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Abstract

Free radical photopolymerization of vinyl monomers is highly popular since
initiation can be performed at room temperature which is beneficial in especially medicine,
paint and coating applications. Photoinitiators (PI) usually do have strong absorbance in the
UV and therefore decompose to produce free radicals for initiation upon excitation in UV
which creates a safety issue and limited penetration depth. Lack of 100% decomposition,
toxicity of the P1 and/or degradation products, bleaching out of these species and need for a
co-catalyst are additional problems which are the subjects of many current studies.

Quantum dots (QD) are luminescent semiconductor nanocrystals with size tunable
optical and electrical properties due to quantum confinement and used widely in energy,
medicine, fluorescent labeling, optical diagnosis and therapy. Their combination with
polymers usually involve polymeric coatings on QDs to provide stability, functionalization
and processability to QDs or blending QDs with polymers to introduce the optical and

electrical properties of QDs to the polymers.



QDs generate an electron-hole pair which is the basis of their potential as a PI. Size
tunable and continues absorbance of QDs allow excitation at different wavelength and hence
render them as a potential long-wavelength initiators. There has been a very limited amount
of reports on utilization of QDs as Pls within the last 20. Results of these studies are usually
conflicting with each other. General belief involves the need for a hole-scavenging alcoholic
solvent and luminescence quenching for successful photoinitiation with QDs.

Motivation of this thesis work is four fold: 1. Understanding of the influence of QD
type, size, surface quality and coating composition on PI efficiency in hydrophobic solvents;
2. Elucidating the initiation mechanism; 3. Investigating QDs as long-wavelength Pls; 4.
Producing QD/polymer nanocomposites in a simple way.

In the first part, colloidal and hydrophobic CdS QDs with different crystal size and
particle quality, but with the same coating (oleic acid) were used as a Pl in batch
photopolymerization of MMA under UV-excitation (360 nm) wherein the QD concentration
and reaction time on monomer conversion were studied. Kinetics of the
photopolymerization and initiation in the visible range were studied with photo-DSC using
PEGDA and HDDA as monomers. Studies indicate that more than the size of the
nanocrystals, surface quality and defect states differentiate the initiation efficiency of QDs.
Small, colloidally stable and luminescent CdS/PMMA were produced. Decarboxylation of
Oleic acid upon photoexcitation was suggested as the source of initiating radical. In the

second part, octadecylamine coated CdSe and CdSe-ZnS core-shell QDs were studied to shed



light on the initiation mechanism further. However, successful photopolymerization were not

achieved. Possible reasons and suggestions for future studies are provided in the last part.



Ozet

Vinil monomerlerinin serbest radikal polimerizasyonu teknigi ile polimerlestirilmesi
Ozellikle tip, boya, kaplama sahalarinda, 6zellikle de oda sicakliginda ¢alisma avantaji
sagladig1 i¢in, ¢ok¢a basvurulan bir yontemdir. Fotobaglaticilar (FB) genellikle UV-
bolgesinde absorbansa sahip ve dolayisiyla UV-de uyarildiklarinda radikal olusturarak
parcalanip polimerizasyon baglatan organik molekiillerdir. UV 1s1g8min kullanilmasinin
saglik agisinda riskli olmasi ve yine bu bolgede sinirli 1g1k niifus derinligi organik FB’lerin
temel sorunudur. Ayrica, FB’larin tiimiiyle doniisiime ugramamasi, toksik parcalanma
tirtinlerinin ¢ikmasi, ko-katalist ihtiyaci organik FB’larin baslica sorunlaridir.

Kuantum noktaciklart (KN) kuantum sinirlamasi nedeniyle biiyiiklige bagl
ozellikler gosteren yari iletken nanokristal yapilardir ve giines pilleri, floresan etiket, ilag
tasima ve tibbi goriintiileme gibi pek ¢ok sahada kullanilan popiiler nanomalzemelerdir.
Polimerler genellikle KN’larina stabilize, fonksiyonellik ve islenebilirlik saglamak i¢in
KN’larinin yiizeyini kaplamada kullanilir veya KN’lariin 6zelliklerinden faydalanmak i¢in
KN’lar1 ile harmanlanirlar.

KN’larmin potansiyel FB olarak kullanilmasinin nedeni elekron-¢ikur ¢iftini
olusturmasidir. KN’larinin kristal biiytikliigiine bagl degisen ve kesitli olmayan absorbansi
farkli dalga boylarinin uyarict olarak kullanilabilmesine olanak saglar ve KN’larin1 olasi

uzun-dalgaboyu fotobaslaticilar1 haline getirir. Son yirmi yil igerisinde kuantum

Vi



noktaciklarin fotobaglatici olarak kullanilabilecegine dair sinirl sayida raporlar gérilmiistiir.
Genellikle de bu calismalarin sonuncu birbiri ile ¢elismektedir. Cukur-dolduran alkolik
coOziiciilere ihtiyag duyulmasi ve basarili fotobaslatama sonucunda luminesansin
soniimlenmesi bu raporlarin genel goriisti olarak kabul edilebilir.

Bu tez c¢alismasinin motivasyonu 4 asamalidir: ilk olarak KN’nin tipinin,
biikiikliigiiniin, yiizey kalitesinin ve kaplama kompozisyonunun FB verimliligi tizerindeki
etkisinin anlasilmasi, 2. olarak baslatici mekanizmasinin anlasilmasi, 3. olarak uzun-
dalgaboyu FB’si olarak degerlendirilmesi ve son olarak da basit bir yolla KN-polimer nano-
kompoziti iiretilmesinde kullanilmasi hedeflenmektedir.

Calismanin ilk kisminda, ayn1 kaplamaya fakat farkli kristal biiytikliigiine ve parcacik
kalitesine sahip, kolloidal ve hidrofobik CdS KN’larinin UV 15181 ile uyarilmas: sayesinde
MMA’nin y1gin polimerizasyonunda, KN’ nin yogunlugunun ve polimerizasyon siiresinin
MMA doniistimiindeki etkisi ¢alisildi. Goriiniir bolgedeki baslamanin ve fotopolimerizasyon
kinetigi PEGDA ve HDDA monomerleri ile foto-DSC’de calisildi. Elde edilen sonuglar
gosteriyor ki: KN’nin biiyiikliigii, yiizeyinin kalitesi ve kusurlu enerji mevkilerini bulunmasi
KN’larinin bagslatict verimligini degistirmektedir. Luminesans ve kolloidal stabilitesi olan
kompozitler iiretildi. Fotouyarilma sonucu oleik asitin karbondioksit ac¢iga ¢ikarmasi
baslatic1 radikalin kaynagi olarak onerildi. Ikinci boliimde, cekirdek-kabuk yapili
malzemelerin fotobaslatmadaki roliinii anlamak i¢in oktadesilamin kapli CdSe ve CdSe-ZnS

parcaciklarindan faydalanilmistir. Fakat bu parcaciklarla basarili sonuclar elde edilemedi.
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Son boliimde, bunun olas1 olast nedenleri ve ileriye yonelik yapilabilecek ¢alismalara yer

verildi.
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Chapter 1: Introduction 1

1. Introduction

1.1 Quantum Dots

Nanoparticles have become a center of attention within almost all fields of science and
technology. Among different inorganic nanoparticles, Quantum Dots (QDs) emerged as a
valuable enabling material in a variety of applications. They did not only initiate a
tremendous amount of fundamental research but also were utilized in new technology
products and even made it to the market. QDs are luminescent semiconducting nanocrystals
with diameters usually in the range of 2-10 nm (Figure 1.1).[1] Such ultra-small size
dramatically alters their physical, chemical and optical properties, providing outstanding
features valuable for different applications including solar cells[2, 3], bio-imaging[4, 5],
displays[6], photocatalysis[7, 8], sensors[9], etc. QDs are synthesized from the elements of

group 1I-VI (i.e. CdS, CdTe), IV-VI (i.e. PbS) or 111-V (i.e. InGa) elements.
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Figure 1.1 Ten different colors of fluorescent ZnS-CdSe QDs under near UV light [10]

1.1.1 Size-Band Gap Relation

Solid state materials are classified as conductors (or metals), semiconductors or insulators
based on materials’ electronic band structures (Figure 1.2). Conductors are good conductors
of electricity and heat as a consequence of their continuous energy bands or very small gap
between the valence band (VB) and the conduction band (CB), which can be readily
overcomed even at the room temperature. On the other hand, insulators have a large energy
band gap (usually larger than 3.0 electron volts (eV)) or forbidden energy levels. In the case

of semiconductors, such energy band gap is relatively smaller.



Chapter 1: Introduction 3

A Conduction
e band
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Figure 1.2 Electronic band structures of inorganic solids[5]

A bulk semiconductor contains many atoms which cause splitting of the electronic
energy levels, and as a consequence, continuous energy bands form in a bulk semiconductor
(Figure 1.3). [11] A semiconductor crystal possesses quantum mechanically calculated
forbidden energy zone that is also referred as the band gap energy (Eg), and it is specific to
the material. Table 1.1 shows bulk band gap energies of most widely studied QDs in the
literature.[12] The valance band is the mostly filled lower-energy band while conduction

band is the mostly empty higher energy band.
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Table 1.1 Band-gap energies of commonly used semiconductors [12]

Bulk semiconductor Band Gap [eV] Type
Cds 242 -V

CdSe 1.75 -V

CdTe 1.50 1-VI

InP 1.35 -V

PbS 0.41 IV-VI

ZnS 2.50 1-VI

Electrons located in the valence band can be promoted to the conduction band only
when they are excited with an energy equal or greater than the band gap of the material.
Excitation of an electron from its ground state to a higher energy levels leaves a positively
charged hole behind and allocates the negatively charged electron in the conduction band.
Such electron-hole pair is electrostatically bound and is known as the “exciton”. The exciton

size is defined as Exciton Bohr Radius (EBR).

The size of a bulk semiconductor is much greater than EBR, and the excitons are
confined within a large volume. Due to the presence of a large space, it requires a relatively
smaller energy for the exciton confinement. On the other hand, in nano-sized quantum dots

exciton needs to be confined in a small volume which is usually comparable to the material’s
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EBR. Confining the excitons within much small volume requires much more energy
compared to bulk semiconductor. Therefore, quantum dots always have a larger band gap
than their bulk analogs. The presence of fewer atoms in QDs compared to the bulk results in
discretization and quantization of electron energy levels which resembles those of an

atom.[1] This is why quantum dots are sometimes called as artificial atoms.

