
 
Binary Blend Nanoparticles with Defined 

Morphology 
 

 
 

 
 
 
 
 
 

 
 
 
 
 
 

Dissertation 
Zur Erlangung des Doktorgrades Dr. rer. nat. 

der Fakultät für Naturwissenschaften 
der Universität Ulm 

 
 
 
 
 

vorlegt von 
Omayma Ghazy 

Aus Dakahlia, Ägypten 
Ulm, 2008 

 
 
 
 



 

 2

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 3

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Amtierender Dekan: Prof. Dr. Klaus-Dieter Spindler 

1. Gutachter: Prof. Dr. Katharina Landfester 

2. Gutachter: Prof. Dr. Alexei R. Khokhlov 

Tag der Promotion: 3/3/2008 

Universität Ulm, Fakultät für Naturwissenschaften, 2008 



 

 4

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 5

 

 

 

 

 

 

 

                                                                                  

 

 

 

 

 

 

  Dedicated to my family 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 6

Table of contents 

 
1. Introduction……………………………………………………………….          11 

2. Theoretical background and literature review………………………….          15 

2.1. Polymer dispersions: meaning and importance…………………………….          16 

2.2. Different methods to obtain polymer dispersions………………………….           17 

2.2.1. Heterophase polymerization………………………………………………..          18 

2.2.2. Precipitation of polymeric particles from solvents to the aqueous phase: 

Artificial latexes (secondary dispersions)………………………………… 

 

          20 

2.2.2.1. Precipitation of polymeric particles from solvents to the aqueous phase by 

the miniemulsion process………………………………………………….. 

 

          21 

2.2.2.2. Precipitation of polymeric particles from solvents to the aqueous phase by 

the Ouzo effect…………………………………………………………….. 

 

          22 

2.3. Polymer blends…………………………………………………………….. 24 

2.3.1 Thermodynamic considerations…………………………………………… 24 

2.3.2. Flory-Huggins Theory……………………………………………………... 25 

2.3.3. Mechanisms of phase separation…………………………………………... 28 

2.3.4. Phase diagram and critical solution temperature…………………………... 28 

2.3.5. Methods of blending……………………………………………………….. 29 

2.3.5.1. Latex blending……………………………………………………………... 30 

2.4. Morphology development in composite particle latex…………………….. 31 

2.4.1. Janus particles……………………………………………………………... 35 

2.5. Functionalized Particles…………………………………………………… 36 

2.5.1. Metal nanoparticles………………………………………………………... 37 

2.5.2. Metal-polymer particles composites………………………………………. 39 

3. Methods of characterization……………………………………………... 40 

3.1. Transmission electron microscopy (TEM)………………………………… 41 

3.2. Atomic force microscopy (AFM)………………………………………….. 43 

3.3. Dynamic light scattering (DLS)…………………………………………… 45 

3.4. Particle charge detector (PCD)…………………………………………….. 46 

4. Experimental part………………………………………………………... 48 

4.1. Materials…………………………………………………………………… 49 

4.2. Preparation of polystyrene latexes by miniemulsion process……………... 49 

4.3. Preparation of poly(propylene carbonate) latexes by miniemlsion process.. 50 



 

 7

4.4. Preparation of polymer Blend particles by miniemulsion process………… 51 

4.4.1. First approach: mixing of two dispersions of the individual polymers……. 51 

4.4.2. Second approach: blend dispersion with the two polymers are included in 

each particle (composite particles)………………………………………… 

 

51 

4.4.3. Determination of the degree of coverage of the SDS molecules on the 

surface of composite particles……………………………………………... 

 

52 

4.5. Factors affecting the morphology of the artificial composite blend 

particles……………………………………………………………………. 

 

53 

4.5.1. Effect of SDS concentration ………………………………………………. 53 

4.5.2. Effect of the polarity of the polymers ...…………………………………... 53 

4.5.2.1. Composite blend particles of 50% PS / 50% PMMA……………………... 53 

4.5.2.2. Composite blend particles of 50% PS / 50% PBA………………………… 53 

4.6. Preparation of polymer dispersions by the Ouzo effect…………………… 53 

4.6.1. Polystyrene latex………………………………………………………….. 53 

4.6.2. Composite blend particles of 50%PS / 50% PPC………………………... 54 

4.7. Synthesis of polystyrene-co-polymethacrylic acid (PS-co-PMAA) and 

polystyrene-co-poly(4-vinylpyridine) (PS-co-P(4-VP)) by solution 

polymerization……………………………………………………………... 

 

 

54 

4.7.1.  Radical polymerization of styrene in solution……………………………... 54 

4.7.2. Radical copolymerization of 90% styrene and 10% vinylpyridine in 

toluene……………………………………………………………………... 

 

54 

4.7.3. Radical copolymerization of 90% styrene and 10% methacrylic acid in 

ethanol……………………………………………………………………... 

 

55 

4.8. Fabrication of functionalized particles…………………………………….. 55 

4.8.1. Fabrication of PS-co-PMAA particles by the miniemulsion process.…...... 55 

 

4.8.2. Determination of the surface functional groups density of the 

functionalized particles using the particle charge detector (PCD)……….... 

 

56 

4.9. Formation of silver nanoparticles on the surface of functionalized 

particles and Janus particles……………………………………………….. 

 

57 

4.10. Formation of gold nanoparticles on the surface Janus particles …………... 59 

4.11. Methods and equipments…………………………………………………... 60 

5. Results and discussion……………………………………………………. 62 

5.1. Preparation of polystyrene latexes by the miniemulsion process…….…… 63 



 

 8

5.2. Preparation of poly(propylene carbonate) latexes by the miniemulsion 

process……………………………………………………………………... 

 

68 

5.3. Polymer blends by the miniemulsion process …………………………….. 72 

5.3.1. First approach: mixing of two dispersions of the individual polymers……. 72 

5.3.2. Blend dispersion with the two polymers included in each particle 

(composite particles)………………………………………………………. 

 

76 

5.3.2.1. Preparation of 50% PS / 50% PPC composite blend particles…………….. 76 

5.3.2.2. Confirmation of the morphology of the biphasic 50% PS / 50% PPC 

particles……………………………………………………………………. 

 

77 

5.3.2.3. Composite blend particles prepared with different composition ratios of 

PS and PPC………………………………………………………………… 

 

78 

5.3.2.4. Determination of the degree of coverage of the SDS molecules on the 

surface of composite latex particles……………………………………….. 

 

84 

5.4. Factors affecting the morphology of the artificial composite blend 

particles……………………………………………………………………. 

 

85 

5.4.1. Effect of surfactant concentration on the morphology development in 

composite artificial PS / PPC blend particles……………………………… 

 

86 

5.4.2. Effect of the polymer polarity on the morphology development………….. 87 

5.4.2.1. Composite blend particles of 50% PS / 50% PMMA……………………... 87 

5.4.2.2. Composite blend particles of 50% PS / 50% PBA………………………… 90 

5.5. Polymer dispersions by the spontaneous emulsification (Ouzo effect) 

process……………………………………………………………………... 

 

90 

5.5.1. Polystyrene latex prepared by the Ouzo effect…………………………….. 92 

5.5.2. Composite blend particles of PS / PPC prepared by the spontaneous 

emulsification (Ouzo effect)……………………………………………….. 

 

94 

5.6. Fabrication of functionalized particles…………………………………….. 97 

5.6.1. Synthesis of polystyrene-co-polymethacrylic acid (PS-co-PMAA) and 

polystyrene-co-poly(4-vinylpyridine) (PS-co-P(4-VP)) by solution 

polymerization……………………………………………………………... 

 

 

97 

5.6.2. Fabrication of PS-co-PMAA articles by the miniemulsion process………. 101 

5.6.3. Fabrication of PS-co-P(4-VP) particles by the miniemulsion process…….. 101 

5.6.4. Fabrication of biphasic Janus particles…………………………. .……… 103 

5.6.4.1 Fabrication of biphasic PS-co-PMAA / PPC Janus particles by the 

miniemulsion process……………………………………………………… 

 

103 



 

 9

5.6.4.2. Fabrication of biphasic PS-co-PMAA / PPC Janus particles by the Ouzo 

effect process………………………………………………………………. 

 

104 

5.6.4.3. Fabrication of biphasic PS-co-P(4-VP) / PPC Janus particles by the 

miniemulsion process……………………………………………………… 

 

105 

5.6.4.4. Fabrication of biphasic PS-co-P(4-VP) / PPC Janus particles by the Ouzo 

effect process………………………………………………………………. 

 

106 

5.6.5. Determination of the surface functional groups density of the 

functionalized particles using the particle charge detector (PCD)………... 

 

107 

5.7. Formation of silverl nanoparticles on the surface of the functionalized PS 

homoparticles and Janus particles…………………………………………. 

 

109 

5.7.1. Formation of silver nanoparticles on the surface of PS-co-PMAA particles 

prepared by the miniemulsion process…………………………………….. 

 

111 

5.7.1.1. Reduction of silver ions using the hydrazine hydrate N2H4.H2O………….. 112 

5.7.1.2. Reduction of silver ions using the sodium borohydride NaBH4…………... 113 

5.7.1.3. Reduction of silver ions using hexamethylenetetramine (urotropine)……. 114 

5.7.2. Reduction of silver ions with urotropine on the surface of PS-co-PMAA / 

PPC Janus particles prepared by the Ouzo effect………………………….. 

 

116 

5.7.2.1. First run reduction…………………………………………………………. 117 

5.7.2.2. Second run reduction………………………………………………………. 118 

5.7.2.3. One run reduction of double concentration of silver ions…………………. 118 

5.7.3. Formation of silver nanoparticles on the surface of PS-co-P(4-VP) 

particles prepared by the miniemulsion process…………………………... 

 

119 

5.7.4. Formation of silver nanoparticles on the surface of PS-co-P(4-VP) / PPC 

particles prepared by the miniemulsion process…………………………. 

 

120 

5.7.5. Formation of silver nanoparticles on the surface of PS-co-P(4-VP) / PPC 

particles prepared by the Ouzo effect process…………………………… 

 

122 

5.7.6. Reduction of silver ions using NaBH4 on the surface of reference 

samples…………………………………………………………………….. 

 

123 

5.8. Formation of gold nanoparticles on the surface of PS-co-PMMA / PPC 

and PS-co-P(4-VP) Janus particles prepared  by the Ouzo effect process...  

 

124 

5.8.1. Formation of gold nanoparticles on the surface of PS-co-PMMA / PPC  

Janus particles……………………………………………………………... 

 

124 

5.8.1.1. Reduction with urotropine………………………………………………… 125 

5.8.1.2. Reduction with sodium citrate…………………………………………….. 125 



 

 10

5.8.1.3. Reduction with urotropine in diluted sample……………………………... 126 

5.8.1.4. Reduction with sodium citrate in diluted sample…………………………. 127 

5.8.1.5. Reduction with daylight…………………………………………………… 128 

5.9. Formation of gold nanoparticles on the surface of PS-co-P(4-VP) / PPC 

Janus particles……………………………………………………………... 

 

129 

5.9.1. Reduction with sodium citrate…………………………………………….. 129 

5.9.2. Reduction with daylight………………………………………………. 130 

6. Summery………………………………………………………………….. 131 

7. Appendix………………………………………………………………….. 135 

7.1. List of abbreviations……………………………………………………….. 136 

7.2. List of symbols……………………………………………………………. 138 

8. References………………………………………………………………… 139 

9. Zusammenfassung……………………………………………………… 145 

 Acknowledgement………………………………………………………... 150 

 Curriculum Vita…………………………………………………………..  153 

 Declaration of originality………………………………………………… 154 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 11

 

 

 

 

 

 

 

 

 

 

1. Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 12

The word “blend” in linguistics means a word formed from two parts of two words. In 

polymer science polymer blends means polymer mixtures, a class of materials analogues to 

the metal alloys. Blending of polymers is a simple and economic way to create new materials 

meeting specific desired properties. The other alternative is to synthesize such materials 

eventually facing the organic chemistry design difficulties. The low entropy of mixing 

polymers makes the process thermodynamically unfavorable, unless there are some specific 

interactions between the mixed polymers. As a result, in thermal equilibrium typically a phase 

separation between the blend components takes place. The main challenge facing the blending 

of polymers is the control of the length scale of the phase separation. One of the most 

important applications, where the control of the phase separation is crucial for the 

performance is the organic solar cells. In organic solar cells a blend of an electron donating 

polymer and electron accepting one is formed. The dimensions of the phase separation 

between the two polymers should be in the range of the exciton diffusion length [1-3] (in 

semiconductors, exciton diffusion length is the average distance traveled by the electron-hole 

pair before recombination). Only under this condition the charge transfer at the interface 

between the two polymer layers can take place and the solar cell performs efficiently. The 

thin polymer blend layers for such applications are commonly deposited by spin coating from 

solution containing both polymers. The morphology of the thin layer prepared in this way is 

highly influenced by the preparation conditions such as the surface properties of the substrate, 

the solvent from which the blend was deposited, the temperature, and the annealing 

temperature [4-9]. Therefore controlling the length scale of phase separation in layers casted or 

spin coated from solutions is difficult and is a matter of trials and errors. Recently a novel 

nanoparticle approach relying on the miniemulsion process was presented, by which the 

length scale of phase separation of polymer blends is controllable down to few tens of 

nanometers [1-3, 10-12]. The method is based on forming a miniemulsion of the polymer solution 

in water and subsequently evaporating the solvent to obtain the polymer nanospheres 

dispersed in water. The process enables the control of the polymer particle size in the range of 

50-500 nm [13-15]. The blending is done through two different approaches: either by mixing 

nanoparticles of pure polymers (nanoparticle blends), or by fabricating blend nanoparticles 

(composite particles) by starting with a mutual solution of the two polymers. Solar cells based 

on the miniemulsion approaches have been fabricated and their efficiency was studied [1-3], 

nevertheless the morphology of the polymer blends used for the fabrication was difficult to 

study. The difficulty is hidden in finding polymer pairs that have electronic contrast to enable 

the morphology study by electron microscopy. However, this morphology study is of high 
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importance for a better understanding and improving the performance of the solar cells 

prepared based on the nanoparticle approaches. The control of the phase separated 

morphology in the composite blend nanoparticles in a reproducible manner is of high 

importance in order to produce high performance particles meeting highly specified 

requirements. A lot of effort was paid to predict and to control the morphology of the 

composite latex particles [16-38]. It was found that the morphology development in the 

composite blend particles is a function of thermodynamic and kinetic parameters. The 

concentration of the surfactant and the polarity of the two polymers are related to the 

thermodynamic controlling factors. The equilibrium morphology is that one exhibiting the 

lowest surface energy. On the other hand the glass transition temperature and the phase ratios 

are related to the kinetic controlling factors. 

