetite nanocubes were made water soluble for MRI applications by silica
coating using a recipe reported elsewhere.[221] The encapsulated nanoparticles
showed excellent col loidal stability in water. The hydrodynamic diameter of the
silica coated nanocubes in deionized (DI) water, measured by dynamic light
scattering (DLS), was 27.8 nm (Figure 5.5). DLS measurements reveal that the
nanocubes are monodisperse with no aggregation. The hydrodynamic diameter
value is less than 30 nm. Therefore, these nanocubes come in the category of
ultra-small iron oxide nanocubes (USIONs). Hydrodynamic diameter is an
important parameter for the use of contrast agents in the human body. Our
nanocube hydrodynamic size lies between 43 nm[207] (maximum r, relaxivity
~761 mM's™! reported) and 15 nm[208] sized nanoparticles (11 relaxivity ~4.78
mM's™!). Our coated nanocube size (~27.8 nm) is close to the median of these
two values. Therefore, we believe that because of the size and shape (enhanced
spin-canting effect) of our nanocubes, they have the ability to enhance the

contrast in both Ti-and Te-weighted MRI.
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Figure 5.5. DLS Particle size measurements of the magnetite nanocubes dispersed
in water. Z-average (27.8 nm) obtained from DLS is considered as a robust
parameter for calculating the size. Reproduced with permission from Ref. [187]

Copyright The Royal Society of Chemistry 2015.

The utility of the water-soluble magnetite nanocubes as DMCAs for MR
phantom studies was investigated in solution. Nanocubes were studied by using
a 3T Siemens MR, scanner to observe the contrast enhancement in both Ti- and
Tyweighted MR images. Figure 5.6a shows the Ti-weighted MR images of silica
capped magnetite nanocubes at different concentrations. We can clearly observe
the increase in the image contrast (bright) with the increase in nanocubes

concentration.
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Figure 5.6. (a) Ti-weighted and (c) To-weighted MR phantom images of the as-

synthesized magnetite nanocubes. (b) T; and (d) T, relaxivity plots of the as-
synthesized magnetite nanocubes obtained at 3T @25 °C. Reprinted with
permission from Ref. [187] Copyright The Royal Society of Chemistry 2015.

To examine the feasibility of using magnetite nanocubes as simultaneous T,
and Ty MRI contrast agents, the relaxation time was measured. The relaxation
time Ti, was measured at 3T @25 °C using a spin echo sequence. The
longitudinal (r;) and transverse (r;) relaxivities were determined from the

following relation:

n.[Fe,0,] :Ti_Ti (5.3)

12 o

where Ty and T). are the longitudinal and transverse relaxation times of DI
water and the samples with increasing nano-cube concentration,
respectively.[222] From the slope of (1/T:-1/Ty) versus nanocubes concentration
(Figure 5.6b), we obtain the longitudinal relaxivity (ri) as 5.23 mM 's™. The
high 11 relaxivity of the magnetite nanocubes can be attributed to the large
number of Fe*" ions with 5 unpaired electrons on the surface of the nanocubes.
This value is higher than the value reported for 3 nm sized spherical iron oxide
nanoparticles,[208] which most probably resulted from the shape of our
nanocubes as suggested by Zhen et al.[209] Recently, Zhou et al.[210] reported
T contrast enhancement in Fe;O4 nanoplates with (111) exposed surfaces. In our
case too, there may be some contribution to the T, contrast from the exposed

surfaces of the magnetite nanocubes.
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Figure 5.6¢ shows the Ts-weighted MR images of silica capped magnetite
nanocubes at different concentrations. Here, we can clearly observe the decrease
in the image contrast (dark) with the increasing nanocubes concentration.The
transversal relaxivity (r2) value of nanocubes obtained from the slope of (1/T»>-

1/Ty) versus nanocubes concentration (Figure 5.6d) is 89.68 mM 's™'.

Magnetite nanocubes exhibit low T relaxivity as compared to the larger sized
particles because the low magnetic moment induces weak magnetic

inhomogeneity around the particles.[207]

Thus, with increased concentrations of magnetite nano-cubes, we observed
reduced signals in Ty-weighted MR images and increased signal in T-weighted
MR images, indicating that magnetite nanocubes can act as both negative and
positive contrast agents simultaneously. Iron oxide NPs are well known for their
excellent Ty contrast enhancement effect with no obvious T, contrast effect. By
decreasing the size of the magnetic NPs, they are also reported as potential T,

contrast agents.[208], [223]

By fine-tuning the shape of the iron oxide nanoparticles into cubes and
making their size ultra-small, here we aim at achieving simultaneous
enhancement in both positive and negative MR, contrast images. In our case, we
conclude that our nanocubes shape and dimension combinedly result in the sim-
ultaneous contrast enhancement in both Ti- and Ty-weighted MRI, which we do

not observe otherwise individually.

The in vitro cytotoxicity of magnetite nanocubes was investigated using the
L929 mouse cell line with the concentrations of 0, 25, 100 and 200 ng Fe mL™!
in ddH»,O. No appreciable toxicity was observed even at very high concentrations
of 100 pg Fe mL~"' (Figure 5.7), which is consistent with the recent report by
Wortmann et al.[224] On the other hand, further addition of cubic iron oxide
decreased the viability of the L929 cell. The result of cell assays confirmed that
the silica coated iron oxide nanocubes are not significantly cytotoxic, up to high

concentrations of 100 pg Fe mL ™.
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Figure 5.7. Cytotoxicity data for the silica coated iron oxide nanocubes and the
control. Reproduced with permission from Ref. [187] Copyright The Royal
Society of Chemistry 2015.