Band (many splits)
E‘

Solid
(many atoms)
13 Splits in sublevel l
TS PR LY
Particle E
(13 atoms) Q 3 e
4 Splits in sublevel |
5 0000 m ) e AE
Particle il iy F
B e I
(4 atoms) % P e

1 atom o E ’ Sublevel

Figure 1.3 Discretization of energy levels of an atom. Few atom particles and the bulk solid

[11]
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Louis Brus, who discovered quantum dots in colloidal solution, modified the
Schrodinger’s equation to relate the particle size to the band gap energy of that QD, since

band gap energy of semiconductor QDs depends on its size.[13, 14]

1.8e?
4mEGER

Bga = E95 + (5) (5 7) =

me mp

) Equation 1.1.1

In the equation 1.1, Egyp and Eg, are the band gap energies of QD and bulk
semiconductor, respectively. R is the radius of the QD, h is the Planck’s constant, me is the
effective mass of the electron in the bulk, my, is the effective mass of the hole in the bulk, ‘e’
is the charge of an electron, ‘and ‘¢’ is the dielectric constant of the bulk. According to eq.

1.1 band gap energy of the QD increases with decreasing particle size (Figure 1.4).

Bulk Band Quantum
Structure Dots
Conduction =— =
Band
E Band
2 Gap
w
Valence - -
Banid ——— =

v

Decreasing Size

Figure 1.4 Size-dependent band gap energies of Quantum Dots [15]
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1.1.2 Optical Properties of QDs

QDs can be excited by a photon with an energy equal or higher than the band gap energy
resulting in the formation of electrostatically bound electron-hole pair, the process also
known as absorption of light. Electrons in the excited state with excess energies are unstable
and prone to return to its ground state by giving the excess energy off as a heat or photon.
Excited electron relies mostly on two different pathways to relax back which strongly affect
the optical properties of QDs: 1. Radiative process through electron-hole recombination, 2.
Non-radiative processes trough surface trapped states located between CB and VB.[16]
Excited electrons may relax via nonradiative pathways to the lowest allowed energy level in
the conduction band via vibrational relaxations. During this process, electrons lose part of
the absorbed energy as heat. Afterwards, electron-hole recombination may occur via a
radiative process in which a photon is emitted, the phenomenon called fluorescence.[17]
Such electron-hole recombination is also referred as band-edge emission. Due to loss of
energy through non-radiative relaxations, the energy of the emitted photon shifts to a longer
wavelength in comparison to the energy of the absorbed light. The difference in wavelength

of emitted and absorbed photons is called as Stoke’s shift. [18]

Since the band gap is size dependent due to the quantum confinement is nanometer scale,
it is possible to tune the absorption energy for the generation of an exciton, the first excitonic

peak, or the emission wavelength of QDs can be tuned with the size. As the size of QDs
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increases, the band-gap energy decreases and the first excitonic peak and emission maxima

shifts to longer wavelengths in the electromagnetic spectrum (Figure 1.5).[19]
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Figure 1.5 Size-tunable emission profile of QDs[19]

Alternative to the electron-hole coupling, excited electron may be trapped at defect
related energy states between CB and VB which is usually a non-radiative relaxation.
However, some QDs exhibit trap state emission as the sole emissive process or in addition
to the band-edge emission. [20, 21] Naturally, such emissions are usually detected at a much

longer wavelength than the band-edge emission (Figure 1.6).



Chapter 1: Introduction 9

CdS-400
band- A — PL spectrum
|
edge .| —— UV spectrum
_ emission | \
i \
E \-.‘. N ll‘ surface-
\ \ ".l » trapped
\/ i, MW
j \
>0 o 0 ;:“w" (:) 0 o« 0

Figure 1.6 Stoke’s shift, band-edge and surface-trapped emission profile of CdS QDs [22]

Large surface to volume ratio of QDs due to their very small sizes, make them prone to
surface defects which dramatically change their optical properties. Such surface defects are
usually dangling bonds, lattice mismatches or vacancies where the excited electron might be

trapped. [23]

One approach to eliminate such surface defects and enhance band-edge emission is to
grow a shell on top of the core material.[19] Core-shell nanocrystals (NCs) have gained a
significant attention due to high fluorescence quantum vyield (QY), large emitting range,
resistance to photo-oxidation, pro-longed PL decay times and so on.[24] Core-shell NCs
might be categorized under three basic types depending on the relative bandgap alignments

of core and shell materials: type-1, type-I1 and reverse type-1 (Figure 1.7).[12] Among these
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three types of core-shell NCs, type-I systems have been developed to passivate the QD
surface and improve fluorescence QY and optical stability by the overgrowth of another
semiconductor material with a larger bandgap energy on top of the core material. By growing
a shell around the core material, the electrons and holes are trapped inside the core which
improves the fluorescence QY and other optical properties by isolating the core from the
environment. Thus, the electron transfer from the type-1 NCs theoretically is not allowed.

The most common example of type-1 NCs is CdSe-ZnS core-shell NCs.[25, 26]

Type | Type ll Type i Reverse Type |

{13009 o

Figure 1.7 Representation of bandgap alignments of different types of core-shell NC

systems.[12]

1.2 Classification of Polymerization
The first classification of polymers is made by Carothers in 1929.[27] Carothers’
classification relies on the difference in the composition of the polymer and the monomer.

Condensation polymerizations involve elimination of small molecules, typically H2O, from
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the chemical reactions of monomers, whereas addition polymerizations provide polymers
that have the repeating units with the molecular formula identical to the monomer. Carothers’
method of classification was not entirely satisfactory because some addition polymerizations

exhibit the characteristics of a typical condensation polymerization or vice versa.

Later, a better terminology for the classification is provided based on the polymerization
mechanism.[28] In step-growth polymerizations, the polymerizations proceed stepwise
through reactions between two molecular species such as monomer or oligomer. In chain-
growth polymerizations, monomers are sequentially added to the active end on the growing
chain to yield the polymer. Chain and step-growth polymerizations have different features,
but the most significant difference is in the character of the reacting species.[29] Step-growth
polymerizations require functional monomers, while chain-growth polymerizations need an
initiator molecule to start the chain growth and monomer. Another significant difference is
in the molecular weight development (Figure 1.8).[30] Molecular weights the polymers rely
on the extent of polymerization. In step growth polymerizations, molecular weight depends
on the extent of the reaction and reached to high values at almost full monomer conversions.
On the other hand, molecular weight of the polymer chains are fixed early in the reaction in

chain-growth polymerizations.

Chain-growth polymerizations require an initiating specie to attack a monomer to

start the chain growth. The initiating molecule determines the mechanism of the
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polymerization. In chain-growth polymerizations, initiating specie can be a radical, anion or
cation.[29] Although free radical, anionic and cationic initiators are able to initiate chain-
growth polymerizations, they cannot be utilized in all kinds of monomers. lonic initiators are
highly monomer selective which limits their use. Radical initiators are the mostly widely
used ones in polymerization of vinyl monomers. Many industrial processes involve free

radical polymerization of vinyl monomers, as well.

All chain-growth polymerizations essentially contain three fundamental steps: initiation,
propagation and termination.[31] Those three steps will be explained in detail in the context

of free radical polymerization.

Chain-growth polymerization

~

Average Molecular Weight

Step-growth

| |
50 100

% Concentration

Figure 1.8 Chain vs Step Growth Polymerization[30]
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1.2.1 Mechanism of Free Radical Polymerization

Free radicals are highly reactive species with an unpaired electron that usually exhibit
short lifetimes.[31] The carbon-centered free radicals have sp2 hybridization and are highly
reactive towards the double bonds of unsaturated monomers (Scheme 1.1). The first studies
investigating the mechanism of free radical polymerization were performed by Flory in
1939.[32] Free radical polymerization have become the most commonly practiced
polymerization for vinyl monomers since the first studies of Flory because most of the
monomers are prone to this type of chain polymerization.[31] Like other types of chain-
growth polymerizations, free radical polymerizations have typically three basic steps which
are initiation, propagation and termination. , “Chain transfer’” may be considered as a fourth

step.

Scheme 1.1 Representation of general structure of a carbon-based free radical[31]

1.2.1.1 Initiation
The first step of free radical polymerization is the initiation. This step consists of two
distinct reactions. In the first reaction, free radicals are generated from an initiator molecule

by homolytic cleavage of labile bonds (i.e. peroxides —O—-O- or azo —N=N-) or by a redox
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reaction. In the subsequent reaction, this free radical reacts with electrons found in the p
orbitals of carbon-carbon double bond of the unsaturated monomer to form the monomeric

free radical or chain initiating radical called as active center.

[ ———2R-  generation of free radical

R+ M ——— = R——M- formation of active center

Scheme 1.2 Formation of initiating specie and active center in the initiation step

Homolysis of the initiator molecule may be induced by heat (thermolysis) or radiation
(photolysis). Photolysis is very advantages since it can be performed at room temperature
and can provide an on/off switchable reaction. Advantages and disadvantages of
photoinitiated free radical polymerizations and types of photoinitiators will be explained later

in detail.

1.2.1.2 Propagation
Active centers rapidly adds monomers to the growing chain and after each subsequent

addition a new active center forms at the end of the growing chain.
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Scheme 1.3 Typical propagation reactions of free radical polymerization

1.2.1.3 Termination

Coupling

R—M,—M- + ‘M—M,—R

R—M,—M—M~—M,—R

Disproportionation

R—M,—M- + ‘M—M,—R

R—M,~M M=M,—R

Scheme 1.4 Termination by coupling and disproportionation
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In the termination step, the bimolecular reaction of two radicals occurs to give a dead
polymer, meaning that propagation of active chains ceases. Typically two mechanisms
dominate the termination step. (Scheme 1.4) Coupling is the process by which two growing
chains combine to give a polymer with the initiator fragment at the ends of the polymer.
Another process is disproportionation. In disproportionation mechanism, a hydrogen atom
on the beta carbon of one growing chain is abstracted by another growing chain. This process
results in a polymer with an unsaturated end group at one end plus a polymer with a saturated

end.

