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Abstract

Yolk-shell nanostructuréglk-shell nanoparticles are defined as a hybrid structure, a
mixture of core/sheland hollowparticles where a core particle is encapsulated inside the
hollow shell and may move freely inside the shell. Of the various classifications efhallk
nanostructures, a structure with an inorganic core and inorganic shell (inorganicficidigan
been studied widely due to their unique optical, magnetic, electrical, mechanical, and catalytic
properties. Inthe work presented here, among the different inorganic/inorganic-shak
nanostructuresoble metal@silica yolshell nanostructurdsas been chosen as the topic of
interest. Silica sheppossessamany advantages such as chemical inertness, tunable pore sizes,
diverse surface morphologies, increasing suspension stability, no reduction in LSPR properties
of noble metal nanoparticles whased as a coating for such particlsble metal nanoparti-
cles such as AgNPs and AuNs the other hangossess unique structural, optical, catalytic
and quantum properties. Hence yslhell nanostructures with a combination of Ag or Au core
and a #ica shell (Ag@SiQ and Au@SiQ) would open to endless possibilities.

In this studyfour areas were mainly explored: mechanism of silica shell formation over
a given template, the synthetic modifications of Ag@%itd Au@ SiQ yolk-shell nanostruc-
tures,their application as a potential catalyahd devising of a flow type catalytic reactor
Despite the growing number of contributions on the topic of-gbldl nanostructures, partic-
ularly Au@SiQ and Ag@SiQ yolk-shell nanostructures, a potential forpirmvement lies in
all four aforementioned areas.

As an initial study, the effect of different processing conditions as well as the
mechanisnof silica shell formation over reactive block copolymer templatesinvestigated.
An assymmetricPSb-P4VP block opolymerwaschosen as a structure directing component to
deposit silica shellln order to deposit silica shell, R8P4VP micelles with a collapsed PS
core and a swollen P4VP corona was prepared via a solvent exchange mie¢hgcbwth of
silica shell over th®Sb-P4VP micellesrgactive templajewas done using-situ DLS and
TEM. The experimental data obtained revealed the 4 distinct stages involved in the silica shell
formation over the reactive BCRicellar template stang from the accumulation of silica
precursor around the4VP corona followed by a reactive template mediated hydrolymis
densation reaction of the silica precursor which eventually lead to the shell densification and
shell growth around the micellesnAinderstandingf the mechanism of silica shell formation
over reactive templates provides a direct way to encapsulate various active species such as
metal nanoparticles and quantaimisand paves the way for the template mediated synthesis
of hybrid nanatructures such as yeltell nanoparticles. These studies also serve as a plat-
form tofine-tunethe properties of such hybrid nanostructures by varying the reaction parame-
ters during silica shell deposition and reaction time.

The next part of the work émsed mainly on the synthesis, process optimisation and
characterizationf Ag@SiQ and Au@SiQ yolk-shell nanostructureand their potential use
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as a nanocatalysh well-known soft template mediated synthesis ofytbk-shellnanostruc-

ture was adoptefbr the present work. Fahis PSb-P4VP micellevasused as a dual template

for both encapsulation of nanoparticle and the deposition of silica shell. The nanoparticles were
entrapped selectively to the BCP micellar core and silica deposition was dogechyg the
nanoparticldoadedmicelles with an acidic silica sethich lead to the formation of Ag@PS
b-PAVP@SIQ or Au@PSh-PAVP@SIQ particles with respect to the nanoparticle used. In
the case of AQ@RB-P4VP particles, upon silicdeposition,a partal dissolution of AgNPs

was observed whereas AuNPs were stable against dissolution. Hensaglbhkanostructures

with AuNPs were studied further.sfpreparedAu@PSb-P4VP@SIQ particles were then
subjected to pyrolysis to remove the BCP template. The resultingskielk nanostructures
comprised of an AuNP core and a hollow mesoporous silica Ehmh removal of the BCP
template,the Au@SiQ particles fused together and forthiarge aggregates. The catalytic
properties of Au@ Si®yolk-shell nanoparticles were explored using a model reaction of re-
duction of 4nitrophenol and proved to have good catalytic activity and efficient recyclability.

It was observed that catalytic efBocy was hindered by the particle aggregates formed after
pyrolysis by creating an inhomogeneity in the system and inaccessibility of the catalytic surface
for the reactants. Hence synthetic modifications were needed to overcome such drawbacks.

