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Abstract 

 
Yolk-shell nanostructures/yolk-shell nanoparticles are defined as a hybrid structure, a 

mixture of core/shell and hollow particles, where a core particle is encapsulated inside the 

hollow shell and may move freely inside the shell. Of the various classifications of yolk-shell 

nanostructures, a structure with an inorganic core and inorganic shell (inorganic/inorganic) has 

been studied widely due to their unique optical, magnetic, electrical, mechanical, and catalytic 

properties. In the work presented here, among the different inorganic/inorganic yolk-shell 

nanostructures noble metal@silica yolk-shell nanostructures has been chosen as the topic of 

interest. Silica shell possesses many advantages such as chemical inertness, tunable pore sizes, 

diverse surface morphologies, increasing suspension stability, no reduction in LSPR properties 

of noble metal nanoparticles when used as a coating for such particles. Noble metal nanoparti-

cles such as AgNPs and AuNPs, on the other hand, possess unique structural, optical, catalytic, 

and quantum properties. Hence yolk-shell nanostructures with a combination of Ag or Au core 

and a silica shell (Ag@SiO2 and Au@SiO2) would open to endless possibilities.  

In this study, four areas were mainly explored: mechanism of silica shell formation over 

a given template, the synthetic modifications of Ag@SiO2 and Au@SiO2 yolk-shell nanostruc-

tures, their application as a potential catalyst, and devising of a flow type catalytic reactor. 

Despite the growing number of contributions on the topic of yolk-shell nanostructures, partic-

ularly Au@SiO2 and Ag@SiO2 yolk-shell nanostructures, a potential for improvement lies in 

all four aforementioned areas. 

As an initial study, the effect of different processing conditions as well as the 

mechanism of silica shell formation over reactive block copolymer templates was investigated. 

An asymmetric PS-b-P4VP block copolymer was chosen as a structure directing component to 

deposit silica shell. In order to deposit silica shell, PS-b-P4VP micelles with a collapsed PS 

core and a swollen P4VP corona was prepared via a solvent exchange method. The growth of 

silica shell over the PS-b-P4VP micelles (reactive template) was done using in-situ DLS and 

TEM. The experimental data obtained revealed the 4 distinct stages involved in the silica shell 

formation over the reactive BCP micellar template starting from the accumulation of silica 

precursor around the P4VP corona followed by a reactive template mediated hydrolysis-con-

densation reaction of the silica precursor which eventually lead to the shell densification and 

shell growth around the micelles. An understanding of the mechanism of silica shell formation 

over reactive templates provides a direct way to encapsulate various active species such as 

metal nanoparticles and quantum dots and paves the way for the template mediated synthesis 

of hybrid nanostructures such as yolk-shell nanoparticles. These studies also serve as a plat-

form to fine-tune the properties of such hybrid nanostructures by varying the reaction parame-

ters during silica shell deposition and reaction time.  

The next part of the work focused mainly on the synthesis, process optimisation and 

characterization of Ag@SiO2 and Au@SiO2 yolk-shell nanostructures, and their potential use 



X 

 

as a nanocatalyst. A well-known soft template mediated synthesis of the yolk-shell nanostruc-

ture was adopted for the present work. For this PS-b-P4VP micelle was used 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 done by reacting the 

nanoparticle-loaded micelles with an acidic silica sol which lead to the formation of Ag@PS-

b-P4VP@SiO2 or Au@PS-b-P4VP@SiO2 particles with respect to the nanoparticle used. In 

the case of Ag@PS-b-P4VP particles, upon silica deposition, a partial dissolution of AgNPs 

was observed whereas AuNPs were stable against dissolution. Hence yolk-shell nanostructures 

with AuNPs were studied further. As-prepared Au@PS-b-P4VP@SiO2 particles were then 

subjected to pyrolysis to remove the BCP template. The resulting yolk-shell nanostructures 

comprised of an AuNP core and a hollow mesoporous silica shell. Upon removal of the BCP 

template, the Au@SiO2 particles fused together and formed large aggregates. The catalytic 

properties of Au@SiO2 yolk-shell nanoparticles were explored using a model reaction of re-

duction of 4-nitrophenol and proved to have good catalytic activity and efficient recyclability. 