CH,
H,C——=CH

H,C==C

Scheme 1.5 (i) vinyl monomers, (ii) alpha-methyl vinyl monomers

Combination process usually takes place with the vinyl monomers (i) while
disproportionation occurs typically with alpha-methyl vinyl monomers (ii). Typical
examples of combination and disproportionation are termination of styrene polymerization
and methyl methacrylate polymerization, respectively. Coupling process usually takes place

with the vinyl monomers (i) while disproportionation occurs typically with alpha-methyl
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vinyl monomers (ii). Typical examples of combination and disproportionation are
termination of styrene polymerization[33] and methyl methacrylate polymerization[34],

respectively.

1.2.2 Photoinitiated Polymerizations

Light-mediated polymerization, commonly recognized as photopolymerization, has
gained remarkable attention due to its several advantages over thermal or redox
polymerizations in last three decades.[35, 36] Two widely studied routes are free radical and
cationic photopolymerizations. Occasionally examples of anionic photopolymerizations are
reported in the literature.[37-39] Although cationic polymerization offers some advantages
over free radial route such as no inhibition by O, molecule, variety of monomers with
different functionality plus to monomers containing olefinic double bonds, photoinduced free
radical polymerization is still the most preferred one in the industrial applications.[35]
Photoinduced free radical polymerization has become a practical method utilized in many
important processes of everyday life in a variety of applications including dentistry[40],
adhesives[41], coatings[42], 3-D fabrication of objects[43], inks[44], optical

waveguides[45], etc..

In photopolymerizations, the driving force behind the radical formation is the
electromagnetic radiation, usually UV light and visible light as the energy source. This

initiation route can be performed at room temperature or at much lower temperatures
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compared to thermally initiated polymerizations. This is a tremendous advantage in case of
temperature sensitive applications such as dentistry, bone cement, etc. and also for curing of

large species such as films, coating etc. .

light source monomer growing chain
s @—0—
initiator initiating specie active center

Scheme 1.6 A general flow of photopolymerization process[35]

Another highly desired property of photopolymerization technique is the control of
polymerization by simply turning the light on/off since the reactive species form immediately
when light is on and disappear when light is off. Moreover, photopolymerization provides
fast curing in a more energy efficient way with much less waste (i.e. solvents) and provides
spatial and temporal control of polymerization. In addition to so many advantages, it has
couple of disadvantages as well. The cure depth is the major one. Usually UV light is used
for the fast curing of many monomers, but the penetration depth of UV light is limited to few

millimeters. This prevents curing of thick species. Besides, high energy UV light is not safe.

As shown in Scheme 1.6, photopolymerization starts with the irradiation of light

which is absorbed by the photoinitiators. Upon irradiation, the initiator molecules get excited
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into the triplet state and then immediately generate free radicals with two different process:
a-cleavage or H-abstraction. Based on these two processes, photoinitiators are classified into

two groups: type-I and type-11 photoinitiators.

Type-I photoinitiators are also known as unimolecular photoinitiators and are one-
component photoinitiating systems[46]. When irradiated, usually in the UV, type-I
photoinitiators are excited to triplet state and rapidly undergoes alpha bond-cleavage,
generating two free radicals (Figure 1.9). Typical examples are benzoin and its derivatives,

benzyl ketals and alkyl-phenones with appropriate substitutions.[47]

R, R,
| - ]
il —— K5 Y
{| |
O OR, o) OR,

Figure 1.9 Typical representation of benzoin derivatives as type-1 PIs[47]

Type-Il photoinitiators are two component systems: photoinitiator and a co-initiator
(hydrogen donor).[47] Upon irradiation at appropriate wavelength, the initiator gets excited
to triplet state and then interacts with the co-initiator molecule by an electron transfer or
hydrogen abstraction. The proposed mechanism suggests that an electron is transferred from

the co-initiator to excited triplet state of the initiator molecule forming a new “initiator — co-
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initiator complex” and the H-abstraction from the alpha carbon of the co-initiator takes place
which results in the formation of two free radicals.[48] So, the reactive initiating radical
forms from the co-initiator via biomolecular H-abstraction. However, the radical formed on
the initiator molecule generally do not act as an initiator due to the steric hindrance and
delocalization of the free electron.[35] Most widely used type-ll photoinitiators are
benzophenones and thioxanthones (TX) (Figure 1.10).[47, 49] Co-initiators can be amines,
alcohols, ethers and thiols. Among the co-initiators, tertiary amines such as triethyl amine
(TEA) are the most studied ones which is prone to donate H-atom from the alpha position of
N atom. Figure 1.11 illustrates the initiation mechanism of iron-oxide initiated

photopolymerization in the presence of TEA as a co-initiator.[50]

0] 3 0] * OH
hv R-H
JO g g us
benzophenone
R-H: H-donor

Figure 1.10 A general process for the formation of the initiating specie using benzophenone

as a type-11 Pl
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Figure 1.11The initiation mechanism of iron-oxide initiated photopolymerization with TEA

as a co-initiator[50]

Type-11 photoinitiators usually show a slower rate of curing in comparison to type-I
photoinitiators since the initiation requires a biomolecular reaction. But these types of
photoinitiators have recently gained lots of interest because they are capable of absorbing
light in the visible region when they are modified with appropriate substituents (i.e. carbazole
functionalized thioxanthones, amine conjugated thioxanthones derivatives).[51, 52]

Initiation in the visible region improves the penetration depth and safety of the irradiation.

In general, photoinitiators do absorb light at a very narrow wavelength range, usually in
the high energy UV region. This pose a safety issue, limited penetration depth for cure and
may be unreacted species. Upon irradiation two free radical species form and only one of
them initiates the polymerization. This again provides small, unreacted species which

migrate to surface causing toxicity, odor and coloring.
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Lately, one component type Il photoinitiators which can be activated in the visible region
has emerged.[53, 54] TX molecules have been modified to in such a way that they become
able to initiate the polymerization in the absence of a co-initiators. TX moieties conjugated
with the anthracene[53] or bound to multiple aromatic groups[55] containing molecules have

been reported as one-component type-11 visible light activated initiators (Figure 1.12).

/ POLYMER

Monomer

Figure 1.12 Thioxanthone-anthracene as one-component type-Il Pl in FRP[53]

1.3 Quantum Dots as Photoinitiators in Literature

A promising alternative to the organic photoinitiators is photoresponsive QDs.

Compared to organic molecules, QDs have a very broad and continuous absorbance band
usually extending into or beyond the visible region and a large extinction coefficient which

would be very practical for photoinitiation process.

The first example to the utilization of semiconductor NPs in the photopolymerization was

reported by Oster et al. in 1966 wherein bare zinc oxide sensitized polymerization of vinyl



Chapter 1: Introduction 23

monomers was performed in an aqueous media.[56] Hoffmann et al. utilized small, uncoated
nanoparticles, ZnO[57] and CdS[58], as a Pl in the methyl methacrylate (MMA)
photopolymerization in alcoholic solvents. They have claimed three important features for
this polymerization: 1. Using nano-sized particles reduces light scattering, hence increases
initiation efficiency. 2. Initiation starts with an anionic but continues with a radical
mechanism. 3. Hole-scavenging solvents are necessary for the process, and isopropanol and
ethylene glycol were the best for ZnO and CdS initiated photopolymerizations, respectively.
In these studies, precipitation polymerization was performed and no luminescent

nanocomposites were reported.

Strandwitz et al. performed a more detailed study on photopolymerization of MMA using
a colloidal QD (oleic acid coated CdS, band gap 3 eV, size 3.7 nm, emission peaks at 410
and 600 nm) for the first time.[59] They have not seen an effective polymerization without
TEA, but bulk polymerization with TEA provided 11 % conversion in 120 min. They have
suggested electron transfer from amine to the conduction band hole since, successful
polymerizations resulted in luminescence quenching. In these studies and the few others on
this matter, production of the nanocomposite was not intended, but instead QDs were utilized

just as a Pl and removed from the final polymer.

Yet, Zhang et al. produced composite hydrogels from the photopolymerization of

poly(N,N-dimethylacrylamide)/clay/nanoparticle (NP) mixture using several different
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NPs.[60] Thioglycolic acid coated CdTe QDs retained their luminescence after the
polymerization. This group was the first one who utilized the QDs as a Pl to produce a
nanocomposite and demonstrated maintenance of the QD luminescence. These
polymerizations were performed in water and hydroxyl radical and monomer radical

generated upon photoexcitation of QDs are suggested as the initiating species.

These examples indicate the major approaches, progress and therefore the milestones in
evaluation of NPs as Pls. It is clear to us that the photoinitiation is getting better with colloidal
particles but the mechanism is not clear yet and the destiny of the particles after successful
polymerization is being debated. Also, this literature clearly shows that only recently,
presence of the NP initiator in the final polymer is valued, since the knowledge of NPs

advanced dramatically.

1.4 Research Proposal

Photopolymerization of acrylics is widely used in the production of many current and
emerging materials for dental/medical use, paints, coatings, inks, adhesives, masks, plastics,
etc. In addition to such commercial products there are some niche applications such as
coating nanoparticles and cells with hydrogels utilizing photo-curing reactions. Most of these
applications actually utilizes the technique for curing reactions where crosslinked polymers
are formed in place. Major advantages of the technique, which usually utilizes UV excitation

of an organic dye, is the room temperature polymerization and suitability to many different
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vinyl monomers. Nanoparticles are an ingredient in many cured polymeric material for
various reasons such as mechanical strength, superhydrophobicity and functionality
(magnetic, luminescent, catalytic, etc.). Vice versa, polymeric materials may provide
stability to NPs. Combination of polymer/NP composites are not trivial actually. Yet, there
seems to be an unexploited venue for the synthesis of such composite structures. Use of NPs
as photoinitiators in radical polymerization/curing of vinyl monomers producing
nanocomposites. There are very few studies reporting NP based Photoinitiators (NPI) but the
mechanism and the effect of photopolymerization on particle properties are debatable. There
are only few reports studying good quality colloidal quantum dots as a Pl and only one which
reports a crosslinked composite nanomaterial.