We further studied the in vivo MR imaging of the rat kidneys using these
nanocubes. For in vivo MR imaging, T: and T, dual-mode abdominal images
before and after the injection were obtained by using a 3T MR scanner at room
temperature. Silica coated magnetite nanocubes with a dosage of 1 mg kg™! were
injected into the rat through its tail vein and the coronal images of the kidneys
were taken before injection, immediately after injection, and after 30 and 60 min
of injection (Figure 5.8). Since the kidney is an important member of the urinary
system and one of its functions is a filtration of waste products from the body,
we focused on the kidneys in the MR imaging. With the post injection time, the
blood vessels going into kidneys gradually turned brighter and darker in Ty and
T, coronal planes, respectively. Color images of the kidney areshown in the insets
of Figure 5.8 for clarity. These results demonstrate that although our silica
coated cubic nanoparticles have a hydrodynamic diameter (HD) of 27.8 nm, they
can be observed in the kidneys where the renal cut-off is 5-6 nm. This may be
due to the coating material, "silica". There are several reports[211], [225] on the
renal clearance of silica coated nano-particles, which revealed intact and larger

particles in the urine; however, the exact excretion process remained unclear. In
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order to understand the clearance mechanism involving silica, Lu et al.[226]
investigated the biodistribution of silica nano-particles with diameters of ca. 100-
130 nm. They observed a rapid excretion of almost all of the nanoparticles from
the body through urine and feces. Similar results were also observed by He et
al.[132] revealing that the silica nanoparticles of ca. 45 nm accumulated mainly
in the liver, kidney, and urinary bladder a few hours after intravenous injection
and consequently silica nanoparticles are safely removed through the renal route.
All of these previous studies clearly show that very large nanoparticles can be
efficiently removed from the body wvie renal excretion. In the light of these
studies, we can attribute the excretion of our nanoparticles to the silica coating
which may help particles to escape RES recognition by possibly limiting the
opsonization of nanoparticles[131] and guiding them to renal clearance.
Furthermore, intravenous injection might also take a role in the rapid renal
excretion of our nanoparticles as reported by He et al.[132] In addition, similar
to Ref.,[226] it is also possible that our nanoparticles degrade quickly in the
bloodstream and the smaller particles may then prefer renal clearance. However,
a more detailed analysis on the clearance mechanism of the silica coated iron
oxide nanoparticles larger than 6 nm should be investigated as a subject of

another study for a better and deeper understanding.
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Figure 5.8. (a) Ti- and (b) To-weighted in vivo MR images obtained before and
after the nanocubes injection into the rat, at 3T @25 °C. In the inset, the kidney
images in color are shown for the clear enhancement in the contrast. Reproduced

with permission from Ref. [187] Copyright The Royal Society of Chemistry 2015.

In summary, our experiments have demonstrated that these nanocubes are
suitable as a contrast agent for MRI owing to their strong MR contrast

enhancement in both Ti- and Ts-weighted imaging. Because of their dual-mode
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contrast feature and high biocompatibility, they allow access to comprehensive

information with higher accuracy in medical diagnosis.

5.4 Summary

In this chapter, we show the colloidal synthesis of highly crystalline, mono-
disperse and low-magnetization magnetite nanocubes that achieve
simultaneously enhanced contrast in T;- and Ty-weighted MR images. The dual-
mode MR contrast enhancement capabilities of these nanocubes are a direct
result of the simultaneous presence of superparamagnetic and paramagnetic
phases as confirmed by the magnetic measurements. Also, these nanocubes are
small in size (~9.7 nm) and almost harmless for use in the human body. These
nanocubes while being non-toxic and bio-compatible, hold great promise as

DMCAs for better diagnosis of patients using MRI.
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Chapter 6
Dynamics of Ti and T-

Relaxivities in Spherical and
Cubic Colloidal Iron Oxide

Nanoparticles with Different Sizes

In this part of the thesis, we will present our study on the investigation of
longitudinal (r;) and transverse (r;) relaxivities of colloidal iron oxide
nanoparticles depending on their sizes and shapes. Here, we systematically
studied the colloidal synthesis parameters to control size and shape of the 10
NPs and employed both cubic and spherical iron oxide nanoparticles in three
different sizes. We found out that these iron oxide nanoparticles have magnetite
crystal structure. Besides, magnetic characterizations revealed that cubic
nanoparticles have better magnetic features including saturation magnetization,
r relaxivity and r, relaxivity compared to their spherical counterparts. Finally,
we observed that both cubic and spherical IO NPs possess paramagnetic phase
additionally to their superparamagnetic phase, which are directly correlated with
the longitudinal (r1) and transverse (r;) relaxivities.

This chapter of the thesis is mainly based on Z. Soran-Erdem, V. K. Sharma,
A. Alipour, P. L. Hernandez-Martinez, and H. V. Demir, “Direct Correlation of
T, and T, Relaxivities in Highly Monodispersed Iron Oxide Nanoparticles,”
(2016) (submitted)

6.1 Motivation

Superparamagnetic iron oxide nanoparticles (SPIONs) have stepped forward as
promising T contrast agents in magnetic resonance imaging (MRI) by shortening
mainly the spin-spin relaxation and thereby resulting in darker images. They are
favorable materials, particularly for biomedical applications, thanks to their air

stability and degradation without toxic by-products. However, the difficulty to
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distinguish the darker area originating from endogenous artifacts and the
contrast agents makes the accurate diagnosis very challenging in Tsy-weighted
imaging,[227], [228] while Ti-weighted imaging provides an excellent resolution
between tissues owing to its high signal intensity. Unfortunately, the toxicity of
commonly used Gd- and Mn-based T; contrast agents significantly limits their
applicability.[194], [229] Therefore, combining the Ti- and T,weighted MRI
capabilities in a single nontoxic material is of critical importance, which may
significantly improve the detection accuracy and applicability in clinical
diagnosis. One of the approaches to achieve Ti-weighted contrast in addition to
T, contrast with spherical SPIONs is to decrease the size of the nanoparticles
(<5 nm), which also results in the decrease of the magnetic moment.[208], [227],
[230] Alternatively, doping the SPIONs with paramagnetic metal ions such as
manganese[200] and gadolinium was proposed.[231] Dual-modal effect can also
be observed by tuning the shape of the SPIONs without doping. For example,
Sharma et al. employed highly crystalline and monodisperse iron oxide nanocubes
with the size of ~9.7 nm and demonstrated simultaneously enhanced contrast in
Ti- and Trweighted MR images with the undoped cube SPIONs for the first
time.[187]