It was observed that catalytic efficiency 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 part of the work deals with the synthetic modification of Au@SiO2 yolk-shell 

nanoparticles done by embedding them in a porous silica structure (PSS). Such structural mor-

phology was attained by gelating the excess silica precursor while synthesising the Au@PS-b-

P4VP@SiO2 particles. The pyrolytic removal of block copolymer results in the formation of 

Au@SiO2@PSS catalyst and the porous nature of both the shell and the silica structure 

provides an easy access for the reactants to the nanocatalyst surface located inside. The cata-

lytic properties of Au@SiO2@PSS were studied using a model reaction of catalytic reduction 

of 4-nitrophenol (4-NP) and reductive degradation of different dyes. Kinetic studies show that 

Au@SiO2@PSS catalyst possesses enhanced catalytic activity as compared to other analogous 

systems reported in the literature so far. Furthermore, catalytic experiments on the reductive 

degradation of different dyes show that Au@SiO2@PSS catalyst can be considered as a very 

promising candidate for wastewater treatment. 

Another proposed direction of applying the Au@SiO2 yolk-shells is by devising a con-

tinuous flow catalytic system composed of Au@SiO2 yolk-shell nanoparticles for the effective 

degradation of azo dyes as a promising candidate for wastewater treatment. This was done by 

infiltrating the Au@PS-b-P4VP@SiO2 particles inside a porous glass substrate (frits) and the 

subsequent pyrolytic removal of the BCP template resulting in the formation of Au@SiO2 

yolk-shell nanostructures sintered inside the frit pores. The flow catalytic reactor was exploited 

in terms of studying its catalytic activity in the degradation of azo dyes and 4-nitrophenol and 

proved to have a catalytic efficiency of ca. 99% in terms of reagent conversion and has a long-

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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1.1 MOTIVATION  

Nanoparticles (NPs) are considered as the building blocks for various applications of 

nanotechnology. The ability to tune the size, shape and morphology of nanoparticles help to 

develop new and advanced physicochemical properties such as increased stability, surface area, 

optical, magnetic, and catalytic properties. Nanoparticles 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, optoelectronics,1 water purification,2 catalysis,3 sensors,4 photonics, rechargea-

ble batteries,5 biomedicine,4,6 etc. Among different metal nanoparticles, noble metal nanoparti-

cles and magnetic nanoparticles are most 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 of capping agents 

or at high temperatures the nanoparticles have a tendency to aggregate, reshape or sinter during 

their use.  

In order to overcome the disadvantages of naked metal nanoparticles, and to develop 

new properties, functionalized polymers, polyelectrolyte brushes, dendrimers, polymeric mem-

branes, resins or metal oxides, have been used to coat, embed or support nanoparticles.7ï10 To 

combine the advantages of both the support and the metal nanoparticle, and to improve the 

stability of nanoparticles, the metal nanoparticles can be enclosed inside the support shell with 

a hollow space separating the shell and the nanoparticle core. Such systems are known as yolk-

shell nanostructures or simply yolk-shell nanoparticles or nanorattles.  

Yolk-shell nanoparticles were first reported in the late 2002.11,12 They are defined as a 

hybrid structure between core-shell and hollow particles where the enclosed core particle may 

or may not move freely inside the shell which is generally represented as a core@void@shell 

or core@shell.13 These structures must be distinguished from solid nanoparticles (composed of 

one or many elements but with a uniform structure),14 Janus particles (two parts of the same 

particle have different chemical or physical properties),15 hollow particles (with an empty inte-

rior),16 core-shell particles (comprising smaller solid particle(s) coated with a tight layer of other 

element(s)),17 and reverse bumpy balls (encapsulated cores attached to the shell)18 (Figure 1.1). 

The main feature differentiating yolk-shell nanostructures from the aforementioned structures 

is the presence of a void between the encapsulated core and the surrounding shell. The hollow 

space can be loaded with one or more particles.19 Additionally, the shell can be constituted of 

multiple layers20,21 and contain functional groups22 or targeting moieties.23  

A large number of possible building blocks provide a number of compositions for the 

construction of yolk-shell nanoparticles. The core is usually made of metals (Au,24 Ag,25 Cu,26 

Pt,27 Pd,28 Ni3) metalloids (Si),29 oxides (SiO2,
30 Fe2O3,

31 SnO2,
20 Co3O4,

32) doped oxides 

(Gd2O3:Eu3+)33 or sulphides (Ag2S, CdS, PbS, ZnS, AgInS2),
34 where the shell can be composed 

of metal (Pt35), oxides (SiO2,
30 MgSiO3,

36 CuSiO3,
37 NiSiO3,

37 NiTiO3,
38 CeO2,

28 ZrO2,
17 
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TiO2,
39 SnO2,

21 Fe2O3
40) polymers (P(NIPAm-coAAM),33 PMAA,8 PANi41) or carbon12 (C18 

groups,42 nitrogen-doped carbon29). The properties of the yolk-shell nanoparticles are largely 

dependent on their chemical composition. 