This thesis project aims to investigate colloidal QDs with luminescence in the visible
region as PIs in the free radical photopolymerization of acrylates and methacrylates with the
following purposes:

1. Understand the initiation mechanism,

2. Produce nanocomposites in a simple one step process,

3. Provide colloidal QD/polymer structures,

4. Evaluate their potential as long-wavelength initiators.

Today, how and why QDs act as a Pl and which properties influence the P1 efficiency is

not completely clear. Therefore, the influence of the QD composition, size, surface quality
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and surface composition on PI efficiency is studied in this thesis work. Influence of the
photopolymerization on the luminescence properties of QDs is also investigated.

Since until now, photopolymerization reactions utilizing QD Pls were performed in
alcohol or water and hence hole-scavenging role of the solvent and hydroxyl or alkoxy
radicals were suggested as possible initiating species, in order to identify the role of QDs
better, only hydrophobicly modified QDs and toluene was used as a solvent in this study.

As a Pl colloidally stable, organic soluble, luminescent CdX QDs (X = S, Se) in different
size with different coatings were synthesized for the study.

In the first part, oleic acid coated CdS QDs with different crystal size and quality was
evaluated as a photoinitiator in batch photopolymerization of MMA. Kinetics of
photopolymerization was discussed based on the photo-DSC studies performed with PEGDA
and HDDA as monomers. Also, studies directed towards the identification of the initiating
specie were summarized in this part. In the second part, impact of core-shell structure on the
photoinitiation process is discussed based on the studies performed with CdSe-ODA and

CdSe-ZnS-ODA QDs.
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2. Experimental

2.1 Materials

Cadmium acetate dehydrate, Cd(CH3COO)..2H20 and oleic acid (technical grade, 90%)
were purchased from Merck. Thioacetamide, octadecylamine (technical grade, 90%), 1-
octadecene (technical grade, 90%), absolute ethanol, acetone, methanol and toluene were
purchased from Sigma-Aldrich. Methyl methacrylate (MMA, 99%; Merck), poly(ethylene
glycol) diacrylate (PEGDA, M, = 575 gmol?; Sigma-Aldrich) monomers and 1,6-
Hexanediol diacrylate (technical grade, 80%; Aldrich)were purified through a basic Al2Os

column to remove inhibitor.

Octadecylamine (ODA) stabilized CdSe QDs and CdSe-ZnS core-shell QDs were

purchased from NNCrystal and used in photopolymerization studies.

2.2 Synthesis of Oleic Acid Stabilized CdS QDs
Cadmium acetate dehydrate (53.3 mg), oleic acid (4.0 mL) and 1-octadecene (20.0 mL)
were added into a round bottomed flask. The flask was placed into a hot oil-bath at 140 °C

and the mixture was stirred vigorously for 30 minutes under argon flow. Then, thioacetamide
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(15.0 mg) was directly added to the reaction mixture and the reaction was allowed to continue
for 10 minutes. Reaction was quenched by cooling to room temperature in a cold-water bath.
CdS-OA QDs were precipitated in an excess ethanol-acetone mixture, separated with

centrifugation, vacuum-dried and redispersed in toluene.

2.3 Synthesis of CdS-OA in Different Crystal Sizes

2.3.1 Synthesis of CdS360

Cadmium acetate dehydrate (53.3 mg), oleic acid (1.0 mL) and 1-octadecene (10.0 mL)
were added into a round bottomed flask that was placed into an electronic heating mantle.
The flask was heated to 140 °C and the mixture was stirred for 30 minutes under Argon flow.
TAA (15.0 mg) as a sulfur source was directly added to the reaction flask. The reaction was
stopped at 1 minute by quenching it to room temperature in a cold-water bath. QDs were first
precipitated with excess acetone to remove 1-ODE, redispersed in toluene and then re-
precipitated with excess methanol to remove the excess oleic acid. After the vacuum-drying,
QDs dissolved in toluene were ready for the further use. QDs were labeled as CdS360 and

stored at 4 °C in the dark.

2.3.2 Synthesis of CdS400
It was almost the same procedure with two modifications. Oleic acid amount and the
reaction duration increased from 1.0 mL to 4.0 mL and from 1 min to 30 min, respectively.

The same purification steps were followed. The QDs were labeled as CdS400.
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2.4 Batch Polymerizations

In all batch polymerizations, 2.0 mL toluene and 2.0 g MMA were used along with the
desired amount of QD. After argon purge, polymerization mixtures were irradiated at 365
nm in a Rayonet equipped with 18 lamps (Philips 8W BLB, 365 nm, 22 mW/cm?). All
samples were precipitated in a cold methanol and dried under vacuum. The given QD wt%

and TEA wt% values were calculated according to 2.0 g of monomer.

2.5 Kinetic Studies by Photo-DSC

TA Q100 DSC equipped with Omnicure 2000S and two different emission filters
allowing light between 320-480 nm and 400-500 nm were used. Typically, a 5 mg/mL QD
solution in toluene was prepared for Photo-DSC studies as an initiator solution. To prepare
the polymerization mixture, 200 nL. QD solution was added into 0.2 g monomer and stirred
for a few minutes to disperse QDs. As a control, 0.2 g monomer mixed with 200 pL toluene
was used. A 10 uL portion of these polymerization mixtures was transferred into a photoDSC
pan. After 5 min nitrogen purge the sample was irradiated at the desired a light intensity (30
to 50 mW/cm?) in an isothermal mode at 30 °C. Separate reactions were performed for
different excitation filters. After irradiation, samples were kept in dark for 1 minute. The rate
of polymerization (Rp) was calculated from the heat released from the double bond

conversion according to the following formula:
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Rp=Q¢nXEaw Equation 2.1

Where Q: (J mol? s is the amount of heat that is released at time t, n is the number of
acrylate double bonds and Egs is the energy of the double bond (for acrylates 86 kJ mol™ for

methacrylates 54.4 kJ mol™?).[61, 62]

2.6 Characterization and Instrumentation

UV-vis spectra were recorded using Schimadzu UV-Vis-NIR spectroscopy.
Photoluminescence measurements were recorded by HORIBA JOBIN YVON Fluoromax-3.
Photoluminescence spectra of QDs were performed at the excitation wavelength of 355 nm
with entrance and exit slit widths of 5.0 nm. Absolute photoluminescence quantum yield
measurements were recorded by Horiba Fluorolog 3 spectrofluorometer equipped with
integrating sphere. The optical density of the QDs was around 0.1 at their excitation
wavelength of 365 nm. Transmission electron microscopy (TEM) images were taken by
Tecnai G2 F30 at bright field high resolution (HR) TEM (acceleration voltage 200 kV) using

samples deposited on carbon coated Cu-grid from dilute solutions.

Molecular weights of the PMMA samples freed from QDs were determined with gel
permeation chromatography (GPC) (Agilent 1100) equipped with a refractive index detector,
Polymer Labs PLgel 5Sum Mixed-C column working with THF eluent at a flow rate of 1.0
mL/min at 30 °C. In order to remove QDs from the polymers, PMMA/QD samples were

dissolved in THF and treated with 10% HF solution overnight followed by precipitation in
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methanol. To ensure complete removal of QDs, the process was repeated twice and the final
polymer was dried under vacuum. QD free polymers were dissolved in THF and passed
through a 0.20 um syringe filter. Molecular weights were estimated based on the calibration
curve created with Polystyrene standards in the molecular weight range of 580 to 1.12x108

Da.

Ty analysis of polymers and PMMA/QD composites were carried out with TA
Differential Scanning Calorimetry Q200 in the temperature range of 10-160 °C at a heating

rate of 10 °C min! under N2 gas flow. T4 values were calculated from cycle 2.

Dynamic light scattering (DLS) measurements were performed with Malvern Zetasizer

Nano ZS at room temperature.

Functional groups were investigated using the dried samples and Thermo Scientific

Nicolet iS10 ATR-IR.

ESR-ST experiments were carried out using an X-Band spectrometer (EMXplus Bruker).
The radicals were generated at room temperature through light irradiation with a LED@365
nm (Thorlabs M365L2, 190 mW) in a nitrogen saturated tert-butylbenzene solution. The
light generated radicals were then trapped by phenyl-N-tertbutylnitrone (PBN) as a spin trap
agent according to a procedure described in detail elsewhere.[63-65] The acquisition
parameters were 1.10° for the receiver gain, 1 G for the modulation amplitude, 20.48 ms for

the tis constant and 6.325 mW (15 dB) for the power. Spectra were accumulated over 10
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scans. Finally, the ESR spectra were simulated using WINSIM (a NIEHS Public EPR

Software Tool). [66]
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3. Evaluation of Quantum Dots as Photoinitiators
In Free Radical Polymerization of Vinyl

Monomers

3.1 Synthesis and Characterization of Oleic Acid Stabilized CdS QDs

Yellow luminescent oleic acid coated CdS QDs were prepared in 1-octadecene from
cadmium salt and thioacetamide. These particles (QY 71%, size 2.96 nm) have first excitonic
peak at 380 nm and emission maxima at 420 and 584 nm corresponding to band-edge and
trap state emissions, similar to commercial or previously reported CdS-OA of similar size

(Figure 3.1). These particles can be easily suspended in toluene after purification.
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Figure 3.1 a) UV-PL spectra of CdS-OA and b) TEM image at the scale bar of 10 nm

3.2 Evaluation of CdS-OA as a photoinitiator in the FRP of MMA

Purified CdS-OA QDs were evaluated as photoinitiators in photopolymerization of
acrylic monomers in a non-aqueous medium. Before starting QD initiated MMA
polymerizations, several control experiments were carried out to ensure that QDs play
significant role in the initiation of polymerization. In the absence of light, QD-MMA solution
did not polymerize. When QD was absent in the polymerization solution, no observable
polymer till 7 h illumination was produced. Since CdS-OA QDs were stabilized by oleic acid
(OA), it may play a role as an ingredient of polymerization solution. However, oleic acid
itself could not initiate the polymerization of MMA. So, control experiments proved that
CdS-OA can initiate polymerization of MMA only when the mixture containing CdS-OA

QDs is irradiated (Table 3.1).
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Table 3.1 Control experiments of methyl methacrylate polymerization”
o ) Time Conv.
ID Initiator Light
[h] [%0]
Control 19 QD - 2 -
Control 2 - + 2 -
Control 3 - + 7 -
Control 4 OA + 5 -
Control 59 TEA + 2 4
Control 69 QD + TEA + 2 17

“In all control experiments, 2.0 mL of toluene and 2.0 gram of MMA were used and

experiments were performed in Rayonet.

a)

b)

©)

d)

0.5 wt% CdS-OA as photoinitiator.
Oleic acid itself as photoinitiator.