Most of the studies concentrated on the synthetic pathways, specially the seeded emulsion 

polymerization to produce composite blend nanoparticles [39]. This technique is the most 

popular one in the industry as well, but it is not satisfying for all required applications, since 

some important applications are based on polymers which are difficult to polymerize in 

heterophase and some other applications are relying on the natural polymers. Applying the 

miniemulsion processes on solutions of polymer mixtures (blend nanoparticle approach) 

provides a method which is covering a wide range of applications. The only limitation here is 

that the desired polymer mixture has to be soluble in a common solvent which is immiscible 

with water. In addition the design and fabrication of the composite blend particles according 

to this strategy is much easier than in the synthetic pathways [40]. Another emulsification 

method to emulsify the polymer solutions in water is the spontaneous emulsification, also 

known as Ouzo effect [41, 42]. The polymer should be dissolved in a solvent which is 

completely miscible with water, so that the emulsification takes place spontaneously. The 

Ouzo effect is mainly used for loading polymer particles with drugs [43-46]. In principle the 

process can be applied for the preparation of composite blend nanoparticles by emulsifying a 

mutual solution of two polymers.  

The process of emulsifying polymer solutions in water can be further used for the production 

of functionalized latex particles. This can be achieved if the polymer itself is provided with 

some functional groups. The expression “functionalized particles” is quite precise, since the 

polymer particles can be applied in different applications according to the functionality they 

have. Very interesting are the particles that are functionalized with ligand groups. Ligand 

groups on the surface of the latex particles enable the immobilization of metal nanoparticles 

on the surface of the latex particles. Metal nanoparticles on the latex support have a wide 
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range of applications in various fields, such as surface-enhanced Raman scattering, catalysis 

and medical diagnostics [47-53]. 

The idea of controlling the morphology development within the blend nanoparticles in 

combination with the possibility of preparing particles featuring a functionality on the surface 

enables the fabrication of hemispherical biphasic particles featuring functionality on only one 

phase. This makes the particles symmetric in shape but asymmetric in the surface properties. 

Particles designed such a way are known as Janus particles (named after the Roman god of 

doorways). The name was first given by De Gennes in 1991 on the occasion of his Noble 

lecture to describe grains with two sides one is apolar and the other is polar. Janus particles 

are gaining more and more attention due to the expected dual function possibilities such as 

drug delivery systems with highly selective capabilities, and solar cell applications [1-3, 10, 54]. 

Moreover the advantage of the particles with two very dissimilar sides can be used to create 

different types of microsensors [55, 56].  

In this study polymer blends of polystyrene and poly(propylene carbonate) were prepared 

using the miniemulsion process as model systems for the nanoparticles consisting of 

semiconducting polymers for optical applications. The blends were prepared according to the 

two approaches mentioned above, i.e. by mixing nanoparticles of pure polymers or by 

fabricating blend nanoparticles including both the two polymers in each particle. The 

development of well controlled phase separated morphology within the blend nanoparticles 

was realized here. The study represents the first detailed morphology study of blend 

nanoparticles prepared by applying the miniemulsion process on polymer solutions. This 

enables controlling and predicting the performance of the particles in the different 

applications. In addition blend nanoparticles were prepared, for the first time using the Ouzo 

effect process. The results of the miniemulsion process and the Ouzo effect on the composite 

blend nanoparticles provide interesting information about the control of the composite blend 

particle morphology.  

PS particles functionalized with carboxylic or pyridyl groups were prepared by 

miniemulsifying solutions of PS-co-PMAA or PS-co-P(4-VP). Furthermore two types of 

Janus particles were designed and fabricated, relying on the possibility of controlling the 

phase separated morphology within the blend nanoparticles in combination with using 

functional polymers. In our study the functionality on the latex particles were further used as 

ligand for silver ions and for the subsequent formation of silver nanoparticles on the latex 

particle substrates. The Janus particles were proven to be smart enough for the selective 

formation of the metal nanoparticles on the functionalized face. 
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2.1. Polymer dispersions: meaning and importance 

A polymer dispersion is the colloidal form of polymers where small particles of the polymer 

are dispersed in a continuous phase, normally water. The particle size can be adjusted in a 

wide range between several micrometers and a few nanometers. The polymer particles scatter 

the light, so that the polymer dispersions appear milky white, while dispersions of particles 

smaller than 50 nm are translucent. Polymer dispersions have the advantages over polymer 

solutions of containing high solid content of the polymer with low viscosity (see Figure 2.1). 

For polymer solutions high values of viscosities are obtained for solid contents higher than 

5%, while in the case of polymer dispersions a solid content of 50% is expected to exhibit 

such high values of viscosity. Moreover, the polymer dispersions are free of solvents, as the 

dispersing media is usually water, which is of valuable meaning from both the environmental 

and economical points of view. The superior properties of the polymer dispersions in 

comparison to the bulk polymers, due to the high area to volume ratio, are another important 

advantage of polymer dispersions. Because of these reasons a lot of attention is paid from 

both academy and industry to disperse or polymerize more and more types of polymers in 

water. For industrial application, polymer dispersions with high solid content are desired to 

avoid the expensive transport of large amounts of water. Nowadays, dispersions with solid 

contents between 40 and 60% or even higher can be prepared in heterophase polymerization 

by adjusting the monomer to water ratio [57].  

 

 
Figure 2.1: Comparison between the viscosity of polymer solutions and polymer dispersions. 
 

Important properties of the polymer dispersion are the particle size and the size distribution; 

these properties determine the application of the latex. Although in large scale industrial 

application a specific size distribution is advantageous over a monodisperse latex, however in 

the medical applications the monodisperse distribution is of crucial importance [40]. The 
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viscosity of polydisperse latex is lower than that of monodisperse latex with the same solid 

content. Figure 2.2a is showing a latex with two different particle sizes, where the vacancies 

between the large particles are occupied by the small particles. This latex has a lower 

viscosity than a monodisperse latex (Figure 2.2b) of the same solid content. In industrial 

applications like coatings it is better to have a particle size distribution for a closer packing of 

particles on the surface. In the medical applications all the particles should be of one specific 

size in order to function with complete capacity (all the administrated particles contribute to 

the desired function). The size in the medical application should be adjusted in a way that 

ensures the screening of the immune system of the body and at the same time that allows the 

transportation of the particles through the body, their uptake in cells and their clearance from 

the body.  

 

 
Figure 2.2: Latexes with different particle size distributions, (a) polydisperse,  
                    (b) monodisperse. 
 

Polymer dispersions are nowadays contributing to all types of applications, e.g. 

pharmaceutical and medical applications, in coatings and paints, for the automotive industry, 

and building industry, etc.  

 

2.2. Different methods to obtain polymer dispersions 

To obtain polymer dispersions many methods can be used; Figure 2.3 summarizes the 

possible different methodologies. The methods are divided in two main groups; the first one is 

the polymerization of the monomer in heterophase. The second one is to fabricate the 

synthetic or the natural polymers to particles. This is called a “secondary dispersion”. The 

most popular methods will be discussed briefly below. 
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2.2.1. Heterophase polymerization 

Heterophase polymerization means the polymerization of a monomer forming the dispersed 

phase in another continuous phase. According to the way of stabilization and the mechanism 

of polymerization, the heterophase polymerizations are classified to (macro)emulsion, 

miniemulsion, microemulsion, and suspension polymerization.  

 

 
Figure 2.3: Different methodologies to prepare polymer dispersions.  

 

Suspension polymerization: The monomer is mechanically suspended in the continuous 

phase. Some dispersing agents such as vinyl alcohol are used. The initiator is soluble in the 

monomer, so that the polymerization takes place inside the monomer droplets. The resulted 

polymer particles are keeping the identities of the monomer droplets, and the size range is 10-

40 μm.   

The macroemulsion, microemulsion, and miniemulsion polymerizations give the opportunity 

to prepare dispersions with smaller polymer particle sizes. The main feature for all types of 

emulsion polymerization is the use of surfactants which are used to emulsify the monomer 

droplets in the continuous phase. 

Macroemulsion polymerization: The main character of the emulsion is its kinetic stability 

and thermodynamic instability, a phase separation takes place if the emulsion is left without 

stirring. This phase separation is due to the creaming effect or sedimentation according to the 

difference in densities between the oil phase and the aqueous phase. In the emulsion 

polymerization the amount of surfactant should be higher than the critical micelle 

concentration (cmc). As a result, a lot of free micelles are formed (< 5 nm) as well as large 

and small monomer droplets (1-10 μm). The main mechanism of initiation is the micellar 

mechanism. All the species are in diffusion equilibrium; by any time there will be some 

monomer molecules dissolved in the water phase. The initiation takes place in the aqueous 

phase by water soluble initiator reacting with some of the free monomer molecules. As the 
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polymerization starts, a formed oligomer enters a free micelle and the polymerization 

proceeds there. The monomer molecules required for the polymerization reaction diffuse from 

the large monomer droplet reservoir to the reaction locus. The initiation should not take place 

in all the micelles, so that the surfactant can stabilize the growing particles.  

Microemulsion polymerization: The excessive use of surfactant usually combined with co-

surfactant is here the main feature. The high amount of surfactant results in an interfacial 

tension between water and the oil of about zero. As a result the system is thermodynamically 

stable and appears as transparent single phase. Due to the presence of a huge amount of free 

micelles in this system, the initiation does not happen in all the micelles, which results in the 

coexistence of polymer particles and empty micelles by the end of the polymerization.  

Miniemulsion polymerization: Miniemulsions are critically stabilized emulsions, prepared 

by shearing a system composed of water, oil, a surfactant, and a hydrophobe. The high shear 

forces are used to emulsify the system; it results in an efficient use of the surfactant [58]. The 

amount of surfactant and the shear forces control the droplet size between 50 and 500 nm [13-

15]. The appropriate formulation of the system enables the suppression of the degradation 

mechanisms, i.e. the suitable type and amount of surfactant should protect the system against 

the collision coalescence, and the adequate amount of the hydrophobe should suppress the 

Ostwald ripening process (see Figure 2.4 a, and b).  The surfactant can be of ionic or nonionic 

type. The ionic surfactant protects the particles from collision coalescence by the electrostatic 

repulsion between the particles, due to the orientation of charged surfactant molecules on the 

surface of the particles. The nonionic surfactant provides the particles with steric hindrance 

which protect them from the collision. 

 
Figure 2.4: (a) Role of the surfactant in suppressing the collision coalescence and 

                           (b) Role of hydrophobe in suppressing the Ostwald ripening process. 
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Since 1973, when the first paper about miniemulsion was published [59], the miniemulsion 

technique is gaining more and more attention. The importance of the miniemulsion 

polymerization lays in the realization of processes which were difficult or even impossible in 

the conventional macroemulsion polymerization. The fact that every nanodroplet in the 

miniemulsion acts as a nanoreactor [13-15], gives the opportunity to control the design of the 

nanoparticles, for example, it is possible to copolymerize monomers of different polarities or 

to encapsulate hydrophobic materials in the polymer particles. Various applications in 

miniemulsion process were reviewed [13, 14, 60].  

 

2.2.2. Precipitation of polymeric particles from solvents to the aqueous phase: Artificial 

latexes (secondary dispersions) 

Although in industry heterophase polymerization is the most widely used strategy for the 

preparation of polymeric dispersions, there are however some important reasons for the 

preparation of the polymeric dispersions from synthetic or natural polymers [40, 61]: 1- Most of 

the drug delivery carriers still rely on natural polymers, due to their compatibility with the 

biological systems and their nontoxicity. 2- Some polymers with superior properties are 

prepared by ionic polymerization; it is still difficult to control ionic polymerization in 

emulsions due to the protic character of water, although their dispersions are of high industrial 

interest. 3- It is easier to produce composite particles with an artificial particle approach. 4- 

From the economic point of view, it is better and cheaper to transport solid polymers than 

dispersions with about 50% by weight as dispersion medium. 

One of the used methods to fabricate particles from synthetic or natural polymers is the 

solvent evaporation process. The process describes the emulsification of a polymeric solution 

in water, and then the evaporation of the solvent causing the polymeric molecules to 

precipitate from the solvent droplets to particles in the aqueous phase. There are different 

strategies depending on the miscibility of the solvent with water and the emulsification 

technique. If the solvent is water immiscible, the emulsification is achieved through emulsion 

processes. Different emulsifying methods can be used, such as mechanical stirring as in 

macroemulsions or high shear as in miniemulsions. More recently other emulsifying methods 

are used such like Shirasu porous membrane (SPG) emulsification [62-65] and inkjet printing 
[66]. On the other hand, if the solvent is water soluble, then the emulsification is called 

spontaneous emulsification, which is known as the Ouzo effect (the liquid-liquid nucleation or 

the liquid replacement are other terminologies for the same process). 
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2.2.2.1. Precipitation of polymeric particles from solvents to the aqueous phase by the 

miniemulsion process 

The miniemulsion process is proven to be a versatile technique for the preparation of 

polymeric nanodispersions by carrying out polymerizations in miniemulsions [13-15, 67-72]. The 

technique was applied in combination with the solvent evaporation process to produce 

polymeric dispersions from semiconductive polymers [1, 2, 11, 12, 73]. Figure 2.5 shows a scheme 

describing the process of producing artificial particle dispersions (secondary dispersions) in 

the miniemulsion process. 