Next partof the work deals with the synthetic modification of Au@Sy@lk-shell
nanoparticles done by embedding them in a porous silica stre®sg) Such structural mor-
phology was attained by gelating the excess silica precursor while synthesising the-Au@PS
PAVP@SIQ particles.The pyrolytic removal of block copolymer results in the formation of
Au@SIiO@PSScatalystand the porous nature of both the shell anddihea structure
providesan easy access for the reactants to the nanocatalyst surface InsmledTihe cata-
lytic properties of Au@Siel@PSSwverestudied using a model reaction of catalytic reduction
of 4-nitrophenol (4NP) and reductive degradation of different dyes. Kinetic studies show that
Au@SIiO@PSS catalyst possesses enhanced catalytidyaeswompared to other analogous
systemgeported in the literature so fdturthermore, catalytic experiments on teductive
degradation of different dyeshow that Au@Si@@PSS catalyst can be considered as a very
promising candidate favastewatetreatment

Another proposed direction of applying the Au@5y0lk-shells is by devising a con-
tinuous flow catalytic system composed of Au@8yolk-shell nanoparticles for the effective
degradation of azo dyes as a promising candidat@dstewatetreatment. This was done by
infiltrating the Au@P &-P4VP@SIQ particles inside a porous glass substritts) and the
subsequenpyrolytic renoval of the BCP template resulting the formation of Au@Si®
yolk-shell nanostructures sintered inside tiitgpbres. The flow catalytic reactor was exploited
in terms of studying its catalytic activity in the degradation of azo dyes-arndphenol and
proved to have a catalytic efficiency of ca. 99% in terms of reagent conversion arldrigas a
term stability under flow. Thus, with a few modifications, these flow type systems can open
the doors to a very promising continuous flow catalytic reactor in the future.
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1 INTRODUCTION



Introduction

1.1 MOTIVATION

Nanoparticles (NPs) are considered as the building blocks for vappigations of
nanotechnology. The ability to tune the size, shape and morphology of nanoparticles help to
develop new and advanced physicochemical properties such asedcstslity, surface area,
optical, magneticand catalytic properties. Nanopaleés have a high surface to volume ratio
and improved functionality compared to their bulk counterparts. The unique structural, optical,
magnetic, catalytic, and quantum properties of metal nanoparticles are used in the fields of
photovoltaics, optoeleanics! water purificatior? catalysis® sensor$, photonics, rechargea-
ble batterie$,biomedicing*® etc. Among different metal nanoparticles, nahbletal nanoparti-
clesand magnetic nanoparticles an@st commonly used in the aforementioned applications.
One of the challenges in using pure noble metal nanoparticles is the poor stability caused by
their high surface energy. Driven by changes in reaction environment, loss ofgcagpints
or at high temeratureshe nanoparticles have a tendency to aggregegkaper sinter during
their use.

In order to overcome the disadvantages of naked metal nanopasdiudes) develop
new propertiefunctionalized polymers, polyelectrolyte brushes, dendrinp@lgmeric mem-
branes, resins or metal oxides, have been used to coat, embed or support nandpgéicles
combine the advantages of both the support and the metal nanoparticle, and to improve the
stability of nanopatrticles, the metal nanoparticles can be enclosed inside the support shell with
a hollow space separating the shell and the nandjacbre. Such systems are known as yolk
shellnanostructures or simply yelhellnanoparticles onanorattles

Yolk-shell nanoparticles were first reported in the late 2862They are defined as a
hybrid structure betweeroreshelland hollow particles where the enclosed core particle may
or may not move freely inside the shell whistgenerally represented as a core@void@shell
or core@shelt These structures must be distinguished from solid nanoparticles (composed of
one or manyelementsbut with a uniform structuréy, Janus particles (two parts of the same
particle have different chemical or physical propertléspllow particles (with an empty inte-
rior),'® core-shell particles (comprising smaller solid particle(s) coated witihélayer of other
element(s)}, andreverse bumpy balls (encapsulated cores attached to thé®sRedijire 11).