37.6 uL TEA as photoinitiator

0.5 wt% CdS-OA and 37.6 uL TEA as co-initiator
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Table 3.2 Polymerization of methyl methacrylate in toluene using oleic acid coated CdS

QDs"
QD . . Conv. @ 3 Mn ©
ID [W9%] Time [min] %] [°C] _ mnol'l] Mw/ Mn©
CdS/PMMA PMMA

P1 0.2 30 0.19 - - - -
P2 0.2 60 5.1 78 113 - -
P3 0.2 120 9.49 82 115 63.3 1.543
P4 0.2 240 16.2 74 116 65.9 1.538
P5 0.1 120 0.65 - - - -
P6 0.5 120 12.15 96 102 61.3 1.537
pP7 0.7 120 6.32 - - 43.8 1.434
P8 1.0 120 2.68 70 119 46.6 1.494

“ Reaction solution: 2.0 mL toluene with QD and 2.0 g MMA; Aexc = 365 nm.

8 Conversions were measured gravimetrically.

b) CdS-OA QDs were removed from the polymer samples.

© Number average molecular weight (M ») and polydispersity index were determined by

GPC and M, values were reported as M 1072,

Initially, MMA polymerization was studied with different amounts of the QD and at
different irradiation times at 360 nm (Table 3.2). In 2 h polymerizations initiated with 0.1
to 1 wt% QD, monomer conversions increased with the increasing QD concentration up to

0.5 wt% reaching to 12.15 % MMA conversion and then dropped down to 2.68% at the
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highest QD concentration. Since QDs were well dispersed in the polymerization mixture,
this may not be due to precipitation of QDs at high concentration, but may be due to light
scattering or reabsorption processes. At fixed QD concentration of 0.2 wt%, monomer
conversion increased from less than 1 % to 16% when reaction time was extended from 30

min to 4 h.

Ty of CdS-OA/PMMA and PMMA freed from QDs were also determined (Table 3.2).
All PMMA samples have a Tq value between 102-119 °C, more or less typical for PMMA.
On the other hand, QD/PMMA samples had lower Ty values (70-96 °C). If the polymer
chains would strongly bind to QD surface from multiple points or would be quite short that
such QD-polymer interaction would reduce the chain mobility significantly, one would
expect a higher T4 value than the free PMMA or two Tq4 values for the bound and the non-
interacting portion. Indeed, molecular weight of PMMA freed from QDs were in the range
of 40-65 kDa, which eliminated the possibility of short chains, and indicated that all polymers
have higher molecular weight than the critical entanglement molecular weight. So, a single
Ty of the QD/PMMA at lower values compared to free PMMA suggests that quantum dots

are distributed homogenously across the whole polymer and increase the free volume.

One very important point to highlight here is that, all polymers had a homogeneous
distribution of QDs within the polymer and all QD/PMMA samples have a strong yellow

luminescence when excited at 360 nm as the initiating CdS-OA (Figure 3.2a). This strongly
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suggests that efficient initiation by QDs do not necessarily require luminescence quenching
as suggest by the prior art. Absorbance and photoluminescence spectrum of all QD/PMMA
samples showed the typical first excitonic peak of CdS-OA and a strong emission peak
(Figure 3.2b, c) with a slight shift to lower wavelengths except P8. Interestingly, the
intensity of the first emission peak at 420 nm increased while the intensity of the second
emission peak 584 nm decreased after photopolymerization, except for P4 and P8. The first
peak is usually attributed to the band edge and the second to the trap state emissions. This
suggests a change especially on the QD surface which influences the emission mechanism

of QDs.

——CdS-0A
—P2
—P3

Norm. Absorbance

\ — P7
0
400 500
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Figure 3.2 a) Luminescence of QD/PMMA under UV light (360 nm). b) Absorbance and c)

PL spectra of native CdS-OA QDs and QD/PMMA samples.
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When native QDs were exposed to UV irradiation under the same conditions,
absorbance peak was shifted to a longer wavelength (from 380 nm to 417 nm) with some
scattering at longer wavelength tail (Figure 3.3a). During the irradiation some precipitation
occurred which would explain such behavior. Parallel to this, the emission maxima showed
a red shift (from 570 nm to 609 nm) with a significant loss in the emission intensity (Figure

3.3b).

The results in Figure 3.3 including loss in the PL intensity, scattering at longer
wavelength and precipitation of QDs was furthermore supported by FT-IR measurements.
Oleic acid molecules stabilizing QD surface were bounded to the QD surface since there was
no peak that can be attributed to the free carbonyl groups that usually appear at 1750 cm™
(Figure 3.4). However, after UV irradiation of CdS-OA QDs, a peak at ~1750 cm™ appeared
in FT-IR spectrum indicating the presence of unbound oleic acid molecules. The removal of
coating molecule from the surface will of course lead to precipitation of QDs, and in turn

decrease in the PL intensity.
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Figure 3.3 a) Absorbance and b) PL spectra of fresh and UV irradiated of CdS-OA

nanoparticles in toluene.
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Figure 3.4 FTIR spectra of fresh CdS-OA and UV irradiated CdS-OA
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Yet, photopolymerization did not cause such dramatic changes in the optical
properties of the CdS-OA. Hence, these suggest that during the photopolymerization, QDs
start to interact with the forming polymer providing a core-shell structure which is improving
the photostability and colloidal stability. Stability is actually very critical and highly desired
for practical applications of QDs or QD containing materials. Based on the DLS
measurements QDs and QD/PMMA particles have about 20 and 28 nm hydrodynamic size,
respectively, with much less deviation in the later, supporting improved colloidal stability
(Figure 3.5). Based on this, it is evident that photopolymerization process causes some
alterations on the surface of the CdS crystal enhancing the bandgap emission while removing

emissive surface defects and providing colloidal and photostability.
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3.3. Kinetics of the photopolymerizations initiated with CdS-OA

Kinetics of the photopolymerization was studied by means of photo-DSC. Since QDs
have a continuous absorbance in a relatively broad range and these CdS-OA QDs absorb
until around 450 nm, we have used two different excitation filters in order to evaluate these
QDs’ potential as a long wavelength initiator: a 320-480 nm filter covering a large window
from UV into the visible and a 400-500 nm filter which is a safer long wavelength range.

For the photo-DSC studies PEGDA was used. Figure 3.6 illustrates the rate of
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polymerization and monomer conversion with time for the PEGDA polymerizations using
0.5 wt% QD and irradiation power of 50 mW cm using these filters. About 85 and 40%
monomer conversions were achieved in 5 min using 320-480 nm and 400-500 nm filters,
respectively (Figure 3.6a). These values can be improved significantly if polymerizations
would be carried out for 15 min. (Figure 3.6b). However, although much slower, PEGDA
shows a significant autopolymerization (63% conversion) at this irradiation power in 15 min
if 320-480 nm filter is used (Figure 3.6c). On the other hand, PEGDA does not
autopolymerize at all if the long wavelength filter is used. PEGDA conversion reaches to
about 85% in 15 min using 400-500 nm filter, proving CdS-OA QDs as a very effective new
long-wavelength initiators. In addition to PEGDA monomer, photopolymerization kinetics
and conversion of HHDA were also studied. About 30% HDDA conversion using 0.5 wt%
CdS-OA was achieved with 320-480 nm filter (Figure 3.7). However, it did not give

polymerization with 400-500 nm filter.
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Figure 3.6 Rate of PEGDA polymerization (Ratep : solid lines) and monomer conversion

(dashed lines) using 0.5 wt% CdS-OA quantum dots and light intensity of 50 mW cm2 in

photo-DSC a) for 5 min b) for 15 min utilizing two different emission filters: 320-480 nm

filter (blue color) and 400-500 nm filter (red color). ¢) Kinetic profile of PEGDA

autopolymerization under the same conditions using 320-480 nm filter (blue color).
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Figure 3.7 Rate of HHDA polymerization (Ratep : solid lines) and monomer conversion
(dashed lines) using 0.5 wt% CdS-OA quantum dots and light intensity of 50 mW cm2 in

photo-DSC for 15 min utilizing a 320-480 nm emission filter (blue color)

The influence of the reaction volume added to the aluminum pan was studied by
photo-DSC using 0.5 wt% CdS-OA and the light intensity of 50 mW cm2 with the 400-500
nm long-wavelength filter for 15 minutes reaction time. In photo-DSC studies, the small
volumes are usually studied because the light should be able to penetrate through the sample.
Figure 3.8 illustrates that as the reaction volume increases, the rate of polymerization

remained almost the same but the conversion increased slightly. This indicates the standard
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procedure (10 uL) we used through phot-DSC studies does not prevent full conversion of the

monomer.
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Figure 3.8 The influence of reaction volume to rate and conversion of PEDA studied by

photo-DSC using 400-500 nm filter and light intensity of 50 mW cm.

3.4 Investigation of the initiating species

Origin of the initiating radical is controversial with QDs. Previous literature indicated

ignition from the hole-scavenging molecules such as isopropyl alcohol, TEA or water. Yet,

none of these are available in our system. When TEA was added to the typical polymerization

mixture a minor difference in the conversion was observed (Table 3.1). Hence, the major

initiation should be different in this case. In an effort to elucidate the initiation mechanism
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and its relation to the coating of the QD, ESR study was performed (Figure 3.9). CdS-OA
QDs were dissolved in tert-butyl benzene, purged with nitrogen and irradiated at 365 nm for
420 sec. The light generated radicals were then trapped by phenyl-N-tert-butylnitrone (PBN)
as a spin trap agent and the following hyperfine coupling constants (hfc) were found: an =

14.5 G and a4 = 2.5 G. This clearly indicates the formation of a carbon centered radical.
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Figure 3.9 ESR spin-trapping experiments with BPN
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Figure 3.10 Change in the color of sodium carbonate solution with phenolphthalein as a

result of decarboxylation upon irradiation at 360 hm

Previously, it was shown that photoinitiation of acrylics can be achieved with fatty acid
coated iron oxide nanoparticles and in deed decarboxylation of the fatty acid upon irradiation
was responsible from the radical generation. Here, a decarboxylation test was also
performed. A flask containing CdS-OA suspended in toluene (15 mg QD in 3.0 mL toluene)
was connected to another flask containing aqueous Na,COs solution (3.1 x 10* M) and
phenolphthalein via a rubber tubing, then the QD solution was irradiated at 360 nm (100 W
lamp, Black ray) (Figure 3.10). Not only the pink color of the indicator disappeared but also
QDs crashed out of the solution. This does confirm the decarboxylation which would cause
first NaHCOz formation in the receiving tube and subsequent pH drop coupled with
discoloration of the indicator. Such decarboxylation of the fatty acid coating of QDs would

mean loss of the stabilizing ligand and hence QDs crash out of solution. However, when
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irradiation is done in the presence of a monomer, growing polymer obviously stabilize the
nanoparticle preventing aggregation and dramatic losses in the optical properties (Figure
3.2b, ¢). These results also agree with the changes observed in the UV and PL (Figure 3.3)
of the CdS-OA irradiated in the absence of monomer. Loss of the coating molecules from
the surface would cause surface defects responsible from non-radiative coupling of the
exciton and as a result reduce the emission intensity. Lastly, a control experiment was
performed with only OA as a photoinitiator but no polymerization was obtained (Table 3.1).
This indicates that photo-generated hole of the QD is responsible from the decarboxylation

process (Figure 3.8).