 

 
Figure 2.5: Miniemulsion process for the production of polymeric nanoparticles from   
                    synthetic polymers (artificial particles). 
 
 
The polymer is first dissolved in a suitable solvent, which is immiscible with water, and then 

the polymer solution is mixed with the aqueous phase containing the surfactant. The mixture 

is first stirred to obtain a macroemulsion with a broad size distribution, and then emulsified by 

an ultrasonifier to form the miniemulsion; the miniemulsion is finally stirred at a suitable 

temperature in order to evaporate the solvent to obtain the final polymer dispersion. The 

process can be considered as precipitation of the polymer molecules in nanocontainers 

(nanoparticles). The particle size is controllable over the polymer solution concentration and 

the concentration of the surfactant [12]. There is no need for the use of an additional 

hydrophobe (as in the case of miniemulsion polymerization) since the water insoluble 

polymers are playing the role of an ultrahydrophobe [12]. The polymer dispersions prepared in 

this way showed high stability for several months [11].  
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2.2.2.2. Precipitation of polymeric particles from solvents to the aqueous phase by the 

Ouzo effect 

“Ouzo” in Greece and other Mediterranean countries is an ethanol extract of anise seeds. 

Anethole, which is the essential oil of anise, is water insoluble. When water is added to the 

anethole/ethanol solution, anethole becomes insoluble in the water/ethanol phase and 

nucleates forming small droplets; these small droplets scatter the light causing the emulsion to 

appear milky white. 

Scientists make use of this phenomenon, when water is added to a dilute solution of a 

hydrophobic substance dissolved in a miscible solvent with water. The hydrophobic substance 

becomes highly supersaturated, and this supersaturation causes the hydrophobe to nucleate 

into small droplets. The hydrophobe diffuses to the nearest droplet to avoid the 

supersaturation. After that, no further nucleation takes place and a metastable dispersion is 

formed. The entire process is illustrated schematically in Figure 2.6. The process of 

hydrophobic nuclei formation is simply a binodal decomposition of the hydrophobic 

substance in the solution due to the fluctuation in the concentration. This fluctuation resulted 

from the diffusion of the nonsolvent (water) into the solution droplets. Afterwards the nuclei 

grow by Ostwald ripening to droplets which are in the metastable range between the binodal 

(the miscibility limit curve) and spinodal (the stability limit curve) curves (see Figure 2.7 [41]). 

The dimensions of the metastable region as shown in Figure 2.7, are limited to very diluted 

solution concentrations, high concentration of the oil causes the emulsion to reach the 

spinodal region resulting in the spinodal decomposition and the phase separation. This fact 

gives some restriction for the use of the Ouzo effect, especially when dispersions with high 

solid contents are required. The second restriction is the solvent, since it should be soluble in 

water in all ratios [41, 74]. On the other hand the Ouzo effect enables the preparation of 

emulsions without the use of any surfactants since the emulsions are kinetically stable against 

the degradation mechanisms of the emulsions. The stability here is related to the particle size. 

The droplets produced in this process are large enough to retard the Ostwald ripening, but at 

the same time they are small enough that the creaming effect is slow, especially when the 

density of oil is close to that of water [42]. The second main advantage is that the 

emulsification here is spontaneous and there is no need for the high shear devices.  
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Figure 2.6: Schematic illustration of the spontaneous emulsification (Ouzo effect)   
                    process. 
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Figure 2.7: Phase diagram shows the stable Ouzo range [41]. 

 
The technique was already used for the preparation of polymer nanoparticles [41, 42, 75-77] as 

well as of nanocapsules, mainly for loading polymer particles with drugs [43-46]. Different 

preparation procedures are recommended in the literature for the preparation of stable 

particles by the Ouzo effect; the main common feature is the dilute oil/polymer solution, in 

order to keep the formed droplets, upon emulsification, in the metastable range between the 

bimodal and spinodal curves as shown in Figure 2.7. In the literature there are many 

sequences followed for the preparation of the Ouzo emulsions. Vitale and Katz [41] 

recommended the rapid addition of the water phase to the oil-ethanol solution without any 

agitation, since they observed that agitation causes shearing and breakup of the large droplets 

formed by the spontaneous nucleation. The dropwise addition of the water phase to the 

polymer solution was also reported [75, 76, 78]. Another sequence involves the dropwise addition 

of the polymer solution to the water phase as it was reported by many other authors [43, 45, 46, 

78]. The inclusion of small concentrations of the nonsolvent in the solvent prior to 

emulsification was recommended [41], this small amount of the nonsolvent is thought to reduce 

the entanglements between the polymeric chains, and consequently contributes to a successful 

emulsification [42]. Katz results showed that the region of concentrations corresponding to the 
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stable Ouzo region is for oil/ethanol ratios from 1:20 to 1:1000 and final ethanol/water 

concentrations from 1 to 40 wt% after the addition of water [41]. 

Yabo et al. [75, 76] compared the dropwise addition of the polymer solution to a large amount of 

water under vigorous stirring to their own procedure, which involves the slow addition of 

water to the equal amount of the polymer solution. The procedures were examined for the 

preparation of polystyrene-block-polyisoprene (PS-b-PI). The second procedure resulted in a 

more uniform particle size and better lamellar microphase separated onion-like structures. The 

reason for the better phase separated structure of the copolymer prepared according to the 

second procedure was explained with the slow evaporation of the good solvent permitting the 

development of the phase separated structure. On the other hand, in the first procedure the 

precipitation of polymer molecules is too quick to allow a formation of well developed 

microphase separated structures. A wide range of concentrations of polystyrene solution were 

examined according to the second procedure [78], the results showed that spherical particles 

were obtained for the concentrations higher than 0.4 g·l-1 and half spheres particles were 

obtained for concentrations lower than 0.2 g·l-1. Between 0.2 and 0.4 g·l-1 there were mixtures 

of sphere and half sphere morphologies. The half sphere particles were obtained for the low 

concentration as the particles were formed at the water/ air interface. 

 

2.3. Polymer blends 

The term “polymer blend” is meant by mixing two or more polymers together in order to 

create a material meeting specific desired properties of the individual polymers. The other 

alternative is to synthesize such a material. This synthesis is facing the organic chemistry 

design difficulties. Sometimes it is difficult or even impossible to connect two units with 

completely different chemical and electronic structures by a covalent bond, as in the case of 

semiconducting polymers used for organic solar cells [1].  

 Polymer blends are generally divided into three main classes: miscible, partially miscible and 

immiscible. Miscibility or immiscibility in polymer blends is a result of competing 

thermodynamic forces (polymer-polymer interactions) and rheological forces (diffusivity) [79].  

The immiscible class is the representative one for most of the blends. More than 95% of the 

polymer mixtures are immiscible. 

 

2.3.1. Thermodynamic considerations 

The thermodynamic condition for a mixture of component 1 and 2 to be miscible is that the 

Gibbs free energy of the mixture is lower than that of either of the components individually: 
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                                                 ∆Gmix= G12 – (G1 +G2) ≤ 0                                              (2.1) 

where G12 is the Gibbs free energy of the mixture, G1, G2 are the Gibbs free energies of 

components 1 and 2.  

The Gibbs free energy is expressed as G = H – TS, where H is the enthalpy and S is the 

entropy, so that the condition for mixing at temperature T can be written as:  

                                                ∆Gmix =  ∆Hmix - T∆Smix ≤ 0                                                   (2.2) 

where ∆Hmix is the enthalpy of mixing and ∆Smix is the entropy of mixing. Usually there are 

stronger attraction forces between molecules 1 and 1 and molecules 2 and 2 than between 

molecules 1 and 2, unless there are some special interaction forces between molecules 1 and 

2, such as hydrogen-bonding. On mixing small molecule compounds, assuming that there are 

no special forces between 1-1, 2-2 or 1-2 molecules, the change in the enthalpy is very small 

or even no change occurs; in this case the mixing is said to be athermal. On the other hand 

there is a large increase in the entropy upon mixing, since there are more possible 

arrangements for the molecules in the mixture than in the individual constituents. In this case 

the mixing can take place for the entire concentration range. Even for a mixing which is not 

athermal (where the ΔHmix is positive) the increase in entropy assures miscibility at least for 

some range of concentrations. Mixing of polymers is not the same: The segments of the 

polymer molecules are connected to a chain backbone which restricts the number of possible 

arrangements compared to free segments in case of small molecules. The change in entropy is 

not large any more, and consequently, in most of the cases ΔG is positive. So the driving force 

for polymer-polymer miscibility are special interactions between the two types of molecules 

such as hydrogen bonding, dipole-dipole interaction, or acid–base reaction, causing the 

enthalpic term to be negative. Another possibility for enhancing the miscibility is the use of 

polymers with small molecular weights, so that the entropy increases resulting in a more 

negative Gibbs free energy of mixing. 

 

2.3.2. Flory-Huggins Theory 

The change in the enthalpy and entropy of mixing polymers can be calculated by the Flory-

Huggins theory. The theory was mainly developed for polymer solutions but it could be also 

extended to polymer blends. The theory made use of the lattice theory to drive an expression 

for the Gibbs free energy of polymer solutions. The lattice theory assumes a lattice where 

each site is occupied by either a solvent molecule or a polymer segment (or segments of two 

polymer molecules in case of polymer blends, as shown in Figure 2.8). 
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Figure 2.8: two-dimensional lattice occupied by two types of polymer molecules. 

 

The molar entropy of mixing of two polymers is only the combinatorial entropy part, resulted 

from the possible arrangements of the units of the two components relative to each other 

(configurational entropy) if N1 is the number of molecules 1, φ1 is the volume fraction of 

component 1, N2 is the number of molecules 2 and φ2 is the volume fraction of component 2, 

the molar entropy of mixing is given by: 

                         ΔSmix = -k[N1lnφ1 + N2lnφ2]                                            (2.3) 

 

Applying equation 2.3 to the two lattices shown in Figure 2.9a and b, a calculation of the 

entropy of the mixing of small molecule mixtures (a) and polymeric molecules (b) can be 

performed: 

 In case of (a):   ΔSmix = -k[4 ln 0.25 + 12 ln 0.75] = 9 k.  

While in case of (b):   ΔSmix = -k[1 ln 0.25 + 2 ln 0.75] = 2 k .  

By simple comparison of the entropies of mixing obtained above, we find that the entropy of 

mixing of 16 small molecules is 4.5 times that of two chains containing the same number of 

segments (16 segments). If entropy of mixing of polymeric chains is considered now with a 

huge number of segments connected to them, and compared with the entropy of mixing of 

small molecules having the same number of connected segments, the difference is going to be 

larger and larger. It is concluded that the entropy of mixing should be very low for polymeric 

molecules.  

 
Figure 2.9: 2D lattice occupied by (a) small molecules and (b) segments connected to   
                    chains of two polymers. 
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mixing of polymers is like most of the mixing process a non-ideal one, i.e. the ΔHmix ≠ 0 as 
illustrated if Figure 2.10. 

 
Figure 2.10: Non-ideal mixing of two species. 

The molar mixing enthalpy ΔHmix is the change in the interaction energies as indicated by the 

Flory-Huggins parameter χ and the number and type of the nearest neighbors:  

                                             ΔHmix = kTχ1N1φ2.                                 (2.4) 

 
 

The Flory Huggins equation for the Gibbs free energy is: 

∆Gmix = kT[χ1N1φ2 +N1lnφ1 + N2lnφ2]                                 (2.5) 

Equation 2.5 indicates that the condition ∆Gm< 0 can exist only if the polymer-polymer 

interaction coefficient χ12 is negative. There are three factors contributing to the value of χ12: 

the dispersion forces, the free volume, and special interaction. The dispersion forces are weak 

forces. The free volume is the volume associated with the end of a polymer chain, therefore it 

depends on the number of chain ends and hence on the degree of polymerization. The 

presence of special interactions such as acid base interaction or hydrogen bonding, highly 

influences the value of the χ12 towards the miscibility direction.  

When the change in the Gibbs free energy is plotted against the composition, a curve of the 

type shown in the upper part of Figure 2.11 is obtained, while the phase diagram of the same 

system is shown in the lower part. If ΔGmix of the blend is lower than that of the two phases 

then one homogenous phase will be formed. A phase separation takes place for compositions 

which have a ΔGmix higher than that of the two existing phases. In Figure 2.11 it is shown that 

as the temperature decreases a maximum and two minima appear in the curve of the Gibbs 

free energy versus the composition. This means that a homogeneous mixing of the 

compositions between these two minima φ′, φ" are not stable. At these composition points the 

binodal curve (miscibility-limit curve) is defined on the composition-temperature curve 

(Figure 2.11 lower part). The limit of the thermodynamic stability of the homogeneous phase 

is defined by the condition ∂2ΔGmix/∂φ2 = 0, the two points of inflection on the Gibbs energy 

curve are satisfying this condition as indicated in Figure 2.11. At these composition points the 

spinodal curve (stability-limit curve) is defined on the composition–temperature curve. 
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Figure 2.11: Change in Gibbs free energy with the composition of a polymer blend system   
                      (upper part), and the composition-temperature curve of the same system (lower   
                      part). 
 

2.3.3. Mechanisms of phase separation 

Looking at the phase diagram of the binary system in Figure 2.11, three regions are 

recognized: above the binodal curve is phase I; in this region the binary system is miscible 

and shows only one phase. Between the binodal and the spinodal curves is phase II which is 

the metastable region. Below the spinodal curve is phase III, where the binary system is 

immiscible and exhibits two phases. For a binary system two phases separate. The phase 

separation takes place in the metastable region II or the phase separation region III. In the 

metastable region II it is ∂2ΔGmix/∂φ2 > 0, so that some activation should be exerted on the 

metastable system for the phase separation to take place. If this energy barrier can be 

overcome, the minor component will form nuclei and then these nuclei grow. The phase 

separation in this case is called nucleation and growth mechanism of phase separation. In the 

region phase III, the phase separation takes place spontaneously as the system is already 

unstable in this region, and the mechanism is called spinodal decomposition.  