 

Figure 1.1 TEM images and schematic representation of the common types of nanoparticles: (a) Solid; 

(b) Hollow; (c) Janus; (d) Core-Shell; (e) Reverse Bumpy Ball; and (f) Yolk-Shells or Nanorattle. Re-

produced from Ref. 13.  

 

Figure 1.2 Publications per year for yolk-shell nanoparticles during the period of 2002 to 2015 and list 

of published documents in journals. Reproduced from Ref. 43.  
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Over the last decade, there is a considerable increase in the quantity and quality of re-

search papers on yolk-shell nanoparticles as shown in Figure 1.2.43 Most of the studies on yolk-

shell nanoparticles have focused on the improvement of different catalytic applications. In such 

systems, the catalytic 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 nanoreactors.10 The encapsulated nanocatalyst 

is largely protected from aggregation and mechanical leaching during the reaction and catalyst 

recovery. This makes yolk-shell nanocatalysts more robust as compared to the catalysts on sup-

ports. Furthermore, yolk-shell nanocatalysts were found more stable in harsh conditions, and 

hence, better suitable for high-temperature catalytic reactions.3,22 

The size, shape, and surface properties of encapsulated nanocatalyst can be tuned by 

various methods.22 Yolk-shell particles could be designed such that enclosed nanocatalyst sur-

face is free from stabilising ligands, which makes them catalytically highly active. In addition 

to the ligand-free nanoparticle core surface, the presence of free space or voids separating the 

core from the shell is crucial for particular systems to become catalytically active.44 In yolk-

shell systems, reactants, products, and solvents should be able to pass through the permeable 

shell and reach catalytically active sites located inside. Diffusion rate can be controlled by ad-

justing shell porosity. Pore size and pore density can be tuned by controlling reaction conditions 

during shell formation, by incorporation of porogen22 or by chemical etching44. Hence and not 

surprisingly, there is a large interest in the design of novel yolk-shell type structures for the 

catalytic application. 
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1.2 OBJECTIVE OF THESIS  

Owing to the beneficial characteristics of yolk-shell nanostructures, such as increased 

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 catalytic properties of yolk-shell nanoparticles.  

 

Figure 1.3 Schematic showing the yolk-shell nanoparticle as a nanocatalyst.  

The main objectives of the work are:  

1. Design and synthesis of yolk-shell nanoparticles using silica as a shell material and us-

ing noble metal nanoparticles as a core (Ag, Au) via a sacrificial block copolymer 

template method. 

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

plate. 

3. Studying the catalytic activity of the yolk-shell nanoparticles using various model reac-

tion. 

4. Devising the particles to a continuous flow catalyst by entrapping them in an appropriate 

flow channel template. 
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1.3 OUTLINE OF THESIS  

The present thesis is divided into four major chapters, which are outlined as follows: 

Chapter 1: A general introduction to the topic of yolk-shell nanoparticles 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 extensive theoretical background is provided, covering the topics of block 

copolymers, assembly of nanoparticles in block copolymers, and yolk-shell nanostructures. 

Chapter 3: An overview of the characterization techniques used and synthetic and ex-

perimental procedures 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 providing the 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 of yolk-shell nanoparticles 

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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2.1 BLOCK COPOLYMERS  

A copolymer is formed when at least two different monomers comprise to form a single 

chain. When the different monomers are arranged as alternating blocks of various lengths in a 

polymer chain, they are called as block copolymers.45,46  

Block Copolymers are always a field of interest for the 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 de-mixed state rather than in a mixed state.  

2.1.1 Types of Block Copolymers 

 In block copolymers, 

the different monomers are or-

ganised into distinct segments or 

blocks. Depending on the num-

ber of different monomer 

blocks, they can be classified 

into diblock, triblock and multi-

blocks or depend on the arrange-

ment of the blocks, into linear or 

star block copolymers (Figure 

2.1). The simplest type of block 

copolymer is the diblock copol-

ymers (-AB-) which consist of a 

sequential arrangement of two 

different types of monomers which 

are covalently linked together. As 

the name indicates, tri-block copol-

ymers (-ABC- or -ABA-) consist of three different blocks which are covalently linked with 

each other and multiblock copolymers consist of three or more different monomer blocks. 