The magnetic properties of SPIONSs strongly depend on their sizes and shapes.
Therefore, it is very crucial to control their morphology.[232] However, iron oxide
nanoparticles have a rich phase diagram with a variety of oxidation states, which
makes it more complicated to control the synthesis of SPIONs with a uniform
shape, size, and structure.[233] Additionally, the intrinsic agglomerating features
of magnetic nanoparticles is an important challenge for the monodisperse
synthesis of SPIONs.[213] To date, various mechano-chemical (mechanical
milling technique, pyrolysis and electrodeposition) and chemical procedures (co-
precipitation, emulsion, hydrolysis of iron salt and decomposition of organic iron
precursor) have been used to control the shape and size of the iron oxide
nanoparticles.[96], [105], [187] Among them, high-temperature decomposition of
iron-oleate (Fe-oleate) has been found to be one of the best approaches to
produce magnetic iron oxide nanoparticles for biomedical applications. In this
method, synthesized iron oxide nanoparticles exhibit monodispersity in size and

shape together with the successful control of crystal structure owing to high
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temperature.[234] Furthermore, ultralarge-scale synthesis of iron oxide
nanoparticles is also possible with this method.[105] Depending on the reaction
conditions, different sizes, shapes and crystal structures can be obtained in Fe-
oleate decomposition method. Liang et al.[213] reported that alkalinity of the
reaction and polarity of the solvent in the synthesis are important parameters
affecting the phase formation and size of the nanoparticles (NPs), respectively.
They demonstrated that increased alkalinity favors the formation of Fe;Oy iron
oxide NPs and the size of the nanoparticles increase with increasing solvent
polarity. The influence of Fe-oleate complex prepared in different conditions is
discussed by Bronstein et al.[235] To enable the formation of cubic SPIONS,
using additional sodium-oleate (Na-oleate) complex is a well-known and mostly
preferred approach in most synthesis procedures reported so far.[236], [237]
Although the parameters that play a role on the shape and size are discussed in
these previous studies, the underlying mechanism of cubic particle formation is
not clear yet. Moreover, while the increased Ty-weighted imaging of iron oxide
nanocubes were reported,[207] the literature lacks a systematic study of their T;-

weighted mechanism.

In this chapter, we address these long-pending problems by systematically
studying the parameters that govern the size and shape of the SPIONs and
correlating them to their magnetic properties. First, we successfully synthesized
these iron oxide NPs in ultralarge scales by carefully controlling the synthesis
conditions. Subsequently, we structurally and magnetically characterized cube
and sphere SPIONs having three different sizes. In addition to Ts-relaxation
dynamics of SPIONs, we also systematically investigated the size and shape
dependence of their Ti-relaxation times for the first time in order to evaluate the
potential application of these nanoparticles for dual-modal (T:- and Ts-weighted)
MRI.
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6.2 Experimental Methodology

6.2.1 Materials

Oleic acid (tech 90%), l-octadecene (tech 90%) and iron (III) chloride
hexahydrate (99.99%) were purchased from Sigma-Aldrich. Sodium hydroxide,
ethanol, hexane, 2-propanol and other reagents were purchased from Merck. All

chemicals were used as received without further purification.

6.2.2 Synthesis of sodium-oleate (Na-oleate)

Sodium-oleate precursor was prepared by adding 17.6 mmol sodium hydroxide
(0.71 g) to 17.6 mmol oleic acid (5.56 mL) dissolved in 50 mL ethanol. After
stirring the mixture overnight at room temperature, excess solvent was removed

under vacuum. This dry product was used as a precursor of iron-oleate synthesis.
6.2.2.1 Synthesis of iron-oleate (Fe-oleate) precursor

In order to synthesize the Fe-oleate precursor, 15 mmol (4.56 g) of freshly
synthesized Na-oleate and 5 mmol of iron chloride (FeCl;.6H.0~0.9 g) were
mixed in a round bottom flask together with 60 mL of distilled water, 25 mL of
ethanol and 25 mL of hexane. The mixture was stirred at 80 °C for 4 h and then
cooled down to room temperature. Subsequently, the mixture was cleaned by
removing the lower inorganic part in a separatory funnel. Remaining organic
layer was washed eight times with water, and hexane was evaporated under
vacuum. After three days, Fe-oleate complex was obtained in a waxy form to be

used in the iron oxide syntheses.

6.2.2.2 Synthesis of cubic and spherical superparamagnetic iron oxide

nanoparticles

For the synthesis of SPIONs, we used a modified procedure reported
previously.[105], [187] In a typical procedure, 25 mL (~20 g) of 1l-octadecene
(ODE) solution containing oleic acid and freshly synthesized Fe-oleate were

stirred in a three neck bottle flagsk and degassed under vacuum at 70 °C for 2 h.
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Then, the temperature of the reaction was increased to 320 °C at a constant
heating rate of 3.3 °C min™, 4.2 °C min™ or 5.5 °C min"' under argon flow and
kept at that temperature for 30 min unless otherwise stated. Syntheses of cubic
iron oxide nanoparticles were performed without addition of Na-oleate or other
chemicals different than the literature.[236], [237] To understand the effect of
oleic acid and Fe-oleate on the size and shape change, varying amounts of these
chemicals were used. Briefly, 0.8 mmol (0.25 mL), 1.6 mmol (0.50 mL), 1.9 mmol
(0.60 mL) and 2.4 mmol (0.75 mL) of oleic acid were used. 2.1 mmol (1.88 g) Fe-
oleate was used in all of these syntheses. Afterwards, to study the effect of Fe-
oleate amount with respect to oleic acid concentration, two different syntheses
were performed using 0.8 and 2.4 mmol oleic acid. In the synthesis involving 0.8
mmol of oleic acid, 2.1 and 2.4 mmol of Fe-oleate were used. On the other hand,
we used 1.4, 1.7 and 2.1 mmol of Fe-oleate when we employed 2.4 mmol oleic
acid. In order to investigate the effect of growth time on the size, the reaction
duration was changed from 0.5 to 5.0 h. Following the growth of nanocrystals,
the solution was cooled down to room temperature. For cleaning, 2-propanol was
added onto the synthesis solution and the nanocrystals were precipitated at 4500
rpm for 20 min using centrifugation. After removing the supernatant, the samples
were washed with acetone for three times. Then, SPIONs were dispersed in 16

mL of hexane and filtered using 0.2 pm Millipore filter.