 

2.3.4. Phase diagram and critical solution temperature  

In Figure 2.11 the spinodal curve meets the binodal curve in a common point. At this point it 

is ∂3ΔGmix/∂φ3 = 0; this point is the upper critical solution temperature (UCST). Above the 

UCST the mixture is a homogeneous one-phase and below it is a two-phase region, Figure 
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2.12a is showing an UCST system. Some systems are exhibiting lower critical solution 

temperature (LCST) below which the mixture is homogenous and above which two phases 

exist, as shown in Figure 2.12b. Some systems are showing both the UCST and the LCST as 

shown in Figure 2.12d; some other systems have LCST > UCST , these systems either have a 

closed miscibility gap as in Figure 2.12c or a hourglass-type phase diagram as in Figure 

2.12e.  In the case of polymer blends the UCST is more likely to take place, where solubility 

is enhanced by increasing temperature, since the thermal motion increases the contacts 

between the unlike segments. In polymer solutions also the UCST is more likely to be 

observed for systems comprising nonpolar components. The less common LCST is observed 

for systems that have some special kinds of interactions, such like hydrogen bonding. 

 
Figure 2.12: Phase diagram of binary systems. 

 

As shown above the mixing of polymers has low entropy, so that the process is 

thermodynamically unfavourable. As a result after blending, a phase separation between the 

two components takes place. The morphology and dimensions of phase separation is 

dependent on many factors such as the type of the polymers, the interfacial tension, the 

concentration of the components, and finally the way of blending.  

 

2.3.5. Methods of blending 

Different methods can be used for the preparation of polymer blends:  

(i) Mechanical mixing of bulk materials: This process can be further divided into melt 

blending and solid state blending. In the melt blending the bulk materials are mixed 

at temperatures higher than the glass transition temperatures of the individual 

components using extruders. In melt blending the slow diffusion due to the high 

viscosities prevents macroscopic demixing [80]. The high temperature and shear 

cause the degradation of some polymeric chains forming free radicals which may 

cause further degradation afterwards. In the solid state blending, the mechanical 

mills are used to divide the bulk materials to very small pieces. The mechanical 

energy transfers to the powder particles. 
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(ii) Casting from solution of two polymers dissolved in a common solvent: As it is 

indicated in Figure 2.11, the two polymers may have a miscibility region for certain 

concentrations and another region for immiscible concentrations. The demixing level 

is reached during the solvent evaporation causing phase separation. On further 

evaporation the concentrations may reach again the miscibility single phase region, 

but the increase in viscosity prevents the diffusion of the polymer molecules and 

hence the single phase morphology can not be reached again. Therefore the blend 

prepared by casting from solution may remain heterogeneous.  

(iii) Use of monomers as solvent for another blend component and then polymerization 

of the monomers: As the second polymer forms, the blend will tend to phase 

separate. The phase separated morphology is dependent mainly on the degree of 

crosslinking of the first polymer and the feeding rate of the second monomer  

(iv) Latex blending: mixing of two aqueous dispersions, the method ensures good 

mixing of the species. The domain size is restricted to the latex particle size and is 

not affected by melting. 

For economical reasons, mechanical blending is the most predominant method. Both the 

method of blending and the rate with which the blend is brought to final shape are affecting 

the blend properties; the conditions applied during the blending process are highly influencing 

the degree of miscibility and shape of the phase separation. For example in case of casting 

from solution, the type of solvent is playing an important role controlling the degree of 

miscibility. 

 

2.3.5.1. Latex blending 

It is well known that in latex blending the domain size is restricted to the size of the latex 

particles [80]. The miniemulsion process gives the opportunity to prepare a polymer latex with 

a defined particle size in the range of 50-500 nm [13-15]. So the dimensions of the domain size 

for latex blend prepared by the miniemulsion process can be controlled down to few tens of 

nanometers. Moreover the particles in this size range have a large surface area compared to 

the corresponding bulk materials, which permits a higher degree of interactions between the 

blend components.  

Two approaches relying on the miniemulsion process have been shown to be an easy and 

efficient way to produce polymer blends with a controlled phase separation in the particle size 

range (50-300 nm) [1, 2, 11, 12]. In the first approach, the blend is composed of an aqueous 

dispersion containing nanoparticles of two polymers, formed by simple mixing of two latexes 
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prepared as shown in Figure 2.5. In the second approach both polymers are included in each 

individual nanoparticle. In this case the two polymers are mutually dissolved in the solvent in 

the first step of the miniemulsion preparation. The nanospheres formed upon solvent 

evaporation are containing both the two polymers as illustrated in Figure 2.13. 

 

 
Figure 2.13: Miniemulsion process for the production of polymeric composite particles of  
                      P1 (polymer 1) and P2 (polymer 2). 

 

It is believed that the kinetics of evaporation is playing an important role controlling the 

composite particle morphology [28, 30, 32, 33, 36]. If the evaporation is slow enough, the developed 

morphology will be in the thermodynamic equilibrium. At fast evaporation rate of solvent 

may not permit the particle morphology to reach the thermodynamic equilibrium, and the 

process would be kinetically controlled.  

 
2.4. Morphology development in composite particle latex 
 
The morphology of composite particles is a matter of study since the last 30 years. Theoretical 

as well as experimental work has been done in this area. The importance here lays in the great 

benefits of being able to control the particle morphology to meet a specific application such as 

coatings, adhesives and medical diagnostics. The earliest study in this concern was produced 

by Torza and Mason in 1970 [81]. They put the theoretical predictions for the shape 

development of binary liquid droplets composed of two incompatible oils dispersed in water. 

Both oils are immiscible with water. Relying on the interfacial tension values σij and the 

spreading coefficient Si where Si = σjk – (σij + σik), they could predict the final 

thermodynamically controlled morphologies as illustrated in Figure 2.14.  

In the first case the negative value of the S1 indicates a low value of σ23, and the negative 

value of S2 indicates a low value of σ13, while a high value of σ12 is causing the value S3 to be 

positive. The low interfacial tension between the two oils enables them to stay together within 

a droplet, and the low interfacial tension between oil 3 and the water results in a core shell 
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phase-separated morphology where the oil 3 forms the shell. The second case of partial 

engulfment is expected when all the interfacial tensions between the three phases (σ12, σ13, σ23) 

are comparable. In this case there is no preferential interaction between any of the two oils 

with the water phase, and the phase separates in a biphasic manner. The positive value of S2 in 

the third case indicates a higher value of the interfacial tension between the two oils (σ13) than 

that between each of the two oils and water. The two oils will prefer to completely phase 

separate forming individual particles as shown in Figure 2.14, in order to minimize the 

surface free energy.  
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Figure 2.14: Possible morphologies corresponding to the three sets of spreading   
                      coefficients. 
 

In general seeded emulsion polymerization is the most widely used technique for the 

preparation of composite latex particles, in which a second stage monomer is polymerized in 

seed polymer particles. The spreading coefficient approach is extended to the composite latex 

particles. But the morphologies obtained from the second state polymerization are more 

complicated. The Sundberg group is one of the most important contributors to attempt to 

predict and to control the morphology of composite particles [16, 17, 19, 23-25, 27, 29, 31, 34, 35, 37, 82-85]. 

They used the more general concept of the Gibbs free energy to predict the different 

equilibrium morphologies of composite particles prepared by the two stage particle formation 

(seeded polymerization) [16, 23] as well as the artificial composite particles [17, 24]. Their 

calculations led to different values of Gibbs free energy for the different morphologies. The 

equilibrium morphology is expected to be that one has the minimum Gibbs free energy [16]. 

According to this model, the Gibbs free energy change due to the shape development of 

polymeric particle is a combination of enthalpic, entropic, and surface free energies. Since the 

particles are rather large in comparison to the size of the molecules, the difference in enthalpy 

and entropy between various particle morphologies can be neglected [16, 83]. Then the Gibbs 

free energy is due to the contribution of the new formed interfaces between the two polymers 

and between each of them and the water phase. The model was applied for composite 

3 1
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artificial particles [24]. First they assumed the reference state of polymer particle 1, bulk phase 

of polymer 2, and bulk phase of solvent (Figure 2.15). Then they put the design for the 

expected morphologies, either the completely phase separated morphologies (biphasic 

morphologies) or the incompletely phase separated morphologies (occluded morphologies) as 

drawn in Figure 2.15. The Gibbs free energy can be written in the form: 

ΔG = ∑γiAi   - γp1/wA`0                                                (2.6) 

where γi is the interfacial tension on the ith interface and Ai is the surface area of the interface, 

γp1 is the interfacial tension of the original polymer 1 particle suspended in the water phase, 

and, A`0 is the corresponding surface area of polymer 1 particle. The difference in the surface 

energy between the different expected morphologies is due to the difference in geometry. 

Then they derived an expression for the reduced free energy change by dividing ΔG by the 

reference area A`0: 

Δγ  = ΔG / A`0 

 
Figure 2.15: Initial state and expected developed morphologies of two polymers in a particle   
                      according to Winzor and Sundberg [24]. 
 

The factors that determine the values of the interfacial tensions in a second-stage 

polymerization are [83]: 

1- Phase ratio: at lower phase ratios the internal polymer diffusivity decreases and may 

result in a more kinetic control. 

2- Monomer conversion: the polymer / water interfacial tension is assumed to be 

dependent of the volume fraction of the monomer, but if the change in the monomer 

concentration is large, then the structure obtained will be also under kinetic control.  

3- Surfactant: at low surfactant concentrations the interfacial tensions between the 

polymers and the water remain not highly affected; in this case core-shell morphology 
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is expected, where the shell polymer is that one has a lower interfacial tension with the 

water. Such a morphology keeps the particles at minimum surface energy. When 

complete coverage of the particles is reached the hemispherical morphology is the 

expected one, since here the interfacial tensions between the two polymers and the 

aqueous phase is reduced to comparable values and the polymer-polymer interfacial 

tension is the working parameter now. The particles tend to minimize their surface 

energy by exhibiting the hemispherical morphology, in this case the morphology 

developed under thermodynamic control. 

4- Chain end groups: the use of an ionic initiator in the second stage polymerization 

results in polar end groups of the second polymers, which would decrease the 

interfacial tension of this polymer giving a higher chance of engulfment of the second 

polymer, this case is a thermodynamic control of the morphology development. 

5- Crosslinking: it is expected for crosslinked seeds that the diffusion of the second 

monomer to the core of the seed will be restricted due to the crosslinking, which 

should be considered as kinetic control.  

In practice, most of the morphologies obtained in the second stage polymerization are 

nonequilibrium ones [26, 29, 34, 38, 83-85] since the diffusion of the second polymer radicals to the 

inside of the seeds are slow due to the high viscosity of the seeds. As consequence the process 

of morphology development in the case of a second stage polymerization (seeded emulsion 

polymerization) is believed to be more kinetically controlled [38]. In general for both synthetic 

and artificial composite particles, the morphology is a result of the competition between 

thermodynamic and kinetic factors. 

Based on the previous model, El-Aasser et al. developed a thermodynamic analysis to 

describe the free energy differences between different possible particle structures [18]. They 

applied the analysis to synthetic composite particles prepared by a second stage seeded 

emulsion polymerization [18, 21, 22] and artificial particles prepared by emulsification of a 

polymer solution and a subsequent solvent evaporation [20]. The results were in good 

agreement with the model predictions. The results of the synthetic particles showed that the 

polarity of the initiator affects the polarity of the second stage polymer and consequently its 

interfacial tension with water. This parameter decides which polymer is outside and which is 

inside the particle [18, 22]. The study of the role of surfactant showed that, if the surfactant is 

preferentially adsorbed to one of the two polymers lowering its interfacial tension with water, 

this polymer will tend to form the shell for the other polymer [21, 22]. The artificial composite 

particle results showed that the degree of phase separation could be affected by the agitation, 
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depending on the viscosity of the polymer phases and the interfacial tension degree or mixing 

on the interface [20]. 

Saito [38] studied the phase separation behavior in artificial PS / PMAA particles. Their results 

indicated that the morphology is highly related to the surfactant concentration. The results led 

also to the conclusion that each polymer phase contains a small amount of the other polymer 

as shown schematically in Figure 2.16. This results in the reduction of the difference in 

interfacial tension between each of the two phases and the aqueous phase.  

 

 
 
Figure 2.16: Biphasic particle with each of the two phases contains small amounts of   
                      the other phase. 
 

2.4.1. Janus particles 

Among the different morphologies obtained in polymer composite particles are the biphasic 

morphologies as shown in Figure 2.17. A very special type of the biphasic particles are 

hemispheres featuring different functionalities. The term Janus particle is used to describe 

such particles [86]. 

 
Figure 2.17: Different biphasic morphologies. 

 

Janus particles are expected to be applied in many important applications according to their 

design. Particles with one phase being hydrophilic and the other one hydrophobic could be 

applied for the stabilization of water-in-oil or oil-in-water emulsions. If the Janus particles are 

designed with hemisphere surfaces allowing the accumulation of opposite charges on the 

opposite sides, then the particles could be oriented in an electric field. Janus particles are 
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excellent candidates for dual function applications, such as drug delivery systems with highly 

selective capabilities. Photovoltaics is another example of the dual function applications. 