The main feature differentiating yehtell nanostructurefrom the aforementioned structures
is the presence of a void between the encapsulated core and the surroundimgeshellow
space can be loaded with one or more partiél@slditionally, the shell can be constituted of
multiple layeré®?*and contain functional grouffor targeting moietie$®

A large number of possible building blocks provideuember of compositions for the
construction of yolkshell nanoparticles. The core is usually made of metal${Ag,?® Cu,?°
Pt Pd?® Ni®) metalloids (Sif° oxides (SiQ* FeOs! SnQ,?° Co04°?) doped oxides
(GkOs:EL*)* or sulphidesAg2S,CdS PbS ZnS, Aging),**where the sHecan be composed
of metal (PP), oxides (SiQ,*° MgSiOs,*® CuSiG;,*” NiSiOs,%’ NiTiO3,%® Ce,?® ZrO,,Y’
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TiO2,%° SNQ,?! Fe0s*%) polymers (P(NIPArcoAAM),2 PMAA,® PANi*Y) or carbor? (C!8
groups?? nitrogendoped carbofY). The properties of the yolghell nanoparticles are largely
dependent otheir chemical composition.

Figure 1.1 TEM images and schematipresentatiorof the common types wanoparticles: (a) Sad,
(b) Hollow; (c) Janusyd) CoreShell; (e) ReverseBumpyBall; and (f) YolkShells or Nanorattle Re-
produced fronRef. 13

Journal (IF, 2014) No.
Nature Nanotechnology|
(34.048) 1
Adv. Mater. (15.409) 27
1 Nano Lett. (13.592) 6
160 4 ACS Nano (12.881) 3
1 J. Am. Chem. Soc. (12.113) 22
= 140 < Angew Chem (11.261) 21
0 - Nature Comm. (11.47) 3
= 120 Adv. Funct. Mater. (11.805) | 17
(1] | Chem. Mater. (8.354) 23
L 1004 Small (8.368) )
3 ChemSusChem (7.657) 3
S 80 1 Chem Comm (6.834) 47
o il Nanoscale (7.394) 34
[ 1 J. Mater Chem. (6.62)2012 52
O 60+ Appl. Catal. B. (7.435) 3
: - Appl. Mater. Interfaces
) 40 (6.723) 23
= i Chem. Eur. J. (5.731) 19
20 ChemCatChem (4.556) Bl
3. Phys. Chem. C (4.772) 17
l Langmuir (4.457) i8
0+ Dalton Trans. (4.197) 2
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2016 [~CrystERgComm (4.034) 9
RSC Adv (3.84) 32
Year J. Phys. Chem. B (3.302) 3
New J. Chem. (3.086) 2
Others 106

Figure 1.2 Publications per year for yolkhell nanoparticle during the period of 2002 to 2015 and list
of published documents in journalReproduced frorRef. 43
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Over the last decade, there isansiderable increase in the quantity and quality of re-
search papers on ye#tell nanoparticles as shownFigure 12.*> Most of the studies on yolk
shell nanoparticles have focused on the improvement of different catalytic applications. In such
systems, the catgic reactions occur on the surface of the nanocatalyst located in the cavity or
attached to the inner wall of the shell. Thus, encapsulated nanocatalyst is exposed to a homo-
geneous environment, which makes them act as nanore¥cttwes encapsulated nanocatalyst
is largely protected from aggregation and mechanieahimg during the reaction and catalyst
recovery. This makes yolhellnanocatalystmore robust as compared to the catalysts on sup-
ports. Furthermore, yolkhell nanocatalysts were found more stable in harsh conditions, and
hence, better suitable foigh-temperatureatalytic reaction$??

The size, shape, and surface properties of encapsulatedateysiccan be tuned by
various method$? Yolk-shell particles could be designed such that enclosed nanocatalyst sur-
face is free fronstabilising ligands, which makes them catadglly highly active. In addition
to theligandfree nanoparticlecore surface, thpresencef free space or voids separating the
corefrom the shell is crucial for particular systems to become catalytically détimeyolk-
shell systems, reactants, prodyetsd solvents should be able to pass through the permeable
shell and reach catalytically active sites located inside. Diffusiorcaatde controlled by ad-
justing shell porosity. Pore size and pore density can be tuned by controlling reaction conditions
during shell formation, by incorporation pbroger? or by chemical etchirtf. Hence and not
surprisingly, there is a large interest in the design of novelsiodll type structures for the
cataltic application.



Introductior

1.2 OBJECTIVE OF THESIS

Owing to the beneficial characteristics of yedkell nanstructuressuchasincreased
particle stability, combined properties of shell material and core particles, ease of reactants to
diffuse into the hollow interior, property tuning by altering the shell and core characteristics,
the objective of this thesis is to explore the catalytopprties of yolkshell nanoparticles.