6.2.3 Structural characterization of the nanocubes and

nanopsheres

The effect of various parameters (e.g. oleic acid, Fe-oleate, rate of temperature
increase) on the size and shape were investigated by a high-resolution
transmission electron microscope (TEM) (Tecnai G2 F30). Three sets of cubic
and sphere iron oxide nanoparticles having 7.0, 11.0, and 13.5 nm diameter were
characterized structurally and magnetically. Hydrodynamic size and
homogeneity of these cubic and spherical SPIONs were examined using Malvern
Nano-ZS Zetasizer dynamic light scattering (DLS). Furthermore, surface
chemistry of the SPIONs were investigated using a Bruker-Vertex 70 Fourier
transform infrared (FT-IR) spectrometer. FT-IR samples were prepared by

forming drop-casted iron oxide film on the potassium bromide (KBr) pellet.
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Absorption spectra of the samples were acquired by Cary-100 UV-Vis

spectrophotometer (Varian) at the wavelengths of 400-800 nm.

6.2.4 Magnetic characterization of the nanoparticles

Magnetic properties of the cubic and spherical SPIONs with the sizes of 7.0, 11.0,
and 13.5 nm were studied by measuring their magnetic field (M-H) and
temperature dependent magnetizations (M-T). M-H and M-T curves of the
SPIONSs were recorded using a vibrating sample magnetometer (Quantum Design

PPMS 6000).

6.2.5 Phantom Imaging

In order to investigate the longitudinal and transverse relaxivities of SPIONS,
MR phantom experiments were performed using a 3T Siemens TrioTim MR
scanner at room temperature. The sample concentrations in these experiments
were 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, and 1 mM. T;- and Te-weighted phantom MR
images of SPIONs were acquired using spin echo (SE) sequence under the
following parameters: TR/TE=3000/12 ms (T:), TR/TE=2000/9.4, 15, 20, 30,
40, 50, 60, 70, 100, 150 ms (T,), slice thickness=3 mm, flip angle=90°, acquisition
matrix=256 pixelsx256 pixel, field of view (FoV)=160x160mm?.

6.3 Results and Discussion

Superparamagnetic iron oxide nanoparticles were synthesized according to a
reported recipe with some modifications.[105] Briefly, high thermal
decomposition of Fe-oleate method was employed and the growth of SPIONs in
varying sizes and shapes were systematically studied by changing synthesis
parameters (oleic acid, Fe-oleate and the heating rate). We first investigated the
size and shape effect of oleic acid on SPIONs, which is a widely preferred organic
molecule as stabilizer in the synthesis of different nanoparticles such as iron oxide
nanoparticles[94], [187] and quantum dots.[10] We varied oleic acid concentration
in the reaction mixture while keeping other parameters the same to understand

its effect on the size and morphology of the nanoparticles. Figure 6.1 shows the
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TEM images of SPIONs with the sizes of 11.1£0.7, 10.0+0.6, 13.54+0.8, and
13.64+0.9 nm obtained from 0.8, 1.6, 1.9, and 2.4 mmol oleic acid added synthesis,
respectively. In all of these syntheses, we kept the concentration of Fe-oleate and
ODE to be 2.1 mmol and 25 ml, respectively. Images demonstrated that
increased oleic acid amount favors the shape change from cube to sphere.
Although a minor size increase (11.0 nm to 13.5 nm) was observed while the
shape of SPIONs change from cube to sphere, we did not observe any significant
difference in the size when we compared the two cubes (Figure 6.1a,b) and two
spheres (Figure 6.1c,d) within each other. In the literature, Zhen et al.[209]
demonstrated size decrease in the nanoparticles with the decreasing
concentration of oleic acid, which is not observed in our study. Also, they
reported cube SPION formation without oleic acid addition, which strongly

supports our observation.

Cubic to spherical shape change

=

1.6 mmol OA 1.9 mmolOA ' @ 2.4 mmol OA

Figure 6.1. Size and shape variation of iron oxide nanoparticles (scale bar: 10
nm) as a function of the oleic acid amount in the reaction mixture together with
zoom-in TEM images (scale bar: 5 nm) in the inset. Calculated average sizes are
11.14+0.7, 10.0+0.6, 13.54+0.8, and 13.6+0.9 nm for 0.8, 1.6, 1.9, and 2.4 mmol
oleic acid (OA) added syntheses.

The iron oxide nanoparticles may be expected to become bigger with the
increasing growth time. To test this hypothesis, we investigated the variation in
the size and shape of the SPIONs in two different syntheses having homogenous
or non-homogenous size distribution after 30 min and 5 h growth times. The
experimental results demonstrated that the increasing growth time does not
change the size and shape of the iron oxide nanoparticles (Figure 6.2). However,

we observed that the increasing growth time slightly decreases the standard
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deviation of nanoparticle size while keeping their average diameters the same.

Based on this result, we continued our study by growing nanoparticles for 30

min at 320 °C.

8= Synthesis Parameters
§ g) Fe-oleate 2.1 mmol
§o S Oleic acid 1.9 mmol
£3 || ODE 25 mL

E g ‘ Heating rate 5.5 °C/min
g s Synthesis Parameters
Z g) ‘ Fe-oleate 2.1 mmol
5 & Oleic acid 0.8 mmol

S 3 & | ODE 25 mL

2 g Heating rate 5.5 °C/min

Figure 6.2. Difference in size and shape of iron oxide nanoparticles after 30 min
and 5 h growth (Scale bars: 10 nm). Calculated average sizes for non-homogenous
nanoparticles at 0.5 h are 11.5+1.4 and 11.8+1.2, for homogenous nanoparticles

at 0.5 h are 9.8940.4 and 10.82+0.5, respectively.

Iron-oleate concentration is known to be another parameter affecting the
nanoparticle size and shape.[16] Since the concentration of oleic acid induce cubic
or spherical shapes in our study, we investigated the effect of Fe-oleate
concentration in both 2.4 mmol (sphere inducer) and 0.8 mmol (cube inducer)
oleic acid consisting syntheses. TEM images of SPIONs synthesized using 2.4

mmol oleic acid are presented in Figure 6.3.
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1.4 mmol Fe-oleate | ; 1.7 mmol Fe-oleate | 2.1 mmol Fe-oleate |

Figure 6.3. Iron oxide nanoparticles synthesized with indicated amounts of Fe-
oleate using 2.4 mmol oleic acid and 25 mL ODE solution. Sizes of the
nanoparticles were measured as 4.5+0.3, 4.34+0.4, and 13.64+0.9 nm, respectively
(Scale bars: 10 nm).