CdS-0A - ¢ ¢ n*

+ I [
h" +R-C-OH ——R-C-O'+ H

I .
R-C-O - R- + COZ
R.

Polymer

Scheme 3.1 Proposed mechanism of initiation by CdS-OA QDs

In the light of obtained data from ESR and decarboxylation experiments, the mechanism
for the initiation was proposed for CdS-OA photoinitiator (Scheme 3.1). Upon the irradiation
of QDs with UV light, electron and hole separation occurs. The surface stabilizing molecule

OA transfers an electron the hole in the VB, resulting in a proton and an unstable radical
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which in turn undergo a hemolytic cleavage between a-carbon and carbon atom of carbonyl
group. The hemolytic cleavage provides the carbon based initiating radical and also gives off

carbon dioxide gas. Finally, the initiating specie starts the polymerization.

3.5 Investigation of Particle Size and Quality on the Performance of CdS-OA

QDs as a Photoinitiator

In the former section, it was shown that oleic acid coated CdS QDs are able to
successfully initiate the polymerization of MMA, PEGDA and HDDA in toluene. Here, the
effect of the first excitonic peak or the size of QDs on efficiency of the initiation will be
investigated. Also, how the quality of QDs in terms of the optical properties affects the

initiation efficiency will be discussed.
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Figure 3.11 Absorbance and absorption calibrated PL spectra of CdS360, CdS400 and

NNCdS

Two different oleic acid stabilized CdS QDs were synthesized by changing the
OAJ/Cd ratio. CdS360 coded QDs have the first excitonic peak at ~357 nm and dominant
surface-trapped emission at 541 nm (Figure 3.11). On the other hand, CdS400 coded QDs
show first excitonic peak at 400 nm and dominant surface-trapped emission at 601 nm
(Figure 3.11). To evaluate QDs’ quality, NNCdS coded QDs were purchased from
NNCrystal, having first excitonic peak at 400 nm and band gap emission at 409 nm and

surface-trapped emission at 551 nm (Figure 3.11).
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Figure 3.12 Time dependent MMA conversion initiated with different CdS-OAs (Red
spheres represent the polymerization solution that is allowed to continue to polymerization
in the dark for one more hour). All polymerizations were conducted with 0.5 wt% QD and

2.0 g MMA in Rayonet (Aexc = 365 nm.)

CdS360 and CdS400 QDs were prepared as 5 mg mL™ in toluene and utilized in the
photopolymerization of 2.0 gr MMA. As the irradiation time increases from 1 h to 5 h,
conversions also increased with both CdS360 and CdS400. However, CdS360 yielded
slightly more PMMA than CdS400 at any point within 5 h. For example, in 5 h CdS360 and
CdS400 provided 22.2% and 18.7% conversion, respectively (Figure 3.12). It means that
QD with a first excitonic peak at shorter wavelength works better, at least when excited at
360 nm.[67] In the literature, there are examples of dark polymerization[68], meaning that

the polymerization continues after the light was turned off, instead of immediately ceasing
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the growth of active chains.[58] To evaluate the presence of dark polymerization,
polymerization solutions were kept under dark for 1 h after 2 hand 4 h illuminations. CdS360
provided 9.1% conversion for 2h polymerization and conversion achieved after keeping the
replica in the dark for 1 h was 8.8%. This minor difference is probably originating from
deviations occurring during the precipitation and purification. The monomer conversion was
16.1% after 4 h irradiation and 16.3% after additional 1 h dark period. In the case of CdS400,
2 h polymerization provided 5.6% conversion and 1 h additional dark period provided 6.0%
conversion. In 4 h polymerization of CdS400, the conversion was 15.1 and with additional 1
h in the dark 15.4%. Hence, these data suggest that CdS-OA QDs do not produce any
initiating species in the absence of the irradiation and the growing radicals is not long-lived

and dies when the light is turned off, providing a well-controlled polymerizations

The QD-PMMA composites were readily soluble in several organic solvents such as
toluene and THF. Optical properties of QD-PMMA samples were determined using their
dispersion in toluene. Both the first excitonic peak and emission maxima of CdS360-PMMA
composite (EPP110) shifted to longer wavelengths: 369 and 558 nm, respectively (Figure
3.13a). In the case of CdS400-PMMA composite (EPP114) both positions of the first
excitonic peak and the emission maxima are almost identical to those of CdS400 (Figure
3.13b). However, in both cases, photopolymerization enhanced the emission intensity of the

parent QDs. It might be proposed that the resulting polymer removes the non-emissive
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surface traps or makes the non-emissive traps emissive and plus promotes the emissive trap

states on the QD surface.
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Figure 3.13 Absorbance and Photoluminescence spectra of a) CdS360 and CdS360-PMMA,

b) CdS400 and CdS400-PMMA in toluene. QD concentration 5 mg mL™, Aexc = 365 nm.

PL Intensity (a.u.)

(abs. cal.)



Chapter 3: Evaluation of Quantum Dots as Photoinitiators in Free Radical Polymerization of
Vinyl Monomers 55

EPP110 EPP114

a) b)

—1"day —1" day

—55" day ——55" day
3 3
g &
£3 £3
= 4 = @
¥ 2 Q2
= = =
C =
= =
-9 -9}

300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 3.14 Changes in the photoluminescence spectra of a) CdS360-PMMA (EPP110) and
b) CdS400-PMMA (EPP114) shortly after synthesis and 55 days later, ¢) fluorescence of

colloidal solutions and composites of EPP110 and EPP114 under UV light

Figure 3.14 shows the change in the PL intensity of QD-PMMA solutions of EPP110
and EPP114 as a function of time. PL intensity of both solution reduced at 55" day after they
were dissolved in toluene for the first time and also shifted to shorter wavelengths with an

appearance of a shoulder at shorter wavelengths. PL intensity of EPP110 decreased by 6%
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while of EPP114 decreased by 26%. These nanocomposites are strongly luminescent as seen
in figure 3.14c. EPP110 containing CdS360 fluoresce yellow while EPP114 fluoresce orange

when excited with a UV lamp (365 nm).

In order to evaluate the reproducibility of the polymerization, three identical
polymerization of MMA-QD solutions were prepared using 0.1wt% CdS400 and photo-
polymerized simultaneously in Rayonet (Table 3.3). MMA conversions obtained from these

3 runs is 19.23% with a standard deviation of 0.109 indicating quite reproducible results.

Table 3.3 Variation among the MMA photopolymerization initiated with 0.1 wt% CdS400

Experiment Conversion?
[%0]
1 19.17
2 19.17
3 19.36

“ Reaction solution: 2.0 mL toluene with 0.1 wt% CdS400 and 2.0 g MMA; kexc = 365 nm.
tn=5h

3 Conversions were measured gravimetrically. Average = 19.23%, St. dev. = 0.109
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Table 3.4 Effect of co-initiator amount on MMA conversion in CdS400 photoinitiated

polymerizations”

Experiment TEA? Conversion®
[wt%o] [%6]
EO - 19.36
El 0.1 19.63
E2 0.5 20.36
E3 1.0 19.61
E4 2.0 20.15

* Reaction solution: 2.0 mL toluene with 0.1 wt% CdS400 and 2.0 g MMA; Aexc = 365 nm.
t xn = 5 h
b) TEA amounts were reported as wt% with respect to 2.0 g MMA.,

3 Conversions were measured gravimetrically.

In the literature, quantum dots or wide band-gap semiconductors (i.e. ZnO) have been
utilized as photoinitiators in the polymerization of vinyl monomers.[69, 70] In most of the
cases, these nanocrystals have been used either in the presence of a hole-scavenging solvent
or a co-initiator such as TEA.[57, 58] Upon the excitation of PI, photo-generated electron-
hole pairs form and via electron transfer from P1 (or sensitizer) to TEA, the initiating radical

forms on a—carbon of TEA and starts the polymerization. Here, we also investigated the
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effect of the presence of a co-initiator on polymerization of MMA using 0.1 wt% CdS400 as
the photoinitiator. Results summarized in Table 3.4 shows that the presence of TEA in the
polymerization solution as a co-initiator has no interference with the photopolymerization.
Yet, in order to confirm that this is not related to the quality of the particles or size,
comparative polymerizations initiated with CdS360 and NNCdS with only 1.0wt% TEA

were also studied.