® Reactants
Products
% ®

Reactant
permeable silica
shell

Active
nanoparticle core

Figure 1.3 Schematic showing the yetkell nanoparticle as a hanocatalyst

The main objectives of the work are:

1. Design and synthesis of ye#itell nanoparticles using silica askell material and us-
ing noble metal nanoparticles as a core (Ag, Au) via a sacritibiek copolymer
templatemethod.

2. Studying the mechanism of formation of silica shell around the block copolymer tem-
plate.

3. Studying the catalytic activity of the yetell nanoparticles using various model reac-
tion.

4. Devising the particles to a continuous flow catalyst by entrappingithamappropriate
flow channel template.
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1.3 OUTLINE OF THESIS

The present thesis is divided into four major chapters, which are oudlnietiows:

Chapter 1: A general introductida the topic of yolkshell nanopatrticles is provided,
highlighting the importance of their investigation and their potential application in nanocataly-
sis followed by major goals of the work.

Chapter 2: An extesive theoretical background is provided, covering the topics of block
copolymers, assembly aan@aticlesin block copolymers, and yol&hell nanstructures

Chapter 3: An overview of theharactedationtechniques used and synthetic and ex-
perimental pocedures used for the present work are discussed in detail.

Chapter 4: The results on each part of the work are presented and discussed. A short
motivation is included for each part, as well as additional experimental procedures used. A
summary providinghe conclusions drawn from the results is presented at the end of each part.
The chapter starts from the mechanism of silica shell formation over the block copolymer tem-
plate and later explores the synthesis and synthetic modifications esh@lknanopdicles
and their application as a catalyst using different model reactions.

Chapter 5: This chapter provides a summary and conclusion of the present work as well
as ideas for further exploration.
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Theory And Fundamentals

2.1 BLOCK COPOLYMERS

A copolymer is formed when at least two different monomemspriseto form a single
chain.When the different monomers are arranged as alternating blocks of various lengths in a
polymer chain, they are calles block copolymer&4°

Block Copolymers are always a field of interfestthe molecular engineers, as they can
combine distinct monomers to obtain new polymers with new and superior physical properties.
The distinct blocks in a block copolymer are usually incompatible with one another and hence
they prefer to exist in a dmixed state rather than in a mixed state

2.1.1 Types of Block Copolymers

In block copolymers

the different monomers are ot ..“*.
gansed into distinct segments o
blocks. Depending on the numr
ber of different monomer
blocks, they can be classifie
into diblock, triblock and multt ..“M.“
blocks ordepencbn the arrange- Triblock Copolymer
ment of the blocks, intarfear or (-ABA~) Star

Star Block

star block.copolymersF(gure ..“'.._‘,WQ;, @ -
2.1). The simplest type of block

copolymer isthe diblock copol- Triblock Copolymer

ymers (AB-) which consist of a (-ABC-)

sequential arrangement of twu

different types omonomers which Figure 2.1 Schematic showing the different types of bloc

are covalently linked together. APCIYMers

the name indicates, thlock copol-

ymers (ABC- or -ABA-) consist of three different blocks which are covalently linked with
each other andnultiblock copolymers consist of three or more different monotiiecks.
Based on the chain arrangements, block copolymers are classified into lineardplolgkners
where the blocks are connected end to end. Another type of arrangemhenstisr block co-
polymers,where individual monomer chains are connected viaddrteeir ends at a single
junction. Block copolymers can be synthesized by the living polymerization techniques, such
as Living Anionic or Cationic Polymerization, Atom Transfer Free Radical Polymerization
(ATRP), Reversible Additioffrragmentation ChainrdnsferPolymerization (RAFT), or Group
Transfer Polymerization (GTP), etc., which efficiently enable a control over the chain polydis-
persity (PDI)*"48

Diblock Copolymer
(-AB-)
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2.1.2 SelfAssembly ofBlock Copolymers

Block copolymers are defined as macromolecules aithearor radial arrangement of
two or more different blocks dhevaryingmonomer omposition*® Theyhave been the focus
of interest dung the last 30 years due to the arrangement of chemicalinctiblocksinto
microdomainswhich lead to a micrgphaseseparationSince the different blocks are linked
together by covalent bonds, the microphase separation is spatially limited and results in self
assembled structures including spheres, cylinders, gymamdslamellaeas depicted ifrigure
2.2 (3).5%°1The length scale of these structures generally ranges ftodDDnm.>? Since these
structures are of the sarmeder as the exciton diffusion length or the thickness of tunnelling
barriers, they are uséa variousphysicochemicatievices.