Based on the chain arrangements, block copolymers are classified into linear block copolymers 

where the blocks are connected end to end. Another type of arrangement is the star block co-

polymers, where individual monomer chains are connected via one of their 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 Addition-Fragmentation Chain Transfer Polymerization (RAFT), or Group 

Transfer Polymerization (GTP), etc., which efficiently enable a control over the chain polydis-

persity (PDI).47,48  

Figure 2.1 Schematic showing the different types of block co-

polymers.  
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2.1.2 Self-Assembly of Block Copolymers 

Block copolymers are defined as macromolecules with a linear or radial arrangement of 

two or more different blocks of the varying monomer composition.49 They have been the focus 

of interest during the last 30 years due to the arrangement of chemically distinct blocks into 

microdomains, which leads to a microphase separation. Since the different blocks are linked 

together by covalent bonds, the microphase separation is spatially limited and results in self-

assembled structures including spheres, cylinders, gyroids, and lamellae as depicted in Figure 

2.2 (a).50,51 The length scale of these structures generally ranges from 1 to 100 nm.52 Since these 

structures are of the same order as the exciton diffusion length or the thickness of tunnelling 

barriers, they are used in various physicochemical devices. 

For the formation of such nanostructures, certain parameters such as the total degree of 

polymerization, N=N
A + N

B
, the volume fraction of the constituent blocks, f

A
 and f

B (fA + fB = 

1), and the Flory-Huggins interaction parameter, ɢ
AB

, are important.51,53 The phase separation 

is driven by the degree of incompatibility between A and B blocks and is defined by the ɢ 

parameter. For diblock copolymers with no strong specific interactions, ɢ
AB

, is normally posi-

tive and small, follows an inverse dependence on temperature. The degree of microphase sep-

aration of the diblocks is determined by the segregation product, ɢN. The incompatibility 

between the constituent blocks decreases with decreasing ɢN and increasing temperature. At 

the same time, the combinatorial entropy increases. With respect to variations in entropy or 

incompatibility, the copolymer will undergo order-to-disorder transition (ODT) and become 

disordered i.e., homogeneous. The temperature at which the ODT occurs is referred to as 

TODT.
50,54ï57 

The plot of the product ɢN vs. the volume fraction, f, of one of the blocks expresses the 

phase balance between entropy and enthalpy of the block. Figure 2.2 (b) shows the phase dia-

gram of diblock copolymers predicted by self-consistent mean field (SCMF) theory.50,58 With 

increasing the volume fraction, f
A, at a fixed ɢN above the ODT, the order-to-order transition 

(OOT) starts from closely packed spheres, CPS, which separates the disordered state (Dis) and 

S phase, passing through the body-centered cubic spheres (S), hexagonally packed cylinders 

(C) and bicontinuous gyroids (G), to lamellae (L). When the block copolymer composition is 

inverted morphological inversion (L Ÿ G╡ ŸC╡ Ÿ S╡ Ÿ CPS╡ Ÿ Dis) takes place. Figure 2.2 (c) 

shows an experimental phase diagram of PI-b-PS block copolymers reported by Bates and co-

workers. Experimentally obtained phase diagram display certain dissimilarities compared to 

that of theoretically predicted. These differences could be explained by the effect of additional 

parameters that are not considered in theoretical models. First, an overall asymmetry is present 

in the experimental phase portrait of PI-b-PS copolymer with respect to the volume fraction of 

PI block, f
A = ½. This arises partially due to the differences in the shape and the size between 

the isoprene and styrene monomers, a
A Í aB

. The experimental diagram, in addition to the G 

phase, contains a transient structure between C and L phase, a thermodynamically unstable 
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perforated layer (PL). Another 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 disordered phase is stable beyond ɢ
AB
Ɂ = 10.5 (for f

A = ½) but also the direct transitions 

between the disordered phase and the various ordered phases are clearly evident. In contrast, 

theoretical phase (SCMF theory) diagram shows the order-order lines converging to a critical 

point at ɢ
AB
Ɂ = 10.5 and f

A = ½. This allows only a direct phase transition between the disor-

dered phase and the spherical ordered phases.  