We observed that there is a critical amount of Fe-oleate for a homogenous
size distribution of iron oxide nanoparticles synthesized wvia high temperature
decomposition method, which is found to be 2.1 mmol in our study. Moreover,
the larger iron oxide nanoparticles having more homogenous size distribution
suggests that decreased amounts of Fe-oleate do not allow the nanoparticles to
grow enough after nucleation step leading to the formation of nanoparticles with
sizes smaller than 5 nm. Therefore, we avoided lower concentrations of Fe-oleate
for the 0.8 mmol oleic acid added syntheses and synthesized iron oxide
nanoparticles using higher amounts of Fe-oleate (2.1 and 2.4 mmol). Results
demonstrated that increased Fe-oleate triggers a slight size increase in the cubic
iron oxide nanoparticles together with the significantly increased size distribution
(Figure 6.4), which suggests higher concentrations of Fe-oleate also induce a

nonhomogenous size distribution.

112



2.1 mmol Fe-oleate . & v 2.4 mmol Fe-oleate

Figure 6.4. Iron oxide nanoparticles synthesized with varying amounts of Fe-
oleate, 0.8 mmol oleic acid and 25 mL ODE solution. Average diameters were

calculated as 11.04+0.7 and 12.941.8, respectively (Scale bars: 20 nm).

We also investigated the structural change of iron oxide nanoparticles
synthesized with the temperature increase rates of 3.3, 4.2 and 5.5 °C min™ for
both 0.8 and 2.4 mmol oleic acid used syntheses. As depicted from Figure 6.5,
increased heating rate of the reaction solution results in both size increase and
spherical to cubic shape change in 0.8 mmol oleic acid including reactions, while
only size change is observed in 2.4 mmol oleic acid added synthesis. The TEM
images of 0.8 mmol oleic acid consisting syntheses showed that average diameters
of the nanoparticles were 5.9+0.4, 8.94+1.3 and 11.04+0.7 nm for nanoparticles
synthesized at a constant heating rate of 3.3, 4.2, and 5.5 °C min™, respectively.
On the other hand, in the case of 2.4 mmol oleic acid used syntheses, we obtained
spherical SPIONs with the decreasing diameters of 19.840.8, 16.9+0.7, and
10.840.4 nm at the same heating rates. We observe an opposite pattern in the
diameter change with the increasing heating rates for 0.8 mmol and 2.4 mmol
oleic acid added groups, however this change is more significant for 0.8 mmol
oleic acid including groups. Higher amounts of oleic acid may possibly induce
uniform growth of the nanoparticles by surrounding them homogenously. This is
not possible for cubic SPIONs because of their anisotropic shape and low amount

of oleic acid that they have. From these results, it can be concluded that the
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oleic acid concentration in the reaction mixture is one of the most important

parameters affecting the size and shape variation.

0.8 mmol oleic acid

3.3°C/min

2.4 mmol oleic acid

Figure 6.5. Influence of heating rate on the morphological change of iron oxide
nanoparticles synthesized in the presence of 0.8 mmol and 2.4 mmol oleic acid.
Average sizes of nanoparticles synthesized with 0.8 mmol oleic acid are measured
as 5.9+0.4, 89+1.3 and 11.1+0.7 nm, while it is calculated as 19.840.8,
16.940.7, and 10.84£0.4 nm for 2.4 mmol oleic acid including syntheses (scale
bars: 20 nm).

Following the investigation of size and shape affecting parameters, we
examined the structural and magnetic properties of both cubic and spherical iron
oxide nanoparticles having diameters of 7.0 nm, 11.0 nm, and 13.5 nm. The
syntheses parameters and TEM images of the SPIONs were demonstrated in

Table 6.1 and Figure 6.6, respectively.
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Table 6.1. Size, shape, and syntheses parameters of SPIONs represented in

Figure 6.6.
Size Fe-oleate Oleic acid ODE Heating rate M;
(nm) (mmol) (mmol) (mL) (°C min?') (emu/g)
7.0 2.1 0.8 25 5.3 24
<)
/m 11.0 2.1 0.8 25 5.5 48
)
O
13.5 2.1 1.9 25 5.5 45
7.0 2.1 0.8 25 3.3 14
=
&) 11.0 2.1 2.4 25 5.3 37
a
A
0 13.5 2.1 2.4 25 5.5 43
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Figure 6.6. TEM images of the cubic (a-c) and spherical (d-f) SPIONs with the
sizes of 7.0, 11.0, and 13.5 nm, respectively (Scale bars: 10 nm). Insets show the

zoom-in images of a single particle (Scale bars: 2 nm).

In this synthesis route, since the iron oxide nanoparticles tend to become
spherical with increasing particle size, we believe that the cubic SPIONs larger
than 13.5 nm will tend to be more spherical than cubical shape. As depicted from
Figure 6.6¢, in the synthesis of 13.5 nm sized SPIONs, we observed both cubic
and sphere-like nanoparticles. However, other syntheses resulted in monodisperse
nanoparticles with the same shape. For the size analyses, both TEM and DLS
measurements were performed, and DLS results supported the sizes calculated

using TEM images (Figure 6.7).
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Figure 6.7. Size comparison of cube and sphere SPIONs analyzed by dynamic
light scattering measurements along with their diameters calculated from TEM

images.

We studied the absorption spectra of cubic and spherical SPIONs since it
provides information about the crystal structure of the particles. Liang et al.'?
reported that Fe;O, SPIONs exhibit an absorption band between 400-700 nm in
the visible area, which is responsible from the black appearance of the SPION
dispersion. Additionally, a very slight increase between 450 and 500 nm is also
reported. On the other hand, the strongest peak for o-Fe,O; is reported at 400-
450 nm, which is in good aggrement with the red color of the solution. In our
study, we observed the coverage of absorption spectrum of SPIONs throughout
the whole visible regime in all groups. Considering the reported spectrum
differences and solution colors of Fe;O4and a-Fe O3, we attributed our absorption

spectrum to the formation of Fe;O4 nanocrystals (Figure 6.8a).
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Figure 6.8. Structural information obtained from a) absorption spectra and

surface characterization performed with b) FT-IR measurements.

To identify the functional groups of the SPIONs, we performed Fourier
transform infrared spectroscopy (FTIR) measurements. The sharp peaks
appearing at 2923, 2852, and 1461 cm are assigned to the asymmetric stretching
(va C-H), symmetric stretching (vs C-H), and scissoring (ds C-H) modes of oleic
acid, respectively (Figure 6.8b). These peaks are in agreement with the
literature[213], [238] and indicate the oleic acid attachment to the SPION surface
in a bidentate fashion in all groups.