Particles designed with an electron-donor hemisphere (PFB [poly(9,9-dioctylfluorene-2,7-

diyl-co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4- phenylenediamine)])) and electron-

acceptor (F8BT [poly-(9,9-dioctylfluorene-2,7-diyl-co-benzothiadiazole)]) hemisphere were 

successfully prepared and investigated; promising results could be shown [2, 87]. A solar cell 

with 4% external quantum efficiency was fabricated from such polymers. This efficiency 

value is among the highest obtained for this combination. An expected higher efficiency 

values was dimensioned by the presence of minority components from each phase in the other 

major phase (see Figure 2.16). The result suggests the need of a better control of the phase 

separation for better efficiencies.  

The different techniques to prepare Janus-like particles are [86]: selective surface modification, 

template-directed self assembly, controlled surface nucleation, and controlled phase 

separation. The controlled phase separation was used to prepare Janus-like particles with two 

polymers in different composition ratios. The resulted particle compositions were in good 

agreement with the weight ratios originally used to prepare the particles [10]. 

 

2.5. Functionalized Particles 

Most of the particles used for industrial applications are functionalized ones. The term 

“functionalized” here is a quite precise expression since the functional groups provide the 

particles with a specific desired function. Functionalized particles can be prepared in 

emulsions according to different strategies. Radical copolymerization with functional 

monomers in a controlled feeding manner of monomers gives the opportunity to design 

functionalized polymer particles. The miniemulsion process provides a more straight forward 

approach for the radical copolymerization in the particles avoiding the complexity required in 

the macroemulsion copolymerization technique [13-15]. 

Different functional monomers are permitting different functionalized particles and 

consequently different applications. Copolymerization with acrylic or methacrylic acid (AA 

and MAA) monomers produce particles functionalized with carboxylic groups, such particles 

have important applications such like smart coatings, biosensors, and the synthesis of 

inorganic nanoparticles [88]. Vinylpyridine (VP) as comonomer provides the particle with the 

pyridyl groups which have a strong affinity towards metals and have the ability to form 

hydrogen bonds with polar species. Moreover, the quaternized or protonated form of 

poly(vinylpyridine) can interact electrostatically with charged surfaces [89]. The hydrophilicity 
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of the comonomer decides their distribution in the latex particles. For instance, a large amount 

of AA and quaternized VP units remain on the surface of the particles facing the aqueous 

medium [61]. Monomers such as hydroxyethyl acrylate (HEA) and hydroxypropyl acrylate 

(HPA) provide the particles with hydroxyl groups which can be further reacted with 

crosslinking agent allowing fast curing cycles [90]. Glycidyl methacrylate (GMA) monomer 

carries the advantages of the durability of the methacrylic moiety and the chemical resistance 

of the epoxy group [90]. These two groups may copolymerize with different monomers and 

undergo a variety of reactions providing a wide range of applications. For instance their 

reactivity towards amines makes it possible to functionalize the particles with amino groups 

and use them as carriers for biofunctional compounds [61]. Monomers exhibiting a lower 

critical solution temperature (LCST) such like N-isopropylacrylamide (NIPAM), may be used 

for the preparation of particles having thermosensitive shells [61] which can be used for the 

controlled release of the core material.   

Another strategy in the emulsion polymerization is the use of functional initiators. Particles 

having a phospholipide–like surface were prepared by the use of phosphatidylcholine-

containing azo-initiator [61]. 

Seeded emulsion polymerizations are also performed for the formation of a shell layer 

carrying new functionalities. The process is relying on the phase separation process taking 

place during the polymerization of the functional monomer on seed particles. Polystyrene 

particles carrying aldehyde groups were prepared by polymerizing p-formyl-styrene on 

polystyrene seeds [91]. Sulfonated polystyrene particles were prepared by the polymerization 

of sodium styrene sulfonate on polystyrene seeds [92]. 

 

2.5.1. Metal nanoparticles 

Metal nanoparticles function very uniquely and are different from their bulk materials, from 

isolated atoms or from small clusters [93]. This is due to their high surface to volume ratio and 

their ability to couple with surface plasmons of neighboring particles. There are many 

synthetic methods for the preparation of metal nanoparticles. The classical method is the mild 

chemical reduction of solutions of metal salts. There are some other methods such as the 

radiolytic and photochemical reduction, the metal ion extrusion from labile organometallic 

compounds, and metal vapor synthesis techniques. The chemical reductive methods are the 

most widely used procedures due to their availability and since there is no need for special 

equipments. Advanced techniques such like lithographic and electrodepositing techniques are 

used in order to meet some specifications in the size and the shape of the metal nanoparticles. 
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In reductive techniques, the choice of the type and the concentration of the reducing agent, the 

stabilizer and the reaction temperature are all parameters which enable the control of the 

particle shape and size. Gold nanoparticles with different particle sizes could be obtained by 

varying the concentration of the sodium citrate used to reduce HAuCl4 aqueous solution [94]. 

The reduction of PtCl6
2- ions with different alcohols allows the control of the particle size, as 

the higher molecular alcohol results in a larger size of the platinum particles [94]. 

A wide range of reducing agents have been used in the metal nanoparticle synthesis. 

Hydrazine hydrate is used for the preparation of different colloidal platinum, gold, copper, 

and palladium-platinum alloy particles [95]. 

The reduction of HAuCl4 solution by sodium citrate is the most popular method for the 

preparation of colloidal gold (Turkevich method); the method results in the production of 20 

nm particles with a narrow particle size distribution [95]. The reduction with sodium citrate 

proceeds through the reduction to acetone dicarboxylate, the acetone dicarboxylate itself can 

be used as the reducing agent. The citrate ions have the advantage of working as reducing 

agent as well as stabilizer. 

In photolysis and radiolysis, radiation or UV light is used to reduce metal salt or complexes in 

solution by producing solvated radicals in the solution. The method has the advantage of 

producing metal nuclei homogenously and instantaneously which results in a narrow particle 

size distribution.  

For π-conjugated polymers which exhibit strong electron–donating properties the electron 

may transfer to the neighboring metal ions causing their reduction to metal atoms [96]. 

Poly(vinylpyrrolidone) was found to have a reducing affinity towards silver and gold ions, the 

affinity is higher for silver than gold ions and weaker for complex ions than for free ones [97]. 

The need of a stabilizing agent is to keep the metal particle suspended in the colloidal form; 

otherwise a metal precipitate or mirror will be formed. There are two main methods for the 

stabilization of the metal particles: the electrostatic stabilization and the steric stabilization 
[95]. The most famous example of the electrostatic stabilization is colloidal gold nanoparticles 

prepared by the reduction of an aqueous HAuCl4 solution with sodium citrate. The gold 

particles are surrounded by negatively charged citrate ions. The charged particles and 

subsequently the formed double layer produces the required Coulombic repulsion between the 

particles. The second method by which colloidal metal particles can be stabilized is by the 

adsorption of large molecules such as polymers or ligands at the surface of the particles. 

Synthetic vinyl polymers with polar side groups such as poly(vinylpyrrolidone) (PVP) and 

poly(vinyl alcohol) (PVA) are classical examples.  
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2.5.2. Metal-polymer particles composites 

Metal nanoparticles immobilized on the surface of latex particles are gaining more and more 
attention due to their potential applications in photonics, optics, biochemistry, and catalysis. 
The polymer particles as supports for the metal nanoparticles prevent their agglomeration 
upon usage and help for their recovery. The latex particles may even contribute to the metal 
nanoparticles function [47]. The steric or electrostatic effects from the latex surrounding the 
active metal can influence the activity and/or the selectivity in catalytic reactions. The most 
used approach to prepare such polymer metal composite particles is to use latex particles with 
surfaces modified with functional groups capable of forming complexes with the metal 
precursors. Then the metal ions are reduced forming metal particles immobilized on the 
surface of the latex. The ions which are adsorbed initially to the polymer particles when 
reduced, act as nuclei for the metal ions in the solution. The choice of the polymer particle 
support, the metal and the reducing procedure are the factors deciding the application of the 
hybrid particles. As mentioned before, the preparation procedure of the metal immobilized 
nanoparticle on the surface of latexes is simple and does not require special equipment [47]. 
The approach was used to prepare different metal nanoparticles on different latex supports. 
Silver nanoparticles adsorbed on the surface of carboxylated polystyrene particles were 
performed by using different reduction methods [98, 99], the choice of the reducing agent is 
crucial to control the size and the degree of silver particles adsorbed to the latex particles [99]. 
Thermosensitive PS-PNIPAM core-shell particles were used as carrier for silver nanoparticles 
[51, 52]. The silver particle size was found to decrease with increasing the degree of crosslinking 
in the NIPAM shell. The catalytic activity of the silver nanoparticles in the reduction of 4-
nitrophenol was examined; the catalytic activity could be changed by the volume transition 
over a wide range. Another approach was followed by Dong et al [100], they prepared silver 
nanocrystals modified with 4-aminothiophenol, and PS coated with two-layer polyelectrolyte 
films: cationic poly(diallyldimethylammonium chloride) (PDADMAC) and anionic 
poly(styrene sulfonate sodium salt) (PSS). The pre-modified silver nanocrystals were then 
deposited to the functionalized PS particles by electrostatic attraction. Mayer and Mark [47] 
used several latexes of different hydrophobicity as support for platinum nanocatalysts and 
used them for the hydrogenation of cyclohexene. Their results indicated that immobilization 
of platinum nanoparticles was more successful on the more hydrophobic latexes like 
polystyrene and poly(vinylidene chloride) than on the more hydrophilic poly(vinyl acetate). 
They recommended the use of protective polymers in order to improve the stability of the 
materials and to give the possibility to store them as solids and redisperse them just prior to 
use. 
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3. Methods of characterization 
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3.1. Transmission electron microscopy (TEM) 

Microscopic tools are of crucial importance for studying the morphology-property 

relationship of polymers. There is a wide range of microscopy instruments which can 

investigate features in the size range from the millimeter to the nanometer scale. Depending 

on the specimen type and size and the details in questions the suitable technique is chosen. 

The different ranges for the different microscopy techniques are shown in Figure 3.1. The 

transmission electron microscopy is one of the electron microscopy techniques in which an 

electron beam is used to “illuminate” the specimen in a way similar to the illumination by a 

light beam in case of light microscopy. The electron beam is generated from a heated 

filament. Due to the short wavelength of the electron beam a high resolution is provided by 

this instrument, the wavelength is dependent on the acceleration voltage, which is typically 

ranging between 40-120 kV, some instruments have voltages in the range of 200-400 kV [101]. 

The whole process of TEM is under vacuum since the electron beam can not travel in air more 

than a few micrometers, due to the collision with the air molecules which slow down the 

beam or even stop it. The lenses used for the TEM are magnetic lenses; they are composed of 

several thousand times folded wire in which an electrical current is passed creating a magnetic 

field. The magnetic fields of the lenses deflect the electrons of the electron beam. A schematic 

diagram of the TEM is shown in Figure 3.2. First the emitted electron beam from the filament 

is brought into a focus directly on the specimen by a condenser lens with a long focal length. 

The transmitted scattered electron beam from the specimen is focused a few millimeters under 

the specimen by the objective lens, which is a strong lens with a short focal length. The 

objective lens is the most critical lens as its quality affects the quality of the image directly. 

The image is then magnified by the projector lens; a higher magnification is obtained by 

increasing the current passing the coil of the lens, causing a further spreading of the beam, 

which means that it resolves in a higher magnification. The magnified beam falls on a 

fluorescent screen, which emits visible light when bombarded with electrons. The image 

contrast in TEM is due to the electron scattering. For highly ordered materials like crystals a 

diffraction contrast exists, which is dependent on the crystal orientation. In amorphous 

materials the contrast depends on the local mass thickness (thickness × density); the darker 

regions in the image are regions of the specimen that cause a higher scattering of the electron 

beam. At a lower acceleration voltage the contrast is increased. Polymers in general are 

formed from atoms of low atomic numbers; therefore they scatter the electron beam weakly 

giving poor contrast. The resolution of the microscope is the minimum distance between two 

objects in the specimen at which they are still seen as two objects. In TEM the resolution is ≈ 
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0.2 nm. If two objects having high contrast are separated by shorter distance than the 

resolution they will appear as one object. If the two objects are separated by a distance longer 

than the resolution and they have poor contrast they will not be observed. 

 
 
Figure 3.1: Range of different microscopic   
                    techniques. 

 
 
Figure 3:2: Scheme of the TEM   
                    principles. 

 

The TEM is widely used for the characterization of latexes. Detailed information about the 

shape of the particles and the particle size and distribution can be obtained from TEM 

measurements. Determination of the morphology of composite latexes with polymer 

multiphases is usually done by performing TEM measurements. Although there are some 

difficulties facing the TEM characterizations of the multiphase polymer particles, such as the 

low contrast between the polymer components, it remains the most straight forward method to 

determine the actual morphology in such particles. Different methods or combinations of 

more than one method are followed in order to overcome the low contrast problems between 

the polymer phases. Microtomy or sectioning of the particles into ultramicrotomes may permit 

better observation of the actual structure of the full particles than that provided by the simple 

film formation. The microtomes are prepared by embedding the dried particles in an epoxy 

resin and then ultra thin sections are cut by using diamond knives. Sometimes microtomy 

alone is not enough and staining is required in order to enhance the contrast between the 

different components. In other cases staining alone provides the required details without the 

need of microtomy. There are different types of staining according to the region to be stained. 
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The first type is the positive staining in which the material to be investigated is stained with 

heavy metals compounds. The heavy metal will provide the material with high electron 

density causing the enhancement of the contrast. Osmium tetroxide (OsO4) and ruthenium 

tetroxide (RuO4) are widely used for the positive staining processes. OsO4 reacts with the 

double bonds so it is suitable to stain polybutadiene and its copolymers [102, 103]. RuO4 is more 

reactive than OsO4 and is able to stain a number of polymers such as polystyrene, poly(vinyl 

acetate), poly(vinyl alcohol), and some polyolefines [103, 104]. Poly(methyl methacrylate) 

(PMMA) and other acrylate polymers are not stained by RuO4. 