Table 3.5 MMA conversion and PMMA properties initiated with CdS-OA QDs with or

without a co-initiator”

Co-initiator
QD - TEA
Control 1 - - -
Control 2 3.73 165.5 1.94
Cds360 22.69 94.0 1.71 30.66 61.8 151
Cds400 19.36 102.4 1.69 19.61 78.5 1.50
NNCdS 14.43 122.0 1.69 22.90 53.4 1.40

“Reaction solution: 2.0 mL toluene with 0.1 wt% CdS400 and 2.0 ¢ MMA; Aexc = 365 nm;
1.0 wt% TEA as co-initiator, t in =5 h

3 Conversions were measured gravimetrically.
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b) Number average molecular weight (M r) and polydispersity index were determined by
GPC and M, values were reported as M 102,

Table 3.5 shows that no polymer was obtained in 5 h irradiation of MMA solution in
toluene in the absence of QD. TEA itself in the absence of QDs provided 3.73% conversion
and the resulting polymers had My around 165 kDa with the PDI of 1.94. CdS360 resulted in
22.69% conversion while CdS400 provided 19.36% conversion when 0.1 wt% QD was used,
similar to results obtained with 0.5 wt% QD concentration (Figure 3.12). Depending on these
results, it can be suggested that CdS-OA QDs with the first excitonic peak at shorter
wavelength which is right at the excitation wavelength are capable of initiating
polymerizations more efficiently than larger QD of the same type. NNCdS and CdS400 QDs
have their first excitonic peak at almost same position, but their emission profile are quite
different. Thus, these two QDs may reflect the influence of QD quality on
photopolymerization. It can be speculated that high quality QDs would perform lower
initiation efficiencies since most of the available electrons in CB returns to ground state
rapidly by emitting a photon[59], eliminating the possibility of alternative reactions of the
photogenerated electrons and holes to form an initiating radical. Indeed, a lower conversion
(14.43%) was achieved under identical conditions with NNCdS in comparison to CdS400,
supporting such a hypothesis. When TEA was used as a co-initiator with CdS360 or NNCdS,

unlike CdS400, an increase from 22.69% to 30.66% with CdS360 and from 14.4% to 22.90%
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with NNCdS was obtained. Moreover, the molecular weight analysis of polymers freed from

QDs were above the critical molecular weight PMMA
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. —— NNCdS B
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Figure 3.15 Absorbance spectra of CdS360, CdS400 and NNCdS at 62.5 pg mL™
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Figure 3.16 Absorbance spectra of QDs with the same amount of absorbance at 365 nm. 2.0

ml of QDs with the same absorbance at 365 nm and 2.0 g MMA were polymerized for 5 h

using Rayonet (Aexc = 365 nm). Conversions were calculated gravimetrically.

In batch polymerization, Rayonet with 18 UV lamps (365 nm), was utilized as a light

source. Figure 3.15 shows the absorbance spectra of QDs at the same concentration of 62.5

ng mL? since in comparative experiments QD concentration was kept constant. When the

absorbance at 365 nm were compared at identical conditions, CdS400 had the highest

absorbance and NNCdS400 has the lowest while CdS360 in the middle. Thus, the number of

photons absorbed upon excitation at 365 nm practically will be higher in CdS400 producing

more excitons compared to others, in a way, which can result in the formation of free radicals.




Chapter 3: Evaluation of Quantum Dots as Photoinitiators in Free Radical Polymerization of
Vinyl Monomers 62

Hence, one may suggest that CdS400 provides higher conversions due to higher absorbance
at the excitation wavelength. To understand the role of absorbance at the excitation
wavelength, photopolymerization of MMA was performed with these three QDs at a
concentration where their absorbance at 365 nm are identical (Figure 3.16). CdS400
provided a higher conversion (10.27%) than NNCdS (7.64%). This result points out that QDs
with the same core, same composition, almost same first excitonic peak and absorbance at
the excitation wavelength but with different quality exhibit different efficiency as Pls, and
QDs with more defect states work better. Comparing QDs with the same core and coating
but different size would not make a sense since QD with larger size had a higher absorbance
and lower conversion at the same concentration. To sum up, QDs with lower size and lower

quality perform better efficiencies as Pls.
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Figure 3.17 Absorption calibrated PL intensities of a) CdS360 and CdS360-PMMA

(EPP119), b) CdS400 and CdS400-PMMA (EPP116-3), c) NNCdS and NNCdS-PMMA

(EPP120). All QD-PMMA composites were obtained using 0.1 wt% QD as photoinitiator

given in table 3.5.
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Figure 3.18 a) Absorbance spectra of fresh and UV irradiated QDs and b) absorption

calibrated PL spectra of fresh and 5h UV irradiated QDs

Similar to the results reported for QD-PMMA produced with 5 mg mL™ QD concentration
(Figure 3.13), when polymerizations were initiated with 0.1 wt% QD, an increase in the
luminescence intensity for all QD-PMMA samples compared to the initiating QD (Figure
3.17) It seems like trap state emission is increased after photopolymerizations. The most
dramatic enhancement was observed in cased of CdS400. The strong band-gap emission of
NNCdS is comparable to the native NNCdS but, the surface-trap emission increased
significantly after the polymerization (Figure 3.17c) In a most basic sense, there could be
two reasons for this: 1. Formation of PMMA around QDs and 22. Photopolymerization event
itself. Therefore, QD-toluene solutions at 62.5 pg mL™ were irradiated 5h in the Rayonet and
the absorbance and photoluminescence spectra before and after irradiation were compared

(Figure 3.18). NNCdS seems to be very resistant to irradiation since no change in the
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absorbance spectra with a slight decrease in the trap-state emission component were detected.
In case of CdS360 and CdS400, although no remarkable shift in the first excitonic peak
position was observed, there is a tail at the longer wavelengths. This may be due to the loss
of fatty acid coating and aggregation to a certain extent as discussed previously. In all
samples, a slight decline in the trap emissions was observed, not an increase. Thus, the
observed enhancement of the luminescence intensity of QDs after photopolymerization is

mostly related to PMMA formation around QDs, but not the UV irradiation itself.

3.6 Investigation of the QD size and Quality on Photopolymerization kinetics
The kinetics of the photopolymerizations initiated with CS360, CdS400 and NNCdS
were studied by photo-DSC using PEGDA as a monomer with two different filter sets: 320-
480 nm covering a large window from UV to visible region and 400-500 nm long wavelength
filter. All reactions were performed with 0.1 wt% QD. A typical reaction mixture was
prepared by mixing 200 uL of 1.0 mg mL™* QD solution in toluene and 0.2 gram PEGDA.
10 pL of this mixture was added to the sample pan. Each reaction was repeated 3 times to

observe the standard deviation between the experiments.

Excitation of the polymerization mixture between 320-480 nm at a light intensity of
30 mW cm? (Figure 3.21) showed quite high monomer conversions in 5 min (Figure 3.21).
Average double bond conversion was calculated as 85.2% with CdS360, 82.0% with CdS400

and 97.8% with NNCdS.
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The shortest average time to exotherm maxima was 43.3 s with CdS360 where 35.5%
conversion was also achieved. This was 53.0 s with 41.1% conversion in case of NNCdS and
73.5 s with a 37.5% with CdS400. Besides, rate of polymerization in case of CdS360 and
NNCdS are quite similar: 0.010 and 0.011 s, respectively. However, the rate obtained by
CdS400 at the peak maximum was almost 50% slower that of CdS360 and NNCdS with a

value of 0.006 s,

When the intensity of the light was increased to 50 mW cm faster polymerizations
and higher conversions were achieved (Figure 3.20) under otherwise identical conditions.
Time to peak maxima was as fast as 34.4 s with 38.3% double bond conversion with CdS360
(Figure 3.20a 37.6 s with a 40% conversion with NNCdS (Figure 3.20c) and 55.8 s with
36.9% with CdS400 (Figure 3.20b). Parallel to this, photopolymerization rates obtained at
the peak maximum are higher at higher excitation power, as well: 0.015, 0.014 and 0.008 1/s
for NNCdS, CdS360 and CdS400, respectively. Overall conversions also increased to 99.6,
94.3 and, 87.5% with NNCdS, CdS360 and CdS400, respectively. To sum, increasing the
light intensity shortens the time needed to achieve the peak maximum and increases the

polymerization rate, and hence the double bond conversion.
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Figure 3.19 Rate of PEGDA photopolymerization (Ratep: solid lines) and monomer

conversion (dashed lines) using 0.5 wt% QDs at a light intensity of 30 mW cm in photo-

DSC. QDs used as Pl are of a) CdS360, b) CdS400 and ¢) NNCdS initiated PEGDA. Each

were run three times
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When these three QDs were compared, Kinetic studies indicate that NNCdS and
CdS360 behave similar but the slowest rate and lowest conversion with CdS400 which is an

opposite to the results obtained from the batch reactions.
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Figure 3.21 Rate (Ratep: solid lines) of photopolymerization and double bond conversion
(dashed lines) of PEGDA using 0.1 wt% QDs with 400-500 nm filter and the light intensity

of 50 mW cm2.

One of the major motivations in using QDs as Pl is absorbance at long wavelength
and hence their potential as long-wavelength PI. Therefore, these three QDs (0.1 wt%) were
also used for photoinitiated polymerization of PEGDA using 400-500 nm excitation filter
with a light intensity of 50 mW cm. All QDs, although the first excitonic peaks were located

at ~360 nm for CdS360 and ~400 nm for CdS400 and NNCdS, have a tail on their absorbance
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spectra projecting into the 400-500 nm interval. In addition to the tail, all QDs exhibits
surface-trap emissions at the longer wavelengths. This might be thought as there are trap
energy levels within the bandgap and electrons might be excited to those states with

excitation at longer wavelengths.

All QDs provided photoinitiation at 400-500 nm excitation as seen in Figure 3.22.
Rate of photopolymerization and the double bond conversion was highest with CdS360 and
lowest with NNCdS. Monomer conversions were 36.7, 22.8 and 11 % with CdS360, CdS400
and NNCdS, respectively. Interestingly, CdS360 has the highest and NNCdS has the lowest
absorption within 400-500nm range, indicating that it is not only the amount of adsorbed
photons which influences the photopolymerization rate. Although these conversions are
much lower than those obtained with 320-480 nm filter, results are still promising for the
development of long wavelength photoinitiators. For example, higher QD concentration and

light intensity would increase the rate and the conversion.
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Table 3.6 Summarization of photo-DSC studies using CdS360, CdS400 and NNCdS

Double bond Double bond
QD Type Light Intensity | Excitation filter | Time to peak | Conversion at Conversion Rate at peak
yp (mWcm) (nm) (s) peak maxima after 5 min maxima
[%0] [%0]
CdS360 30 320-480 43.3 35.5 85.2 0.010
CdSs400 30 320-480 73.5 375 82.0 0.006
NNCdS 30 320-480 53.0 41.1 97.8 0.011
CdS360 50 320-480 344 38.3 94.3 0.014
Cds400 50 320-480 55.8 36.9 87.5 0.008
NNCdS 50 320-480 37.6 40 99.6 0.015
CdS360 50 400-500 14.2 35 36.7 0.00331
CdSs400 50 400-500 10.0 2.1 22.8 0.00278
NNCdS 50 400-500 12.0 0.86 11.0 0.00096
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4. Comparison of Core and Core-Shell Quantum
Dots as Pl in Free Radical Polymerization of

vinyl monomers

It is known that core/shell structures usually are more stable compared to just core
semiconductors and have higher quantum yield. Theoretically, shell passivates the surface
and removes surface defects which may cause non-radiative relaxation of the photoexcited
electron. Also, it traps the photogenerated exciton within the core, hence lowers its
interaction with the surrounding. Therefore, studying photoinitiation with a simple core type
and a core/shell type QD may contribute significantly to our understanding of the initiation

mechanism.