We subsequently studied the magnetic properties of the SPIONs presented in
Figure 6.6 using physical property measurement system (PPMS) to measure the
dependence of magnetization on magnetic field (M-H curve) and on temperature
(M-T). We recorded M-H curves at body temperature (310 K) because of their
potential use in clinical MRI. The magnetization curve and saturation
magnetization (M;) of the all SPIONs are presented in Figure 6.9 and Table
6.1.
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Figure 6.9. M-H curves of cube and sphere SPIONs having a) 7.0 nm, b) 11.0

nm and ¢) 13.5 nm diameters along with their d) saturation magnetization (M,).

As depicted from Figures 6.9a-c, the continuous increase of magnetization
along with the applied magnetic field observed in M-H curves can be explained
by the enhanced spin canting effect in the surface layer.[187] When we compared
the saturation magnetization values, we observed that the M values of cube
SPIONSs are higher than the spherical counterparts for all the sizes. Furthermore,
we noticed that saturation magnetization increases with the increasing size for
spherical SPIONs. This pattern is similar for cubic SPTIONs with the sizes of 7.0
and 11.0 nm; however, a small decrease in 13.5 nm cubic SPIONs is observed.
At this size (~13.5 nm), M, values of the cubic and spherical SPIONs become
very close to each other (~45 and ~43 emu/g, respectively). This size-dependent
M; decrease with decreasing size for both cube and sphere SPIONs may be
attributed to the more adsorption of oleic acid by the nanoparticles’ surface due
to the larger surface area that they have or their crystalline defects inside the
particle as also reported in previous works.[209], [213] In our study, we suggest

that the decrease of M, from 48 to 45 emu/g in 13.5 nm cube is possibly due to
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the shape inhomogeneity of the solution. As shown in Figure 6.6¢, this synthesis

contains both sphere-like and cubic SPIONs.
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Figure 6.10. Ti- and Ts-weighted phantom images of a-b) sphere and c¢-d) cube
SPIONSs with the size of 11.0 nm. Diagrams of fitted M-H curves belonging to 11
nm sized e) sphere and f) cube SPIONs along with the g) areas showing the

paramagnetic contribution in the M-H curves for all groups, which are calculated
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from the green area in the fitted M-H curves. h) Transverse and longitudinal

relaxivity values as a function of the SPION size.

Iron oxide nanoparticles are widely studied contrast agents for Ty-weighted
imaging, however, there are a few reports on the use of these nanoparticles for
dual-modal imaging.[19], [239] In order to understand the both transverse (r»)
and longitudinal relaxivity (r;) mechanism depending on size and shape in
SPIONs, we performed Ti- and Te-weighted MR phantom imaging of cube and
sphere SPIONs using a 3T Siemens MR scanner (Figure 6.10 and Figure
6.11).

7.0 nm Cube SPIONs

7.0 nm Sphere SPIONs

13.5 nm Cube SPIONs

13.5 nm Sphere SPIONs

M-Sl MTL ML MTL ML ML mAL melL

Figure 6.11. T;- and To-weighted phantom images of cubic and spherical SPIONs

with the sizes of 7.0 and 13.5 nm.

We observed that cubic SPIONs have larger r; and r, relaxivity values
compared to the spherical counterparts for all sizes; however, there is a slight
decrease in the r1 and ry relaxivities of 13.5 nm sized cubic SPIONs. On the other
hand, spherical SPIONs exhibited monotonically increasing relaxivities with
increasing size. This result is in agreement with the M; values shown in Figure
6.9d. For Tyweighted imaging, the observation of improved contrast with the
larger SPIONSs is predictable since the larger particles have significantly higher

magnetic moments due to their smaller surface contribution to spin canting.
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Additionally, enhanced perturbation effects from the unique morphology also
positively contributes to the T, contrast effect.[240] However, the origin of the
ri relaxivity in SPIONs is not clear yet. In our study, while the r; and 1 relaxivity
values of cubic SPIONs (11 nm) are calculated as ~35 and ~3.4 mM™s”, Sharma
et al. reported ~9.5 nm nanocubes with higher r1 and r; values.[187] We believe
that the reason of this difference is the spin-canting effect depending on the
sharpness of nanocube corners. Therefore, higher relaxivity values could be
obtained if the corners of our nanoparticles were sharper. A previous study[228]
reported ultrahigh r, value from concave octapod iron oxide nanoparticles having
sharp four-arm star like morphology, which strongly supports our hypothesis.
The continuous growth of magnetization along with the magnetic field suggests
that these SPIONs may have a partially paramagnetic behavior in addition to
their superparamagnetic nature. This paramagnetic property may possibly stem
from the enhanced spin canting of SPIONs and similar result was reported in a
study with cubic SPIONs previously.[187] These mixed magnetic phases were
investigated by fitting the M-H curves of the samples using Equation 6.1.

M(T) = M [coth (5) = (27)] + xH (6.1)
where M(T) represents the magnetization of the nanoparticles at temperature T,
M; shows the saturation magnetization of the nanoparticles, u is the magnetic
moment of the nanoparticles, y is the susceptibility of the nanoparticles, and kg

is the Boltzmann constant.

The superparamagnetic (SPM) and paramagnetic (PM) contribution to the
total magnetic moment can be observed in the first and second term of Equation
6.1, respectively. Experimental data and fits corresponding to sphere and cube
iron oxide nanoparticles with the size of 11 nm are given in Figure 6.10e and f,
respectively, while similar data for other nanoparticles are shown in Figure
6.12. Our experimental data and the SPM+PM fits, which are presented using
black and red lines, respectively, matched perfectly suggesting the presence of
SPM and PM phases. The green areas in the M-H curve graphs indicate the
paramagnetic contribution. Figure 6g summarizes these green areas for all

samples and exhibits excellent coherency with the patterns observed in M; and
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relaxation values. These results revealed that stronger paramagnetic
contributions in the cubes compared to the spheres are responsible for larger r;
relaxation values. It is also noteworthy mentioning that green areas calculated
from M-H fits are similar for 13.5 nm of cube and sphere SPIONs, confirming
the consistency of results obtained from M-H and relaxivity measurements
(Figure 6.12). It is well understood from the literatue that the T relaxivity is
directly related to the saturation magnetization of the contrast material whereas
T, relaxivity is associated with the paramagnetic contribution it possesses.[122]
In our SPIONS, we can see a clear correlation of PM and SPM contributions
with the longitudinal and transverse relaxivities, which we report here for
undoped SPIONSs for the first time to the best of our knowledge. We owe our