For the formation of such nanostructyresrtain parameters suchthetotal degree of
polymerization, N=N + N, the volume fraction of the constituent blocksandfy (fa+fa=

1pandthe FlonHu ggi ns i nt er ggadre iroportant’&°re prade saparatian

is driven by the degree of incompatibility
parameter. Fodiblock copolymers withnostrongpeci f i ¢ jghignermalgposi-o n s ,

tive and small, follows an inverse dependeoitemperature. The degreé microphase sep-
aration ofthe diblocksi s deter mined by the segregation
between the constituent blocllecrea s e s wi t h d eiocreasmg tenmpgratuseNAt a n d
the same time, the combinatorial entropy increases. With respect to variations in entropy or
incompatibility, the copolymer will undergo orde&rdisorder transition (ODT) and become
disordered ., homogeneouds he temperature at which the ODT occurs is referred to as

50,54 57
Topr.

The ot of the productN vs. the volume fractior, of one of theblocksexpresses the
phase balance betweenrepy and enthalpy of the blockigure 22 (b) shows the phase dia-
gram ofdiblock copolymers predicted by sednsistenmeanfield (SCMF) theory**8With
increasing the volumfaction f,,at a N aboveetile OBT, the ordéo-order transition

(OOT) starts from closely packed spheres, CPS, which separates the disordered state (Dis) and
S phase, passing through the bagytered cubic spheres (S), hexagonally packed cysinder
(C) and bicontinuous gyroids (G), to | amell
inverted morphoVY GYC¥ &M CiP¥v i si)on &igue2(p!l ace.
shows an experimental phase diagram éb-PIS block copolymers reported by Bates and co
workers. Experimentally obtained phase diagram display certain dissimilarities compared to
that of theoretically predicted. Thesdfeliences could be explained by the effect of additional
parameters that are not considered in theoreticalels First, an overall asymmetry is present

in the experimental phase portrait of?PS copolymer with respect to the volume fraction of

Pl blok, f, = %. This arises partially due to the differences in the shape and the size between

the isoprene and styrene monomegsi, ag.a he experimental diagram, in addition to the G
phase, contains a transient structure between C and L phase, a themicdlly unstable
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perforated layer (PLAnother discrepancy between the theoretical and experimental phase di-
agram is the region near the ODT in the phase diagram. In the experimental phase diagram, not
only the disorder el poObflafe=2%)butaksdtlebitect trabsdign® nd ¢

between the disordered phase and the various ordered phases are clearly evident. In contrast,
theoretical phase (SCMifReory) diagram shows the orderder linesconverging to a critical
pointa t ,;?6 = dn0f, =54 This allows only a direct phase transition between the disor-

po
PL |

dered phase and the spherical ordered phases.

(a) A -
Wv

! Cc

G L
A

Disordered
02 34 56 58 1o
A
Figure 2.2 (a) Equilibrium microdomain structuresf ABdiblockcopolymersinbulkS and Sk = bod
centered cubic spheres, C and Ck = hexagandal |y pa
L = lamellae (b) Theoretical phase diagraof AB dblock copolymergredicted by the SCMF theory,
depending on volume fraction (f) of the blocks andsteeg r e gat i onwpharamet s, t OB F

t
Huggins segmers e g me nt i nt er a isthe degree®fpelymgrigatc@. & @and CPSkKk =
closely packed spheree) Experimental phase portrait 8-b-PScopolymers, in whichfrepresents
the volune fraction of polyisprene.PL = perforated lamellaecReproduced fromé. 50and 51.