It is difficult to find core and core/shell nanoparticle with the same excitonic peak
position with CdS due to the quantum confinement effect (Scheme 4.1).[12] But, there are
such compositions of CdSe coated with octadecylamine (ODA). Hence, two CdSe-ODA and
CdSe-ZnS-ODA with different crystal sizes and the first excitonic peaks at 540 nm and 620

nm were purchased from the NNCrystal (Figure 4.1).
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core-shell QDs

Typical batch polymerization procedure used in the previous section for the MMA

photopolymerization initiated by CdS-OA QDs was also followed for the CdSe and CdSe-

ZnS initiated photopolymerizations of MMA (Table 4.1). Indeed, we were expecting to show

Norm. PL Intensity
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no polymerization with CdSe-ZnS QDs due to the confinement of photogenerated electrons
and holes within the core. However, obtaining no polymers in the reactions initiated with
CdSe QDs was unexpected. In the previous section, we showed the successful MMA
polymerizations induced by oleic acid stabilized CdS QDs of different sizes and quality.
These CdSe based QDs have strong absorbance at 360 nm just like CdS-OA but both the
core and the coating is different. The reasons of failure in the initiation could be the use of
different core (CdSe) with first excitonic peaks at longer wavelengths (540 nm and 620 nm)
in comparison to CdS QDs (~360 nm and 400 nm) or the use of different coating material
(ODA). Unfortunately there is no commercially available CdSe with OA coating and no
CdSe-ODA with first excitonic peak at around 360 nm to study the effect of these two
separately. Indeed, influence of the coating on PI efficiency of QDs is also one of the

important questions.

Israeli et al. investigated the photo-physical role of CdSe-ZnS core-shell QDs in
photopolymerization of acrylates initiated with eosin and a tertiary amine co-initiator .[71]
They observed slower photopolymerizations when QDs were added to the mixture. Although
not clear about the reason, absorbance of the incident light not only by the initiator and co-
initiator but also by QDs, adsorption of tertiary amine co-initiator on QD surface and losing
its activity are some hypothesis that they have proposed. Photoinitiation with CdSe-ODA
and CdSe-ZnS-ODA in the presence of TEA was also studied (Table 4.1). This produced a

very small amount of polymer with all four CdSe based QDs but conversions were below
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2%, indicating may be formation of some radical species but no efficient
photopolymerization. TEA alone can provide 4% monomer conversion under identical
conditions (365 nm excitation for 5 h). So, CdSe based QDs may be quenching free radicals

formed even by other species such as TEA.

Table 4.1 Photopolymerization of MMA using CdSe-ODA and CdSe-ZnS-ODA QDs with

and without a co-initiator*

Co-initiator
QD - TEA?
Conv.” Conv.”
[%0] [%0]
CdSe-540 - 1.37
CdSe-620 - 1.31
CdSe-ZnS-540 - 1.17
CdSe-ZnS-620 - 0.13

* Reaction solution contains 0.1 wt% QD and 2.0 g MMA. Reaction solution was irradiated

in Rayonet for 5 h.
3 1.0 wt% TEA as co-initiator was used with respect to 2.0 g MMA..

b) Conversions were calculated gravimetrically.
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Kinetic studies performed with PEGDA in photoDSC using 320-480 nm filter and
the light intensity of 50 mW cm supported this observation (Figure 4.2) Indeed, CdSe based

QDs could not compete with the autopolymerization of PEGDA at long irradiation times.
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Figure 4.2 DSC thermograms showing a) auto-polymerization of PEGDA (black line),
CdSe540 initiated polymerization of PEGDA (green line) and CdSe620 initiated
polymerization of PEGDA (red line). b) CdSe-ZnS540 initiated polymerization of PEGDA

(yellow), CdSe-ZnS620 initiated polymerization of PEGDA (red).
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5. Conclusions

In the first part of the study, explained in Chapter 3.1, the photo-induced polymerization
of MAA in toluene using colloidal CdS-OA quantum dots as photo-initiator and irradiation
at 365 nm provided colloidal CdS-PMMA hybrid structures in the absence of a co-initiator
such as TEA or a hole-scavenging solvent such as water or an alcohol. These CdS-PMMA
nanostructures can be dispersed in organic solvents such as toluene to form quite stable
colloidal nanostructures with very small hydrodynamic size. They retained the luminescence
property of the native quantum dot with enhanced QD photostability. Monomer conversion
increases with the reaction time and QD concentration and 0.5 wt% QD is determined as the
optimum concentration of PIl. PMMA reached high molecular weight (44-66 kDa) with
typical Ty in the range of 102-119 °C indicating successful polymerization. Lower Tq of QD-

PMMA indicates homogenous distribution of QDs in the polymer and enhanced free volume.

Photo-DSC studies of QD initiated PEGDA photopolymerization using 320-480 nm and
400-500 nm filters indicated higher monomer conversion with the first filter but more than
80% conversion with no autopolymerization of the PEGDA in 15 min with 50 mW cm2 with

the second one. This proves CdS-OA as a promising long-wavelength initiator.
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ESR studies coupled with decarboxylation test suggest photo-induced decarboxylation
of OA coating generating an alkyl radical as the possible source of the initiating radical. This
initiation mechanism allows polymerization of hydrophobic monomers more readily since
alcoholic solvents or hydrophilic solvents is not required. Hence, many different
QD/polymer compositions can be attempted in the future. The long-wavelength initiation,
small colloidal hybrid structure, maintenance of the QD luminescence is very practical from

the application perspective.

In the later parts of the Chapter 3, the role and the influence of QD size and quality on
the photoinitiator efficiency was studied with two home-made CdS-OA QDs of different
sizes and a commercial CdS-OA. In general, in case of home-made CdS-OA, the smaller size
worked better. But more importantly, these studies suggested that the particle quality or in a
way the presence of defect states are more important. The commercial CdS-OA which is
denoted as NNCdS with the first excitonic peak at 400 nm gave the lowest MMA conversion
in the batch reactions but provided the fastest reactions with highest conversions in the
photoDSC studies performed with PEGDA. Origin of this discrepancy between the trend
seen in the batch versus photoDSC studies is not clear yet. Photoluminescence decay time,
CB and VB position of these QDs as well as monomers need to be determined for a
conclusive remark. In future, photoDSC studies need to be performed may be with a
methacrylate derivative to eliminate the intrinsic difference between methacrylates versus

acrylates. All of these CdS-PMMA nanocomposites are also colloidally stable and have
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dramatically stronger luminescence intensity at about the same wavelengths with the parent
QD. According to the control experiments, this enhancement in the luminescence intensity

is related to the interaction of PMMA with CdS.

In Chapter 4, we aimed to investigate the role and influence of core-shell QDs on
photoinitiation in order to clarify the mechanism further. For this purpose in order to have
comparable samples and minimize batch to batch variation, commercial core and core-shell
QDs with excitonic peaks at the same wavelength were purchased. Since CdS and CdS-ZnS
pairs are unavailable commercially, CdSe and CdSe-ZnS QDs stabilized with ODA were
purchased in two different sizes with first excitonic peak at 540 and 620 nm. Yet, none of
these particles were able to initiate MMA polymerization in batch reactions at 360nm
irradiation. Addition of a TEA did not make a dramatic change. PhotoDSC studies performed
with PEGDA supported this finding. On the other hand, it seems like some radical formation
is taking place with TEA in the batch polymerization of MMA but quenches quickly
providing monomer conversion less than 2% which is worse than what TEA can do alone.
Also, in photo-DSC studies, these QDs reduced the autopolymerization of PEGDA as well.
These suggest that CdSe based QDs with ODA coating may be somehow quenching radicals.
This needs to be studied further. ESR studies may help to understand if radicals are forming

and what is the nature of these radicals when CdSe based QDs are used.
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Overall, in this thesis study, the initiation mechanism of photopolymerization using CdS-
OA QDs was found out and first QD based photoinitiation in the absence of a co-initiator,
water or alcohol was achieved. It was shown that for successful polymerization,
luminescence does not need to be quenched and colloidal polymer/QD nanostructures can be
very easily prepared by this method. Polymer properties and luminescence properties
indicate interaction between the two components which reduces the Tg somewhat but
enhances the luminescence of the QDs was understood and ensured by experimental
evidence. CdS-OA QDs have been showed as a promising photoinitiators for long-
wavelength initiation. Yet, it seems like pushing the absorbance onset to longer wavelengths
may not necessarily mean that initiation wavelength can be pushed to longer values, as well.
Defect states seems to a critical factor in the initiation. Besides, the core composition and the
coating is shown as important factors that needs to be decoupled in future.

Based on these conclusions, a follow up study should involve:

1. An ESR study with all of these QDs to elucidate if radicals are formed with each has

the same nature or if radicals are formed at all, especially in case of CdSe based QDs.

2. Synthesis of home-made CdSe-OA and CdS-ODA to elucidate the impact of core

composition and the nature of the coating. Alternatively, ODA may be exchanged

with OA before photopolymerizations.
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3. Cyclic voltammetry experiments need to be performed in order to determine the CB
and VB positions of these QDs as well as the ox-red potential of the monomers and
the coating materials.

4. TEGDMA (tetraethyleneglycol dimethacrylate) can be used in photoDSC to have a
relatively comparable double bond energy and polymerization kinetic to MMA.

5. A variety of monomers can be utilized to develop variety of nanocomposites such as

PEGMA, HEMA, and DMAEMA for biomedical use.
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