results to the highly uniform/monodisperse synthesis of iron oxide nanoparticles.
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Figure 6.12. M-H fitting diagrams of a-b) 7.0 nm and c-d) 13.5 nm sized cube
and sphere SPIONs
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We also studied the magnetization dependence of our nanoparticles on
temperature. We obtained zero field cooled (ZFC) magnetization by cooling in
zero-field and field-cooled (FC) magnetization by warming in the presence of 300
Oe field following the cooling in zero-field. Results corresponding to the sphere
and cube SPIONs having 11 nm diameter are presented in Figure 6.13. Results
demonstrated that ZFC magnetizations of both cube and sphere SPIONs increase
and reach a maximum at the blocking temperature (Ts). We observed that the
ZFC magnetization of all cubic SPIONs is higher than the spherical SPTONs
(Figure 6.14) and the values of Tg are estimated to be 135 and 120 K for 11
nm sized cube and sphere SPIONSs, respectively.

11 nm SPIONs
| H=1300 Oe

M (emu/g)

44 =— ZFC Cubes
® FC Cubes
—a— 7FC Spheres
—v— FC Spheres
0 50 100 150 200 250 300 350

Temperature (K)

Figure 6.13. Zero field- and field-cooled M-T measurements of the cubic and

spherical iron oxide nanoparticles having 11 nm size.

There is a conflict in the literature about the blocking temperature of the
similar sized cube and sphere SPIONs. Salazar-Alvarez et al. reported that the
blocking temperature of spherical shaped y-Fe,O; is higher than the cubic
counterpart.[241] However, Zhen et al. reported that the Fe;O4 magnetite cubic
SPIONs have higher blocking temperatures compared to the spherical
counterparts, which is similar to our observation. The parameters affecting
blocking temperature are shown in following Stoner-Wohlfarth relation:

K
T = 25k % (6.2)
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where T is the blocking temperature, K is the anisotropy constant, V is the
volume of the nanoparticles, and kg is the Boltzmann constant. According to this
relation, Tg is directly proportional to the magnetic anisotropy and the volume
of the nanoparticles. Therefore, T increase with the increasing size and volume
in both cube and sphere SPIONs is expected, and in agreement with our results.
However, different than the M and relaxivity results, we observed a monotonic
increase in the Tg of cubic SPIONs with the increasing size (Figure 6.14). Based
on the Stoner-Wohlfarth relation, we attribute this variation to the differences
in the shape anisotropy (cubes and spheres), which might originate from various
factors such as broken exchange bonds, presence of structural defects (e.g.,
facets), and differences in number of neighbors or atomic distances according to
Neal’s pair anisotropy model.[241] Considering the surface properties of our

nanoparticles, all of these factors may take role in the magnetization anisotropy.
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Figure 6.14. Zero field cooled measurements of a) cube and b) sphere SPIONs in

three different sizes along with the blocking temperature values.

6.4 Summary

In this chapter, we show the colloidal synthesis of cubic and spherical
superparamagnetic iron oxide nanoparticles of various sizes along with their
structural and magnetic properties. In this study, for the first time, the
longitudinal relaxivity of iron oxide nanoparticles, which are common T,
weighted contrast agents, with different sizes and shapes was studied in detail.

For this purpose, we synthesized spherical and cubic superparamagnetic iron
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oxide nanoparticles using high-thermal decomposition method and investigated
the key parameters to tune the size and shape of these nanoparticles.
Morphological analyses demonstrated that oleic acid concentration is mainly
responsible from shape change, and Fe-oleate amount in the reaction is crticial
for size variation. Absorption measurements confirmed that SPIONs have
magnetite (Fe;04) crystal structure. MRI phantom studies demonstrated that
cubic SPIONs have better relaxivity values as compared to the spherical
counterparts, which is also supported by magnetic properties. Furthermore, M-
H measurements showed that the magnetization saturation of cubic SPIONs is
higher than spherical counterparts and both cube and sphere SPIONs have
paramagnetic phase additionally to their superparamagnetic phase, which is
confirmed by fitting the M-H curves. These PM and SPM contributions in our
SPIONs are directly correlated with the longitudinal (r1) and transverse (r»)
relaxivities. We believe that this study will open new pathways in the
development of dual-modal (T, and T, weighted) iron oxide nanoparticles for

magnetic resonance imaging.
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Chapter 7

Conclusions

In this part of the thesis, we first summarize what we presented in this thesis
and present our concluding remarks. Subsequently, we will continue with the
future outlook and finish this chapter with a list of our contributions to the

science and literature resulting from this thesis work.

7.1 Concluding Remarks

In this thesis, we prepared and used different colloidal nanoparticles for various
targeted applications. First, we developed high-efficiency and high-stability new
composite matrices suitable for solid-state lighting applications by employing
colloidal conjugated polymer nanoparticles and colloidal semiconductor quantum
dots. Additionally, we developed colloidal magnetic contrast agents that are
promising for dual-modal imaging in MRI. We studied the effects of the size and
shape of the nanoparticles on intrinsic mechanisms governing the magnetic
features. After a brief introduction in Chapter 2, we started with providing
background information on the syntheses, physical properties, and potential

applications of different nanoparticles employed in this thesis work.

Subsequently, in Chapter 3, we focused on the problem of low quantum
efficiency and stability of conjugated polymer nanoparticles for solid-state
lighting applications. To address this challenge, here, we incorporated organic
fluorescent oligomer nanoparticles into a nonionic sucrose matrix and prepared
their monoliths. Optical characterizations of these monoliths revealed a
significant QY increase up to ~44%, while it remains ~6% in drop-casted solid
films. This is the first report that makes the use of oligomer nanoparticles
suitable for solid-state lighting thanks to their high efficiency. Moreover, we
conducted temperature stability studies of monoliths and drop-casted films, and
showed ~3-fold improvement in the emission of oligomer nanoparticles within
the monoliths. In addition to these advantages, easy preparation procedure, low
cost, and easy implementation to LEDs are other impressive outcomes of this

study. Interestingly, the use of ionic salt matrices instead of nonionic sucrose
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matrix did not show similar improvement in the emission and stability of

oligomer nanoparticles.