The various morphologies can be attributed to two major fagthrthe interfacial en-
ergy between two blocks (an enthalpic contribution) @yahain stretching (aantropic con-
tribution). During microphase separation, the two blocks separate from each otin@ntise
interfacial area in order to lower the interfacial energy. Phase separation induces the stretching
away of chains from the coiled polymer conformation thredolume fraction otheconstituent

10
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block being the factor which determines the degree of singtchs inthecaseof highly asym-
metric diblocks, the block with the smaller volume fraction assembles to spherical microdo-
mains whereas the one with higher volume fractosms a matrix This conformation allows

the system to attain tte lowest interfacial area and increased configional entropy which
makes them energetically more stable. Véithincrease in volume fraction at a fixed tempera-
ture, the volume fraction of the block that forms tiegtrix decreases resulting in the formation

of less cuved interfaces which leads to a morphological transition from spheres to cylinders to
lamellae

2.1.3 SelfAssembly of Block Copolymers in Solution

Theself-assembly of block copolymers in solutimmmuch more complex than that in
bulk. Amphiphilic block copotmers have gained much focus in the last 15 years. The structures
formed by amphiphilic block copolymers in solution include spherical micelles, rods, bicontin-
uous structures, lamellae, vesicles, hexagonally packed hollow hoops (HHHSs), large compound
miceles (LCMs), large compound vesicles (LCVSs), tubules, onions, eggshells, baroclinic tu-
bules, pincushions et¢Figure 23).5?

i)

B

L EEEEELE )

Spherical Rads Bicontinuous
micelle Rods HHHs

B

M S 35

Figure 2.3 Schematic diagram showing various morphologies formed by ampbiploitk copolymers
in solution.Reproduced frorRef. 5L.

Simple spherical micelles, usually being the first type of aggregates to form, consist of
a spherical core surrounded by coronal chains and the radius of the core cannot exceed the
longestcoronachan in their planar zigzag configuration. On the other hayd$ (cylindrical
or wormlike micelles) are composed of a cylindrical core and a corona surrounding the core
They are characterized byameters of the same order of magnitude as those of praplaeyes
but can have varying length A threedimensional network of interconnected branched rods

11
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constitutes the bicontinuous rods whereas phase inverted counterparts ofmpdsathe hex-
agonally packed hollowdop. Lamellae (flat or slightly curved bilayer) and vesicles (closed
bilayers) are another two types of structures formetllbgk copolymers in solutiorAn ag-
gregation of inverse micelles, the outer surface of wisisttabilsed in solution by a thin layer

of hydrophilic chaingorm the large compound micelles (LCNRY*

2.1.4 Block Copolymer Micelles

Block copolymerswith different blocks having different affities for solvents which
consist of a polar (hydrophilic) and a npalar (hydrophobic) blockare known aamphiphilic
block copolymers. When an amphiphilic block copolymer is dissalvedsolvent, which is
thermodynamically good for one block and a precipitant for the other, micellar structures wil
be formed withone block on the exterior of the structure forming the corona, and the other
bl ock on the i nt e roivemt formirigphe cote’é®€’t edd from t he s

Theimportant parameters that control theesof micelles are the degree of polymeriza-
tion of the polymer blocks, Nand Ns, and the FlonHu ggi ns i nt er &dhei on par
micellar structure i€haractesed by the core radius JRthe overl radiusof the micelleRm,
and the distance between adjacent blocks at thecooomainterfaceknown as grafting dis-
tance,b(Figure 24). The process of micellization is characterized by the aggregation of a given
number of block copolymer chains, defined as the aggregation nunfiSém,tde case of spher-
ical micelles, the core radiuBc, and the areaccupied by one chain at the ca@ona inter-
face,b? are directly related to the numbsfrpolymers per micelles. Therefothe aggregation
number Z, can be expresséd:

O —— (21)

Na N, - Z,R:, Rn

Figure 24 Schematic representation ofB\diblockcopolymer micelle in a solvent selective for one of
the blocks and the importaoharacteristicoof BCPmicelles.Reproduced froref. 4.

Thefactors that influence the morphology of such micellar aggregates are copolymer
composition, initial copolymer concentration in solutiadded solvent contergnd thenature

12
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of the common solvent. The force balance between the stretching of the clareg semsion
between the core and the outside solvent and the repulsion among the coronahctipnes,

vents the unlimited growth of the micelle into a distinct macroscopic phase, determines the
morphology of the aggregates. Such micellar aggregadésrmedwhen an amphiphilicblock
copolymer is dissolved in a solvent which is seleconly for one of the blocks.hE interaction
between the soluble blocks and solvetabilisesthe micelles in solutiof?3The general clas-
sification of micelles includes regular micelles and inverse micelles. When dispersed in a polar
solvent, the blocks rearrangeftom a regular micelle which has a hydrophobic core and hy-
drophilic coronaOn thecontrary when they are dispersed in an apolar solvent the blocks will
rearrange to form reverse micelles whiclvédna hydrophilic core and hydrophobic corda.
Micelles can be further divided intostarand crewcut micelles depending on the composition

of the block copolymers. When the length of corona forming block is much longer than that of
the core forming ones, star micelles are fornvéden thecoronaformingblockis shorter (thin
corona) than that of the core forming ones (bulky carew-cut micelles are formed