The other type of staining is the negative staining, which means the staining of the 

background of the particles rather than the particles themselves. This helps to define the shape 

of small particles that have low contrast in the TEM. Phosphotungstic acid and uranyl acetate 

are used for the negative staining. Unstainable polymer like PMMA [103] and PPC [10] appears 

as bright phases on negative staining. 

 

3.2. Atomic force microscopy (AFM) 

The atomic force microscope is one of the scanning probe microscopes. In probe microscopes 

a probe is scanning a local property over a small area of the sample surface. The main idea of 

scanning probe microscopes (SPM) is to observe the interactions between the tip and the 

surface of the sample. The tip is in a distance of a few nanometers from the sample with a 

steep sidewall angle. In such case the tip can monitor properties such as tunneling current, 

force interactions, and electromagnetic waves [105]. These properties are directly related to the 

surface characterization. The SPMs have the advantages over the conventional microscopic 

instruments of:  

1- being able to monitor the surface properties in all three dimensions X, Y, and Z; 

2- providing the highest magnification and resolution; 

3- being able to work in different conditions, such as air, liquid and vacuum, with high 

resolution and sensitivity;  

4- simple sample preparation and no need for coatings.  

On the other hand the other microscopic techniques are able to view larger fields.  

The first scanning tunneling microscope (STM) was invented in 1981. The AFM was then 

introduced by Binning, Quate and Gerber in 1986. The other SPMs were introduced after that. 

In AFM the force (attractive or repulsive) between the probe and the sample is measured. The 

image is representative to the topography of the sample on the nanometer scale. AFM is 
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capable of imaging features in the size range of 25 nm to 80 μm (see Figure 3.1). The 

resolution in the AFM is limited to the sharpness of the tip. 

The construction of the AFM microscope is shown schematically in Figure 3.3. The AFM tip 

is mounted on a cantilever on which a laser beam is focused. The laser beam is reflected to hit 

a photodiode. The deflection of the cantilever, due to the interaction of the tip with the 

surface, is consequently influencing the angle at which the laser beam is reflected. This causes 

the laser beam to hit another position on the photodiode. The difference between the two 

signals of the photodiode is then related to the deflection of the cantilever. The force 

interaction is given by Hook’s law: 

F = k · ΔZ 

where F is the force, k the spring constant, and ΔZ the deflection of the cantilever. 

The force exerted from the cantilever on the sample should be kept as low as possible in order 

to avoid the damage of the sample. Therefore the cantilever has a spring constant less than 0.1 

Nm-1. At the same time the resonance of the cantilever should be as high as possible for faster 

and more accurate imaging, the resonant frequency is given by: 

 
In order to obtain high frequency while keeping the spring constant very low, the mass of the 

cantilever should be very small ∼ 10-10 kg. The probe of AFM is usually made of Si or Si3N4 

and has the pyramidal shape as shown in Figure 3.4.  

 

 
 

Figure 3.3: Scheme of the AFM structure. 

 
 
 
 
 
 

      
 

    Figure 3.4: AFM tip [106]. 
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Depending on the distance at which the tip is operating, the modes of operation are classified 

as contact, noncontact and tapping mode, as illustrated in Figure 3.5. In the contact mode the 

tip is at a distance shorter than the Van der Waals radius, in this case the tip is in a direct 

contact with the sample and the force between them is repulsive. For the noncontact mode the 

tip is oscillating at constant distance over the sample, this distance is longer than the Van der 

Waals radius, and the force between them in this case is attractive force. The tip positioning in 

the tapping mode is intermediate between the above two modes and the forces either repulsive 

or attractive.  

 
Figure 3.5: The relation between van der Waals-distance curve and the possible operating   
                    modes. 

 
A feed back control is used in the AFM to keep the tip in a fixed relationship with the surface 

while scanning, by adjusting the height of the sample or cantilever. The feedback loop 

consists of a piezo electric scanner tube that controls the height of the sample and a feedback 

circuit that adjusts the voltage applied on the scanner in order to keep the cantilever deflection 

constant. 

Substrates used for the AFM are mica, oxidized silicon, or glass. They are easy to obtain and 

they are flat on the nanoscale. 

 

3.3. Dynamic light scattering (DLS) 

Dynamic light scattering (DLS), also known as photon correlation spectroscopy, is one of the 

most popular methods used to determine the size of particles. DLS measures particle sizes 

over the particle size range of a few nanometers to a few micrometers. The concept behind 

DLS is that small particles in a solution are moving in a continuous random pattern, which is 

known as the Brownian motion. If the moving particles are illuminated with a monochromatic 

laser beam, the light will be scattered. The scattered light has a wavelength different from that 
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of the incident light. The difference in the wavelength is related to the particle size. The shift 

in the wavelength of the light is larger for the smaller particles than for the larger ones, since 

smaller particles are moving with higher velocity. The velocity of the particles depends on the 

diffusion constant of the particles. The smaller particles have a bigger diffusion coefficient 

than the larger ones. The light signal detected at a time interval by the detector is proportional 

to the transitional diffusion coefficient of the particles. If the particles are spherical and have 

dimensions equal to or smaller than the wavelength of the incident light, then the Stoke-

Einstein equation can be applied for the calculation of the particle diameter R: 

    D = kT / 6πηR 

where D is the diffusion constant of the particles, k the Boltzmann constant, T the temperature 

in Kelvin grades, and η the viscosity of the solvent. 

Figure 3.6 shows a schematic presentation of a typical DLS instrument. 

 

  
Figure 3.6: Schematic presentation of a DLS instrument with the detector at angle of 173°   
                    (typical Malvern Nanosizer, series ZS). 
 

3.4. Particle charge detector (PCD) 

A particle charge detector (PCD) is used for the qualitative and quantitative analysis of the 

charge density of dissociated macromolecules and surfaces. Colloidal molecules or particles 

that bear dissociable functional groups on the surface can carry charges. When the counter-

ions are separated from the dissociated molecule a streaming potential is observed. The 

streaming potential has the value zero when all the charges are neutralized; this case is known 

as the isoelectric point. The structure of the PCD is presented schematically in Figure 3.7. 

When the cell of the PCD is filled with the aqueous dispersion sample the macromolecules or 
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the particles are adsorbed onto the walls by van der Waals forces. The counterions of the 

charge remain relatively mobile in the solution. The adsorbed charged particles or molecules 

are forming an electrical double layer. The piston of the instrument is separated from the 

walls by a small distance, and oscillates up and down at 4 Hz (see Figure 3.7). This oscillation 

creates a strong liquid flow in the cell causing the counterions to be separated from the 

adsorbed particles or molecules. The moving counterions induce a streaming potential 

between the gold electrodes which is amplified and shown on a display. The quantitative 

determination of the charge density is done by conducting a polyelectrolyte titration during 

the oscillation of the piston. An oppositely charged titrant is added to neutralize the charge on 

the surface of the particles or molecules. For the positively charged samples the anionic 

polyelectrolyte sodium polyethylenesulfate (PES-Na) is used, and for the negatively charged 

samples a cationic polyelectrolyte polydiallyldimethyl ammonium chloride (PDADMAC) is 

used. The titrant is added automatically till the end point at the streaming potential value of 

zero. This value is reached when all the charged species are neutralized. For charged latex 

particles the density of charge is calculated as follows: 

 
where V (l) is the volume of the titrant, M is the concentration of the titrant (mol·l-1), NA is 

Avogadro’s number (6.022·1023 mol-1), ρ  the density of the polymer (g·m-3), D the particle 

diameter (m), and SC the solid content of the sample (g). 

 

 
Figure 3.7: Schematic presentation of the PCD structure. 
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4. Experimental part 
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4.1. Materials  

Polymers: Polystyrene (PS) was purchased from DOW Plastics with weight 

average molecular weight Mw = 108·103 g·mol-1 (GPC). Poly(propylene 

carbonate) (PPC) was purchased from (Aldrich) with Mw = 39·103 

g·mol-1 (GPC). Poly(methyl methacrylate) PMMA was purchased from 

Aldrich with Mw = 120·103 g·mol-1. Poly(t-butyl acrylate) (PBA) was 

purchased from Polymer Source Inc, Polyvinylpyrrolidone (PVP) was 

purchased from Aldrich with Mw = 10·103 g·mol-1. 

Monomers:  Styrene (Merck), methacrylic acid (MAA) (Aldrich), 4-vinylpyridine 

(4-VP) (Aldrich). 

Surfactant:   Sodium dodecyl sulfate (SDS) (Fluka, 96%). 

Solvents:  Chloroform (Merck), tetrahydrofurane (THF) (VWR, 99%), toluene 

(Merck), ethanol (Merck). 

Metal salts:  Silver acetate (Fluka, 99%), chloroauric acid (Aldrich, 49% Au) 

Reducing agents:  Hexamethylenetetramine (urotropine) (Aldrich, 99%), sodium 

borohydride (Aldrich, 98%), hydrazine hydrate (Merck), sodium citrate 

(Aldrich). 

Initiators:  Azobis-isobutyronitrile (AIBN) (Aldrich) 

Hydrophobic agent:  Hexadecane (Aldrich, 99%) 

 

4.2. Preparation of polystyrene latexes by miniemulsion process 

A defined amount of PS (see Table 4.1) is dissolved in 3 g CHCl3 and a defined amount of 

SDS (see Table 4.1) is dissolved in 10 g H2O. The SDS solution was added to the polymer 

solution dropwise and stirred for 15 min for pre-emulsification. The miniemulsion was 

prepared by sonicating the mixture for 3 min at 65% amplitude (Branson sonifier W450). The 

ultrasonication was always performed in an ice bath in order to prevent the heating effect of 

the ultrasound. The formed miniemulsion was left to stir for 2 h in oil bath at 60 °C to 

evaporate the chloroform from the liquid droplets leaving the polymer hard particles dispersed 

in the aqueous phase. After the evaporation of CHCl3 was completed, the latex was filtered 

with filter paper. In order to remove the excess SDS, the dispersions were dialyzed against 

demineralized water by using a millipore membrane (Amicon Ultra-4; exclusion Mw = 30 000 

g·mol-1) in a Sigma centrifuge at 2500 rpm, water was changed until the conductivity of the 

water was about 10 μS cm-1, and then the dispersion was concentrated. The final dispersions 

had about 7 wt% solid content and 5 wt% SDS with respect to the amount of the polymer.  
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Table 4.1: Composition of the PS latexes. 

Sample 
code 

Polymer 
content 

(mg) 

SDS 
content 

(mg) 

Sample 
code 

Polymer 
content 

(mg) 

SDS 
content 

(mg) 

Sample 
code 

Polymer 
content 

(mg) 

SDS 
content 

(mg) 

OG 34 25 10 OG 50 50 50 OG 66 75 90 

OG 35 25 20 OG 51 50 60 OG 67 75 100 

OG 36 25 30 OG 52 50 70 OG 68 75 150 

OG 37 25 40 OG 53 50 80 OG 69 75 200 

OG 38 25 50 OG 54 50 90 OG 70 100 10 

OG 39 25 60 OG 55 50 100 OG 71 100 20 

OG 40 25 70 OG 56 50 150 OG 72 100 30 

OG 41 25 80 OG 57 50 200 OG 73 100 40 

OG 42 25 90 OG 58 75 10 OG 74 100 50 

OG 43 25 100 OG 59 75 20 OG 75 100 60 

OG 44 25 150 OG 60 75 30 OG 76 100 70 

OG 45 25 200 OG 61 75 40 OG 77 100 80 

OG 46 50 10 OG 62 75 50 OG 78 100 90 

OG 47 50 20 OG 63 75 60 OG 79 100 100 

OG 48 50 30 OG 64 75 70 OG 80 100 150 

OG 49 50 40 OG 65 75 80 OG 81 100 200 

 

4.3. Preparation of poly(propylene carbonate) latexes by miniemulsion process 

A defined amount of PPC (see Table 4.2) is dissolved in 3 g CHCl3 and a defined amount of 

SDS (see Table 4.2) is dissolved in 10 g H2O. The same procedure as described in section 4.1 

was followed to prepare the PPC dispersions. 
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Table 4.2: Composition of poly(propylene carbonate) latexes. 

Sample 
code 

Polymer 
content 

(mg) 

SDS 
content 

(mg) 

Sample 
code 

Polymer 
content 

(mg) 

SDS 
content 

(mg) 

Sample 
code 

Polymer 
content 

(mg) 

SDS 
content 

(mg) 

OG 10 50 10 OG 18 50 90 OG 26 75 50 

OG 11 50 20 OG 19 50 100 OG 27 75 60 

OG 12 50 30 OG 20 50 150 OG 28 75 70 

OG 13 50 40 OG 21 50 200 OG 29 75 80 

OG 14 50 50 OG 22 75 10 OG 30 75 90 

OG 15 50 60 OG 23 75 20 OG 31 75 100 

OG 16 50 70 OG 24 75 30 OG 32 75 150 

OG 17 50 80 OG 25 75 40 OG 33 75 200 

 

4.4. Preparation of polymer blend particles by miniemulsion process 

4.4.1. First approach: mixing of two dispersions of the individual polymers  

PS latex (OG61), prepared as in section 4.1, is mixed with PPC latex (OG24), prepared as 

shown in section 4.2, and stirred for 30 min. Blends with three different ratios were prepared 

as shown in Table 4.3.  

 

Table 4.3: Composition of blends prepared by mixing two miniemulsions. 

Sample code Composition OG61 / OG24 (wt%) 

OGb4 50 / 50 

OGb5 75 / 25 

OGb6 25 / 75 

 

4.4.2. Second approach: blend dispersion with the two polymers are included in each 

particle (composite particles) 

Composite blend particles with different composition ratios of PS and PPC were prepared as 

follows: 50 mg of a PS / PPC mixture (the composition ratio of the two polymers in the 

mixture are listed in Table 4.4) was dissolved in 5 g CHCl3, a solution of 30 mg SDS in 10 g 

H2O was added dropwise to the polymer solution while stirring and the process was 

completed as in 4.1., except for the evaporation temperature was 80 °C. 
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Table 4.4: Composition of blend particles. 