In the next chapter, we employed the nonradiative energy transfer to increase
the emission efficiency of red quantum dots. For this aim, we incorporated
quantum dots into cm-scale semiconductor organic anthracene crystals. We for
the first time demonstrated the nonradiative energy transfer in crystalline
matrices incorporating quantum dots. In this material system, the host matrix
transferred their excitons to the incorporated quantum dots. We observed
shortening in photoluminescence lifetime of the donor anthracene with the
increasing amounts of incorporated QDs proving strengthening energy transfer.
Since anthracene has several photoluminescence peaks, we systematically
investigated the NRET and lifetime decays at every peak. Interestingly, we found
out that the most efficient peak is not the main photoluminescence peak at 429
nm; instead, it is at 494 nm with a ratio of 28%. We further investigated the
polarization of QD emission within the anthracene crystal. Results demonstrated
an increased polarization ratio from ~1.5 to ~2.5 at the collection angles of 0°
and 60°, respectively. Although it is known that anthracene has anisotropic
nature, this study is the first report showing isotropic to anisotropic emission
change of QDs within a crystalline matrix. Finally, we employed these QD-
anthracene crystal system as color converter on LEDs by benefiting their NRET

concept, and demonstrated their suitability as color-converters on LEDs.

In Chapter 5, we moved to our second focus, which is on the synthesis and
characterization of biocompatible contrast agents for their use in magnetic
resonance imaging. Here, we successfully synthesized highly monodisperse sharp
cornered-cubic iron oxide nanoparticles with the size of ~9.7 nm by decomposing
iron-oleate at high temperature. Characterization studies demonstrated that the
crystal structure of these nanocubes is magnetite. Moreover, we studied both T}-
and Te-weighted imaging capabilities of these nanocubes and showed their
potential for dual-modal imaging in MRI. In the literature, there are two main
techniques to increase Ti-imaging property of iron oxide nanoparticles. One of
these tecniques is decreasing the size of the iron oxide nanocrystals below 5 nm,

while the other one is doping iron oxide nanoparticles with paramagnetic
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materials such as manganese and gadolinium. However, in this study, we
obtained additional Ti-imaging capability only by tuning the shape. We also
investigated their in vitro biocompatibility and dual-modal features in the
phantom and MRI experiments, and showed they are safe and good candidates

for simultaneously enhanced T;- and Te-imaging in MRI.

In Chapter 6, we investigated the intrinsic mechanisms leading to this Ti-
contrast enhancement in iron oxide nanoparticles depending on their size and
shape. Generally, iron oxide nanoparticles are known as T, contrast agents.
Although there are some reports on their Ti-imaging capability, the related
mechanisms remained unclear. Prior to this work, some studies reported
enhanced 1; relaxivity with the increasing size of iron oxide nanoparticles, while
others reported the opposite. To understand the underlying physics behind this
difference, we synthesized both cubic and spherical nanoparticles in three
different sizes using high temperature decomposition of iron-oleate. Here, we
systematically studied the synthesis parameters and found out that the oleic acid
concentration mainly affects shape change, while Fe-oleate amount is crtitical
for the size control. Magnetic characterizations, on the other hand, showed that
cubic shaped iron oxide nanoparticles possess better r; and ry relaxivities
compared to the sphere counterparts. Moreover, we found out that both
superparamagnetic and paramagnetic phases are present within the crystal and
saturation magnetization fittings match the pattern of these phase differences.
Since r1 mechanism of iron oxide nanoparticles is not clear, we believe that this
study can further help to expand the applications of these biocompatible iron

oxide nanoparticles as dual-modal contrast agents in MRI.

To summarize, within the framework of this graduate thesis work, we aimed
to address problems of solid-state lighting and magnetic resonance imaging and
find effective solutions to these problems. We believe that the scientific
contributions of this thesis to the conjugated polymer nanoparticles and quantum
dots are very promising and pave the way for their potential applications as
color-converters in the lighting and display fields. Moreover, our studies on the
development and improvement of iron oxide-based contrast agents for dual-

modal MRI may help on better diagnosis of patients using MRI in the future.
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7.2 Future Outlook

Cadmium-based quantum dots are widely preferred fluorescent nanoparticles as
color-converters on LEDs owing to their high quantum yields. However, possible
health and environmental risks of these materials, relatively low toxic conjugated
polymers hold great promise for the future solid-state lighting applications. Our
study presented in Chapter 3 is based on red-emitting oligomer nanoparticles.
However, it would be very promising if we additionally obtain highly efficient
yellow- or green-emitting olicomer nanoparticles and use all of them for the white

light applications.

Moreover, in our study, we used quantum dots as inorganic fluorescent
nanoparticles. However, two-dimensional nanoplatelets are also very attractive
thanks to their narrow emission spectra. However, their stability and efficiency
in solid films still remain as important problems. The crystallization of these
materials can be a good solution to these problems, which may make the
nanoplatelets suitable for displays and lighting. Additionally, perovskite
nanoparticles are another promising materials that can be employed in lighting
applications. If their emission efficiency and stability can be increased to
relatively higher levels by using crystallization techniques, it would be another

promising approach for the optoelectronic applications.

MRI is among the most widely used non-invasive imaging tools in the clinics
for the diagnosis and treatment of diseases. To date, many studies have been
conducted to develop agents for improved image contrast. However, in the last
decades, magnetic particle imaging (MPI) has attracted significant attention by
many researchers. In this technique, the signals are obtained directly from the
contrast agents. On the other hand, in MRI, contrast agents are indirectly
detected by measuring the relaxation time difference of protons residing in the
environmental tissues. Therefore, MPI provides high-resolution real-time
imaging and it is principally a technique utilizing specifically iron oxide-based
nanoparticle tracers. We believe that the well-controlled monodisperse iron oxide
nanoparticle syntheses with different sizes and shapes may also step forward in

this area. Moreover, for the treatment of cancer, hyperthermia is a good
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alternative and the anisotropic materials possess better heat generation. Since

similar contrast agents are employed for the MPI and hyperthermia studies, the

idea of developing a material combining the features required by both the MPI

and hyperthermia is very promising. We believe that focusing on these research

fields may significantly contribute to the literature and industry in the near

future.
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