  

Figure 2.2 (a) Equilibrium microdomain structures of AB diblock copolymers in bulk: S and Sᶄ = body 

centered cubic spheres, C and Cᶄ = hexagonally packed cylinders, G and Gᶄ = bicontinuous gyroids, and 

L = lamellae; (b) Theoretical phase diagram of AB diblock copolymers predicted by the SCMF theory, 

depending on volume fraction (f) of the blocks and the segregation parameter, ɢN, where ɢ is the Flory-

Huggins segment-segment interaction energy and Ɂ is the degree of polymerization. CPS and CPSᶄ = 

closely packed spheres; (c) Experimental phase portrait of PI-b-PS copolymers, in which fA represents 

the volume fraction of polyisoprene. PL = perforated lamellae. Reproduced from Ref. 50 and 51.  

The various morphologies can be attributed to two major factors: (1) the interfacial en-

ergy between two blocks (an enthalpic contribution) and (2) chain stretching (an entropic con-

tribution). During microphase separation, the two blocks separate from each other to minimise 

interfacial area in order to lower the interfacial energy. Phase separation induces the stretching 

away of chains from the coiled polymer conformation and the volume fraction of the constituent 
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block being the factor which determines the degree of stretching. As in the case of highly asym-

metric diblocks, the block with the smaller volume fraction assembles to spherical microdo-

mains whereas the one with higher volume fraction forms a matrix. This conformation allows 

the system to attain to the lowest interfacial area and increased configurational entropy which 

makes them energetically more stable. With an increase in volume fraction at a fixed tempera-

ture, the volume fraction of the block that forms the matrix decreases resulting in the formation 

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

lamellae.  

2.1.3 Self-Assembly of Block Copolymers in Solution 

The self-assembly of block copolymers in solution is much more complex than that in 

bulk. Amphiphilic block copolymers 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 (HHHs), large compound 

micelles (LCMs), large compound vesicles (LCVs), tubules, onions, eggshells, baroclinic tu-

bules, pincushions etc., (Figure 2.3).51 

 

Figure 2.3 Schematic diagram showing various morphologies formed by amphiphilic block copolymers 

in solution. Reproduced from Ref. 51.  

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 

longest corona chain in their planar zigzag configuration. On the other hand rods (cylindrical 

or worm-like micelles) are composed of a cylindrical core and a corona surrounding the core. 

They are characterized by diameters of the same order of magnitude as those of primary spheres 

but can have varying length.51 A three-dimensional network of interconnected branched rods 
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constitutes the bicontinuous rods whereas phase inverted counterparts of rods comprise the hex-

agonally packed hollow hoop. Lamellae (flat or slightly curved bilayer) and vesicles (closed 

bilayers) are another two types of structures formed by block copolymers in solution. An ag-

gregation of inverse micelles, the outer surface of which is stabilised in solution by a thin layer 

of hydrophilic chains form the large compound micelles (LCMs).51,54 

2.1.4 Block Copolymer Micelles 

Block copolymers with different blocks having different affinities for solvents which 

consist of a polar (hydrophilic) and a non-polar (hydrophobic) blocks are known as amphiphilic 

block copolymers. When an amphiphilic block copolymer is dissolved in a solvent, which is 

thermodynamically good for one block and a precipitant for the other, micellar structures will 

be formed with one block on the exterior of the structure forming the corona, and the other 

block on the interior, óprotectedô from the solvent, forming the core.52,59,60 

The important parameters that control the size of micelles are the degree of polymeriza-

tion of the polymer blocks, NA and NB, and the Flory-Huggins interaction parameter ɢ.61 The 

micellar structure is characterised by the core radius Rc, the overall radius of the micelle Rm, 

and the distance between adjacent blocks at the core-corona interface known as grafting dis-

tance,b, (Figure 2.4). The process of micellization is characterized by the aggregation of a given 

number of block copolymer chains, defined as the aggregation number, Z.60 In the case of spher-

ical micelles, the core radius, Rc, and the area occupied by one chain at the core-corona inter-

face, b2, are directly related to the number of polymers per micelles. Therefore, the aggregation 

number, Z, can be expressed:61 

 
ὤ
τ“Ὑ

ὦ
 (2.1) 

 

Figure 2.4 Schematic representation of A-B diblock copolymer micelle in a solvent selective for one of 

the blocks and the important characteristics of BCP micelles. Reproduced from Ref. 61.  