Sample code PS content (mg) PPC content (mg) Ratio% (PS:PPC) 

OG113 25 25 50 : 50 

OG123 45 5 90 : 10 

OG124 40 10 80 : 20 

OG125 35 15 70 : 30 

OG126 30 20 60 : 40 

OG127 20 30 40 : 60 

OG128 15 35 30 : 70 

OG129 10 40 20 : 80 

OG130 5 45 10 : 90 

 

4.4.3. Determination of the degree of coverage of the SDS molecules on the surface of 

composite latex particles 

A solution of SDS at the critical micelle concentration (cmc = 0.008 mol·l-1) was prepared by 

dissolving 46.2 mg in 20 ml H2O, the solution was used for the determination of the surface 

tension of SDS solution at the cmc. Composite blend particles prepared using different 

concentrations of SDS were prepared as follows: 50 mg PS and 50 mg PPC were dissolved in 

6 g CHCl3, an aqueous solution of defined concentration of SDS (Table 4.5 lists the different 

concentrations of SDS) in 20 g distilled water is added to the polymer solution while stirring 

and the experiment was performed as in part 4.4.2. The surface tension measurements were 

then performed for the dispersions for the determination of the degree of coverage of the SDS 

molecules on the surface of composite particles. 

 
Table 4.5: Different concentrations of SDS used to prepare composite blend particles for   

      surface tension measurements. 

Sample code SDS content (mg) SDS concentration  
mol·l-1 

OGs1 46.2 0.008 

OGs2 100 0.017 

OGs3 60 0.010 

OGs4 40 0.007 

OGs5 20 0.004 
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4.5. Factors affecting the morphology of the artificial composite blend particles 

4.5.1. Effect of SDS concentration  

Composite blend particles for studying the effect of varying the SDS concentration on the 

morphology development were prepared as follows: 25 mg of PS and 25 mg of PPC were 

dissolved in 5 g CHCl3, a solution of defined concentration of SDS (Table 4.6 lists the 

different concentrations of SDS) in 10 g water is added to the polymer solution while stirring 

and the process completed as in part 4.4.2. 

 

Table 4.6: Different concentrations of SDS used to prepare composite blend particles for   
                  morphology studies. 

Sample code Composition of the particles SDS content (mg) 

OGm1 50% PS / 50% PPC 30 

OGm2 50% PS / 50% PPC 20 

OGm3 50% PS / 50% PPC 10 

OGm4 50% PS / 50% PMAA 5 

OGm5 50% PS / 50% PMAA 30 

OGm6 50% PS / 50% PBA 30 

 

4.5.2. Effect of the polarity of the polymers  

4.5.2.1. Composite blend particles of 50% PS / 50% PMMA 

25 mg PS was mutually dissolved with 25 mg PMMA in 5 g CHCl3. The polymer solution 

was emulsified in a solution of SDS in 10 g H2O and the process was performed as in part 

4.4.2. Two latexes using two different concentrations of SDS were prepared OGm4 and 

OGm5 (see Table 4.6). 

 

4.5.2.2. Composite blend particles of 50% PS / 50% PBA  

25 mg PS was mutually dissolved with 25 mg PBA in 5 g CHCl3. The polymer solution was 

emulsified in a solution of 30 mg SDS in 10 g H2O (OGm6 see Table 4.6). The process was 

completed as described in part 4.4.2. 

 

4.6. Preparation of polymer dispersions by the Ouzo effect 

4.6.1. Polystyrene latex  

50 mg of polystyrene was dissolved in 5 g THF. The polymer solution was added dropwise to 

10 g H2O (OGoz1) or added to a solution of 50 mg SDS in 10 g H2O (OGoz2) the sequence 
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and mode of addition are shown in Table 4.7 The mixture was then transferred to an oil bath 

at 80 °C in order to evaporate the THF. 

 

Table 4.7: Specification of latexes prepared by the Ouzo effect process. 

Sample code SDS content (mg) Sequence of 
addition 

Mode of addition 

OGoz1 - 

OGoz2 50 

OGoz3 - 

OGoz4 50 

 

Polymer solution to 

aqueous solution 

 

Dropwise while 

stirring 

 

4.6.2. Composite blend particles of 50% PS / 50%PPC 
25 mg PS and 25 mg PPC were dissolved in 5 g THF and added dropwise to a 10 g H2O, 

without SDS (OGz3) or to a solution of 50 mg SDS in 10 g H2O (OGz4) (see Table 4.7), the 

experiment was performed as described in part 4.6.1. 
 

4.7. Synthesis of polystyrene-co-poly(methacrylic) acid (PS-co-PMAA) and polystyrene-

co-poly(4-vinylpyridine) (PS-co-P(4-VP)) by solution polymerization  

4.7.1. Radical polymerization of styrene in solution 

5 g distilled styrene was added to 30 ml distilled toluene (from sodium) in a three-neck round-

bottom flask. 10 mg AIBN was dissolved in 10 ml distilled toluene (the total volume of 

toluene is 40 ml) and added to the reaction flask. The flask was provided by argon inlet and 

vacuum outlet and a condenser. The freeze-thaw procedure was followed before 

polymerization reaction in order to get rid of oxygen from the reaction mixture. The reaction 

flask was heated in an oil bath at 80 °C and kept under stirring for 6 h. The polymerization 

reaction was stopped by cooling in ice bath and the polymer was precipitated by adding the 

reaction mixture to n-hexane. The polymer precipitate was filtered, washed and dried at 40 °C 

under vacuum till constant weight. 

 

4.7.2. Radical copolymerization of 90% styrene and 10% 4-vinylpyridine in toluene  

The same procedure and recipe as described in part 4.7.1 were used, but as monomers, 4.55 g 

of distilled styrene and 0.5 g of freshly distilled 4-vinylpyridine were used. 
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4.7.3. Radical copolymerization of 90% styrene and 10% methacrylic acid in ethanol 

10 ml distilled styrene and 1.2 ml distilled methacrylic acid (MAA) were added to 7 ml 

ethanol in the reaction flask. 30, 10, 5 or 3 mg AIBN (OGO4, OGO7, OGO6, and OGO13 

respectively) was dissolved in 3 ml ethanol and added to the reaction mixture (total volume of 

ethanol 10 ml). The freeze-thaw procedure was followed before polymerization. The reaction 

was performed at 80 °C for 6 h under argon gas and with continuous stirring. Then the 

reaction was stopped by cooling in ice bath and the polymer was precipitated by adding the 

reaction mixture to diethyl ether. The solid copolymer was obtained by filtration then washed 

and dried under vacuum till constant weight.  
 

 Table 4.8: Copolymers prepared by radical polymerization in solution. 

Sample code Polymer content Initiator content % /wt 

OGO14 100% PS 0.6 

OGO15 90% PS: 10% PVP 0.2 

OGO4 90% PS: 10% PMAA 0.3 

OGO7 90% PS: 10% PMAA 0.2 

OGO6 90% PS: 10% PMAA 0.1 

OGO13 90% PS: 10% PMAA 0.06 

 

4.8. Fabrication of functionalized particles 

4.8.1. Fabrication of PS-co-PMAA particles by the miniemulsion process 

50 mg PS-co-PMAA (OG7) was dissolved in 5 g solvent and then emulsified in 10 g H2O 

solution of SDS (see Table 4.9 for the weights of SDS) using the miniemulsion or the Ouzo 

effect process, as summarized in Table 4.9. In both processes the solvent was evaporated at 80 

°C. 
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Table 4.9: Functionalized particles prepared by miniemulsion or Ouzo effect process. 

Sample 
code 

Type of polymer Weight of 
SDS (mg) 

solvent Emulsification 
technique 

OG134 PS-co-PMAA (OGO7) 30 CHCl3 Miniemulsion 

OGO11 50% PS-co-PMAA (OGO7) / 
50% PPC 

30 CHCl3 Miniemulsion 

OGoz9 50% PS-co-PMAA (OGO7) / 
50% PPC 

50 THF Ouzo effect 

OG135 PS-co-P(4-VP) (OGO15) 30 CHCl3 Miniemulsion 

OG138 50% PS-co- P(4-VP) (OGO15) 
/ 50% PPC 

30 CHCl3 Miniemulsion 

OGoz8 50% PS-co- P(4-VP) (OGO15) 
/ 50% PPC 

50 THF Ouzo effect 

 
4.8.2. Determination of the surface functional groups density of the functionalized 

particles using the particle charge detector (PCD) 

The density of charges on the surface of functionalized particles was determined by the PCD. 

The samples for the polyelectrolyte titration were diluted to a concentration of 0.1 g·l-1. The 

titration in the PCD was performed with PDADMAC at basic and acidic conditions. For the 

particles functionalized with carboxylic groups (OG134 and OGoz9II) at pH 10 the volume of 

the titrant corresponds to the charges due to both the COO- and SO-
4 groups and at pH3 to the 

volume corresponds to the charge due to only the SO-
4 groups. The difference between the 

two readings corresponds to the charge due to the COO- groups. In case of the particles 

functionalized with the pyridyl groups (OG138 and OGoz8) at pH 10 the volume of the titrant 

(PDADMAC) corresponds to the charges due to the SO-
4 groups while at pH 3 the volume 

corresponds to the net negative charge due to the SO-
4 groups, since the positively charged 

protonated pyridyl groups neutralize some the negative charge of the SO-
4. The difference 

between the two volumes is corresponding to the pyridyl groups. An average of three titration 

runs was taken for each reading. The number of charges per gram was calculated according to 

the equation: 

 
where V (l) is the volume of the titrant, M is the concentration of the titrant (mol·l-1), NA is  

Avogadro's number (6.022·1023 mol-1), and SC is the solid content of the sample (g). The 

number of charges per nm2 is then calculated according to the equation: 
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where ρ is the density of the polymer (g·m-3), D is the particle size (m). 

 

4.9. Formation of silver nanoparticles on the surface of functionalized particles and 

Janus particles 

Different methods were followed to prepare the silver nanoparticles depending mainly on the 

reducing agent. In all cases a 0.5 ml of AgAc solution is added to a defined volume of the 

latex (see Table 4.10), the solution is left to stir for 24 h, then 0.5 ml of the reducing agent 

solution was added while stirring for the reduction process. For the samples reduced with 

urotropine, 0.25 ml of PVP solution (25 mg PVP in 10 ml H2O) was added as stabilizer for 

the silver particles, Table 4.10 lists the different reducing agents and reduction conditions 

used. 
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Table 4.10: Conditions used for the reduction of silver ions on the surface of different latexes. 

Sample code Vol. of the 
latex (ml) 

Con. AgAc 
solution 
(mol·l-1)  

Reducing 
agent 

Vol. 
PVP 
(ml) 

Reduction conditions 

OG134-Ag-5a 0.5 0.01 N2H4 - Stirring at RT for 1 h 

OG134-Ag-5b 0.5 0.01 N2H4 - Stirring at RT for 24 h 

OG134-Ag-6a 0.5 0.01 NaBH4 - Stirring at RT for 1 h 

OG134-Ag-6b 0.5 0.01 NaBH4 - Stirring at RT for 24 h 

OG134-Ag-3 0.5 0.01 urotropine 0.5 Stirring in oil bath at  

80 °C for 4 h  

OGoz9II-Ag-1a 0.5 0.01 urotropine 0.5 Stirring in oil bath at  

80 °C for 4 h 

OGoz9II-Ag-1b 0.5 0.01 urotropine 0.5 Stirring in oil bath at  

80 °C for 4 h 

OGoz9II-Ag-2 0.5 0.02 urotropine 0.5 Stirring in oil bath at  

80 °C for 4 h 

OG24-Ag-2 0.7 0.02 NaBH4 - Stirring at RT 

OG50-Ag-2 1.4 0.02 NaBH4 - Stirring at RT 

OG135-Ag-1a 1.3 0.01 - - Stirring in daylight for 

24 h 

OG135-Ag-1b 1.3 0.01 - - Stirring in daylight for 

48 h 

OG135-Ag-1c 1.3 0.01 - - Stirring while covered 

with Al foil for one 

week 

OG138-Ag-1 0.5 0.01 - - Stirring in daylight for 

72 h 

OG138-Ag-2 0.5 0.01 urotropine 0.5 Stirring in oil bath at  

80 °C for 4 h 

OGoz8-Ag-1 0.5 0.02 urotropine 0.5 Stirring in oil bath at  

80 °C for 4 h 
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4.10. Formation of gold nanoparticles on the surface of Janus particles 

0.25 ml of 0.02M HAuCl4 was added to 0.25 ml of the latex, the solution stirred for 3 days. 

After that the reducing agent was added. The concentration of the reducing agent (urotropine 

or sod. citrate) was 0.2 M. Table 4.11 summarizes the reducing agents and the reduction 

conditions used for each sample. 0.25 ml of PVP solution (25 mg PVP in 10 ml H2O) was 

added to the samples, which was reduced with a reducing agent, prior to reduction as shown 

in Table 4.11  

 

Table 4.11: Conditions used for the reduction of gold ions on the surface of different latexes. 