2.1.5 Critical Micelle Concentration (CMC)

The concentration at which the first micelkeformed is calledhe critical micellecon-
centration (CMC)With theincrease itheconcentratiorof block copolymer chains solution,
more micelles are formeahile the concentration of nesssociated chainsnimers remains
constantndis equal to the value of CM his corresponds toraideal system under thermo-
dynamic equilibriumThe critical micelle concentration can be determined, for instance, from
the plots of sudce tension as a function thie logarithm of the concentration. CMC can then
be defined as the concentration at witloh surface tensioreaches atableplateau valu&?%
Surface tension is independafithe concentration abewthe CMC and shows little or no de-
pendency with changes in temperature whereas the critical micelle concentration follows an
inversedependene on temperature. Tsunashing al. studied the micellization of RPI&PB
diblock copolymers in various solvent& They used DLS to measutteehydrodynamiaadius,
in solvents having the same refractive index of either the PS or PB chains. In a solvent selective
for PB bbck, unimerswith collapsed PS segments were observed at low concentration and
micelles were observed at higher concentrations, thus defining the CMC. Fer-PEODb-
PEO triblock copolymer in aqueous solution, CMC varies with the composition of the copoly-
mer® At a constant PPO/PEO ratio, the CMC decreased with increase in total MW of the co-
polymer. Fausgt al.used thdluorescence of a probe (pyrene) in order to determine ENIC.
this technique, the fluorescence intensity ratios of two different bands of pyrene are measured
as a function of copolymer concentration. An increase in this ratio at a given copolymer con-
centration indicates the formation of micelles and thus the CMC.

Micelles can form spontaneously from a balance between the entropy and enthalpy. For
block copolymersin organicselectivesolvents the micellar assembly is driven lepthalpic
forces, as it is entropically unfavourabteform these ordered structuf@d=or block copoly-
mers inan aqueousnedi, such as PEM-PPOb-PEO, the transfer of animerto micelle is

13
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entropy drven®%®4The exchange of block copolymer molecules betwaieellesandsolution

is very slow compared to the éange kinetics observed for low molecular weight surfactant
micelles Moreover the critical micellar concentration is much lower for block copolymers in
comparison with low molecular weight surfac&ift®®Because of the slow excharkjaetics

these structures are often kinetically trapped and this allows the opportunity to vary structural
parameters such as the characteristic shape, size and spacing of the array features. However,
macromolecular chains possess some dissolution problems wiearé¢hgaced im selective
solvent, resulting in a large insoluble block, which is mainly arising due to the presence of
blocks with high . In order to eliminate this probleansually, they are dissolved ia common
goodsolventwhich is then replacedith a selective solved?. The core of the micelle forrde
canserve as a reservoir in whietarious functional speciesuch asmetalor semiconductor
nangarticles quantum dotsgyesor drug moleculesetc.can be incorporated by means of
chemical, physical or electrostatic interactions depending on their physicochemical proper-
ties®’ Thesentensifythe interest in usinBCP micelles as scaffoldsr fabricating nanecon-
tainers or nanoreactorsRecent progress inovel micellar structures atudes three main
categoriesX) amphiphilic micelles which are formed by hydrophobic interacti(@)golyion
complex micelles whichesultfrom electrostatic interactiomnd(3) micelles stemming from

metal complexabn.58:5°

Figure 25 Schematigepresentatiorof chain conformations of (a)inear diblock (b) Cyclic diblock
copdymers (c, d, e) Linear triblock copolymers in a micellar state. Adapted fiReh 6 and 0.

Thediblock copolymers are entropically more favoutedorm micelles compared to
triblock and cyclic ones.df cyclic copolymersthe twoblock junctionsper moleculemust
resideat the corecorona interface while for triblock copolymers a fraction of chains will be
looped(Figure 25).6%"°For alineardiblock copolymer, assuming that the compiasitand N
areconstant, the CMC is significantly lower than for other architectures. Moreover, the associ-
ation number and radius of the micelles formed fabbtock copolymers will be larger com-
pared to copolymers of other architectui®¥:%” On the other hand, cyclic copolymers
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