The factors that influence the morphology of such micellar aggregates are copolymer 

composition, initial copolymer concentration in solution, added solvent content, and the nature 

Selectivesolvent

NA, NB, ̝ Z, Rc , Rm
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of the common solvent. The force balance between the stretching of the core, surface tension 

between the core and the outside solvent and the repulsion among the corona chains, that pre-

vents the unlimited growth of the micelle into a distinct macroscopic phase, determines the 

morphology of the aggregates. Such micellar aggregates are formed when an amphiphilic block 

copolymer is dissolved in a solvent which is selective only for one of the blocks. The interaction 

between the soluble blocks and solvent stabilises the micelles in solution.62,63 The general clas-

sification of micelles includes regular micelles and inverse micelles. When dispersed in a polar 

solvent, the blocks rearrange to form a regular micelle which has a hydrophobic core and hy-

drophilic corona. On the contrary, when they are dispersed in an apolar solvent the blocks will 

rearrange to form reverse micelles which have a hydrophilic core and hydrophobic corona.62 

Micelles can be further divided into a star and crew-cut 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 formed. When the corona-forming block is shorter (thin 

corona) than that of the core forming ones (bulky core), crew-cut micelles are formed. 

2.1.5 Critical Micelle Concentration (CMC)  

The concentration at which the first micelle is formed is called the critical micelle con-

centration (CMC). With the increase in the concentration of block copolymer chains in solution, 

more micelles are formed while the concentration of non-associated chains, unimers, remains 

constant and is equal to the value of CMC. This corresponds to an ideal system under thermo-

dynamic equilibrium. The critical micelle concentration can be determined, for instance, from 

the plots of surface tension as a function of the logarithm of the concentration. CMC can then 

be defined as the concentration at which the surface tension reaches a stable plateau value.60,64 

Surface tension is independent of the concentration above the CMC and shows little or no de-

pendency with changes in temperature whereas the critical micelle concentration follows an 

inverse dependence on temperature. Tsunashima et al. studied the micellization of PS-b-PB 

diblock copolymers in various solvents.65 They used DLS to measure the hydrodynamic radius, 

in solvents having the same refractive index of either the PS or PB chains. In a solvent selective 

for PB block, unimers with collapsed PS segments were observed at low concentration and 

micelles were observed at higher concentrations, thus defining the CMC. For PEO-b-PPO-b-

PEO triblock copolymer in aqueous solution, CMC varies with the composition of the copoly-

mer.60 At a constant PPO/PEO ratio, the CMC decreased with increase in total MW of the co-

polymer. Faust et al. used the fluorescence of a probe (pyrene) in order to determine CMC.60 In 

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 copolymers in organic selective solvents, the micellar assembly is driven by enthalpic 

forces, as it is entropically unfavourable to form these ordered structures.60 For block copoly-

mers in an aqueous media, such as PEO-b-PPO-b-PEO, the transfer of a unimer to micelle is 
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entropy driven.60,64 The exchange of block copolymer molecules between micelles and solution 

is very slow compared to the exchange 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 surfactants.60,66 Because of the slow exchange kinetics, 

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 when they are placed in a selective 

solvent, resulting in a large insoluble block, which is mainly arising due to the presence of 

blocks with high Tg. In order to eliminate this problem usually, they are dissolved in a common 

good solvent which is then replaced with a selective solvent.60 The core of the micelle formed 

can serve as a reservoir in which various functional species, such as metal or semiconductor 

nanoparticles, quantum dots, dyes or drug molecules, etc. can be incorporated by means of 

chemical, physical or electrostatic interactions depending on their physicochemical proper-

ties.67 These intensify the interest in using BCP micelles as scaffolds for fabricating nano-con-

tainers or nanoreactors. Recent progress in novel micellar structures includes three main 

categories (1) amphiphilic micelles which are formed by hydrophobic interactions, (2) polyion 

complex micelles which result from electrostatic interaction, and (3) micelles stemming from 

metal complexation.68,69 

 

Figure 2.5 Schematic representation of chain conformations of (a) Linear diblock; (b) Cyclic diblock 

copolymers; (c, d, e) Linear triblock copolymers in a micellar state. Adapted from Ref. 60 and 70.  

The diblock copolymers are entropically more favoured to form micelles compared to 

triblock and cyclic ones. For cyclic copolymers, the two block junctions per molecule must 

reside at the core-corona interface while for triblock copolymers a fraction of chains will be 

looped (Figure 2.5).60,70 For a linear diblock copolymer, assuming that the composition and N 

are constant, the CMC is significantly lower than for other architectures. Moreover, the associ-

ation number and radius of the micelles formed from diblock copolymers will be larger com-

pared to copolymers of other architectures.59,66,67 On the other hand, cyclic copolymers 

a b c
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