Sample code Vol. (ml) of 
reducing agent  

Vol. of  
PVP (ml) 

Vol. of 
dilution H2O 

(ml) 

Reduction conditions 

OGoz9II-Au-3 0.25 urotropine 0.25 - Stirring in oil bath at 

80 °C for 4 h 

OGoz9II-Au-5 0.25 urotropine 0.25 2.5 Stirring in oil bath at 

80 °C for 4 h 

OGoz9II-Au-6 - - 2.5 Stirring in day light 

for 3 days 

OGoz9II-Au-1 0.25 sod. citrate 0.25 - Stirring in oil bath at 

80 °C for 1 h 

OGoz9II-Au-4 0.25 sod. citrate 0.25 2.5 Stirring in oil bath at 

80 °C for 1 h 

OGoz8-Au-5 0.25 sod. citrate 0.25 2.5 Stirring in oil bath at 

80 °C for 1 h 

OGoz8-Au-1 - - 2.5 Stirring in day light 

for 3 days 
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4.11. Methods and equipments 

Atomic force microscopy (AFM) 

Atomic force microscopy was performed using a digital multimode SPM microscope. The 

mode used for measurements is tapping mode. The tips are monolithic silicon tips, shaped like 

a polygon based pyramid (Nano World Pointprobe NCH sensor). The tip radius is less than 10 

nm and the resonance frequency is about 300 kHz and the force constant is 42 N·m-1. 

The dialyzed diluted latex dispersion  is first spin coated on a mica substrate, by dropping 7 μl 

latex on a mica disk and rotating the disk for 2 min at 3000 r·min-1, using spin coater. 

 

Dialysis (Ultrafiltration) 

Latex samples were dialyzed against demineralized water several times using Millipore 

membranes (Amicon Ultra-4, Mw = 30000 g·mol-1) in a Sigma centrifuge at 2500 rpm until 

the conductivity of water is ∼ 10 μS·cm-1. 

 

Differential scanning calorimeter DSC 

DSC measurements were done with a PerkinElmer DSC7 system. Cooling and heating rate of 

10 °C·min-1 was used. 

 

Dynamic light scattering DLS 

The particle sizes were measured by Malvern Nanosizer (model Nano-ZS). The detector is 

fixed at a scattering angle of 173°. The scattering signal from the detector is passed to a 

correlator and then to special Zetasizer software, which analyses the data and drives the 

particle size information. 
 
Gel permeation chromatography GPC 

Molecular weights of polymers were measured by GPC. The experiments were performed 

with chloroform on Waters–Styragel columns (pore sizes: 105, 104, 103, and 106 Å) using a 

Waters 410 differential refractometer and a Viscotek H502B detector. The molecular weights 

were calculated on the basis of narrow molecular weight distribution polystyrene standards 

using PSS (Mainz) software. 

 

Nuclear magnetic resonance (NMR) 

Proton nuclear magnetic resonance (1H-NMR) spectra were recorded on a Bruker Avance 400 

spectrometer at 400 MHz in deuterated chloroform solvent. 
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Particle charge detector (PCD) 

The charge on the particle surface was determined by polyelectrolytic titration of the latexes 

using a particle charge detector PCD 02 (Mütek) equipped with titration facility 702 SM 

Titrion (Metrohm). Latexes were titrated against a 1 mM solution of PDADMAC as a cationic 

titrant. 

 

Tensiometry 

Surface tension measurements were done using a DCAT11 Dataphysics tensiometer at 25 °C. 

The Du-Noüy-ring method was employed. The Pt-Ir ring is of radius 9.4425 nm and the wire 

radius is 0.185 mm. The measurement is an average value of ten-run measurements. 

 

Solid content measurements 

The solid contents of the latexes were determined gravimetrically by weighing the sample and 

drying it in the oven till constant weight. 

 

Transmission electron microscopy TEM 

Electron microscopy was performed with a Phillips 400T TEM operating at 80 kV. The 

diluted latexes were applied to carbon coated copper grids and left to dry. Some samples 

needed special treatment as follows:   

Part 5.3.1., sample OGb4 was negatively stained with Uranyl acetate,  

Part 5.3.2.2., one sample of OG113 was shadowed with carbon with angle, and the 

other was negatively stained with uranyl acetate, 

Part 5.4.2.1., one sample of OGm4 was stained with osmium tetroxide and coated with 

carbon, 

Part 5.6.5.2., the sample OGO11 was negatively stained with uranyl acetate. 

 

Ultrasonication 

Emulsification of miniemulsions was achieved by the use of Branson sonifierW450. The tip 

size is 10 mm. Ultrasonication was usually done in an ice bath in order to keep the 

temperature around 0 °C. 
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5. Results and discussion 
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The miniemulsion process is now well established [13, 58, 67, 70, 71, 107], and it has been used for 

the polymerization of a wide range of polymers for different applications [68, 69, 72, 108-116]. 

However there are still a lot of applications which can be performed in the miniemulsion 

process to be realized in the near future. In the present study the miniemulsion process is used 

for the preparation of polymer latexes from synthetic polymers. The process is applied for 

polymeric solutions to form miniemulsions and the polymeric molecules precipitate as 

particles in the aqueous phase while the solvent is being evaporated (see Figure 2.5).  

The work aims at studying the phase separation behavior of polymer blends in confined 

geometries (the small droplet) for optical applications. The desired polymers are 

semiconducting ones, but it is difficult to study the phase behavior. Therefore, PS and PPC 

particles were used as a model system, which can be easily distinguished by TEM. 

In the first step polystyrene and polypropylene carbonate secondary dispersions were prepared 

according to the procedure described in Figure 2.5. The influences of the surfactant and the 

polymer solution concentrations on the particle size were studied. The solvent used for the 

preparation of the polymer solution is chloroform, which has a boiling point of 60 °C, so it is 

easy to evaporate. The polymer was dissolved in a constant amount of chloroform (3 g) and 

miniemulsified in surfactant solution using a sonifyer. The surfactant used in this study is 

sodium dodecylsulfate (SDS), which is an anionic surfactant. The ionic surfactants are known 

to introduce higher degree of stabilization than that provided by the nonionic type of 

surfactants [13]. The ionic type functions mainly by the electrostatic repulsive mechanism, 

which is more efficient than the steric hindrance mechanism produced by the nonionic type 

surfactants. The chloroform was then evaporated and the dispersions were obtained. 

 

5.1. Preparation of polystyrene latexes by the miniemulsion process 

Polystyrene latexes are used as standards for the calibration of microscope instruments due to 

their durability, nonionic feature, stability in the electron beam, and chemical inertness. 

Different concentrations of PS solutions in chloroform were emulsified in different 

concentrations of SDS solution (see Table 5.1), in order to discuss the effect of surfactant and 

polymer solution concentrations on the properties of the latex particles and to find out the 

optimum surfactant concentration that should be used. After the chloroform was evaporated, 

stable dispersions were obtained for all the concentrations. Figure 5.1 is showing the effect of 

SDS concentration on the particle diameter of polystyrene latexes. Increasing the 

concentration of SDS is causing the particle size to decrease till reaching a concentration after 

which there is no more effect. For example the size of the particles prepared from 100 mg PS 
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in 3 g chloroform was 151 nm when 10 mg of SDS in 10 g water was used for the 

emulsification (OG70) (see Table 5.1). For that polymer concentration the particle size is 

decreasing till reaching a value of 77 nm for the latex prepared using 70 mg SDS in 10 g 

water (OG76). After that the increase of the SDS concentration was found to have no more 

effect as shown in Figure 5.1. It can be said that a saturation level of the surfactant 

concentration causing constancy in the particle size was reached. This trend can be 

understood by considering the emulsification process. During the sonication, used for the 

emulsification step, there are competing processes of fission and fusion [14]. First, the particle 

size is decreasing as the surfactant concentration increases, since there will be more SDS 

molecules available to stabilize a higher number of the formed droplets against the fusion 

process. However, there is a maximum fission rate that can be reached by certain sonication 

parameters, when the surfactant concentration reaches the extent causing the optimum 

stabilization of the maximum obtainable particle number (for that maximum fission rate) by 

these sonication conditions, a further increase of the SDS concentration will not have any 

more effect on the particle size. The weight of SDS needed for the lower polymer content  

latexes (75, 50, and 25 mg PS) to reach the constancy in the particle size can be derived from 

Figure 5.1 and Table 5.1 to be about 60, 50, and 40 mg SDS respectively.  

In addition Figure 5.1 shows that as the polymer content increases the particle size, for the 

same SDS concentration, is getting larger. This can be understood from the effect of 

increasing the polymer solution concentration on the emulsification process. As the 

concentration of the polymer solution increases the solution is getting more viscous, which 

means that there is more resistance to the shear forces during the emulsification step resulting 

in a larger particle size. 

From this part we conclude that stable polymer dispersions can be obtained from synthetic 

polymers (secondary dispersions) by the miniemulsion process by making use of the solvent 

evaporation method. The particle size of the dispersions is controllable over the 

concentrations of SDS and the polymer solution. Studying the morphology of the particles 

and how they behave on forming a thin film was the target of the next step. 
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Table 5.1: Specifications of PS latexes. [a] 

Sample 
Code 

Polymer 
content 

(mg) 

SDS 
content 

(mg) 

Particle 
average 
diameter 
(nm) [b] 

Sample 
Code 

Polymer 
content 

(mg) 

SDS 
content 

(mg) 

Particle 
average 
diameter 
(nm) [b] 

OG34 25  10 92 OG58  75  10 137 

OG35 25  20 79 OG59  75  20 110 

OG36 25  30 64 OG60  75  30  91 

OG37 25  40 58 OG61  75  40  81 

OG38 25  50 56 OG62  75  50  78 

OG39 25  60 56 OG63  75  60  73 

OG40 25  70 56 OG64  75  70  76 

OG41 25  80 55 OG65  75  80  76 

OG42 25  90 62 OG66  75  90  71 

OG43 25 100 54 OG67  75 100  77 

OG44 25 150 60 OG68  75 150  84 

OG45 25 200 62 OG69  75 200  77 

OG46 50  10 117 OG70 100  10 151 

OG47 50  20 94 OG71 100  20 124 

OG48 50  30 83 OG72 100  30 106 

OG49 50  40 74 OG73 100  40  95 

OG50 50  50 68 OG74 100  50  90 

OG51 50  60 63 OG75 100  60  82 

OG52 50  70 69 OG76 100  70  77 

OG53 50  80 71 OG77 100  80  79 

OG54 50  90 63 OG78 100  90  85 

OG55 50 100 67 OG79 100 100  77 

OG56 50 150 68 OG80 100 150  85 

OG57 50 200 73 OG81 100 200  78 
[a] 3 g chloroform and 10 g water were used for the preparation of the particles; 
[b] As measured by DLS. 
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Figure 5.1: Effect of SDS concentration on the average particle size of PS latexes 
                    (determined by DLS) prepared using different concentrations of PS solution. 

 

Sample OG48 (see Table 5.1 for the specifications) was selected for the transmission electron 

microscopy investigations. Figure 5.2 shows the TEM image of OG48 and Figure 5.3 is the 

corresponding particle size distribution as measured by DLS. The particles are clearly defined 

to be typical PS hard spheres. The average particle diameter in the TEM image is about 65 

nm, which is smaller than that measured by DLS to be 83 nm. The particle size measured by 

DLS is expected to be larger than that seen in the TEM image, since DLS is measuring a 

hydrodynamic diameter while TEM is imaging hard spheres. The DLS size distribution 

intensity curve shown in Figure 5.3 has a polydispersity index (PDI) of 0.117. The value is 

higher than that obtained for a synthetic PS latex prepared according to the standard 

miniemulsion polymerization (PDI = 0.017) (6 g styrene, 250 mg hexadecane, 72 mg SDS, 

and 24 g H2O). The broadness of the particle distribution of the secondary dispersion latex, 

prepared by emulsifying a polymer solution, is attributed to the viscosity of the polymer 

solution, which resists the shear forces during the sonication. The viscosity of the polymer 

solution is understood to be higher than that of the corresponding monomer, causing this 

difference found in the particle size distribution. 
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Figure 5.2: TEM image of PS latex OG48. 
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Figure 5.3: Particle size distribution by intensity of OG48 as measured by DLS. 

 

A layer of the latex OG48 on a mica disc was prepared by spin coating and investigated by 

AFM. The AFM image in Figure 5.4a shows that the film is smooth and featuring no cracks 

and the packing of the particles is very compact. That can be seen clearly in the three 

dimensional (3D) image in Figure 5.4b, which shows that the spherical particles are arranged 

in a very compact manner on the substrate, where the smaller particles are packed between the 

larger ones helping for better packing on the substrate.  
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Figure 5.4: AFM images of OG48 (a) height, phase and amplitude images, and (b) a 3D   
                    image. 
 

It has been shown that the shape of the PS particles is spherical and that the latex is forming a 

smooth compact film after spin coating.  

 

5.2. Preparation of poly(propylene carbonate) latexes by the miniemulsion process 

Poly(propylene carbonate) (PPC) is used as a binder in the ceramic industry, toughening agent 

for some epoxy resins, and as oxygen barrier in the applications where diffusion of oxygen 

through the plastic is desired. PPC latexes were prepared by the miniemulsion process using 

the solvent evaporation method. Two concentrations of PPC solutions (50 and 75 mg in 3 g 

chloroform) were emulsified in different concentrations of SDS solutions (see Table 5.2). The 

dispersions were found to be stable. The effect of SDS concentration on the particle size is 

showing the same trend as that found for the PS latexes (see Figure 5.5 and compare with 

Figure 5.1). The PPC particle size is showing decreasing tendency as the SDS concentration 

increases till a certain extent after which no more effect is observed. For the same SDS 

concentrations, the particles prepared from a polymer solution of higher concentration (75 mg 

a

b
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PS) are larger than those prepared from the lower polymer solution concentration (50 mg PS). 

The trend of the particle size is in good agreement with that found for the PS latexes due to 

the same reasons given before in the discussion of the PS latexes. By comparing Figure 5.1 

with 5.5 it is obvious that, for the same concentrations, the PPC particles have smaller particle 

size than those for PS particles. For example latex prepared using 50 mg PPC and 10 mg SDS 

has a particle size of 97 nm while that of PS latex prepared using the same concentrations is 

117 nm in size. This can be explained by the difference in viscosities between the two 

polymer solutions. The PS (Mw =108·103 g·mol-1) has a higher molecular weight than PPC 

(Mw = 39·103 g·mol-1) so that for the same concentration the PS solution is more viscous than 

the PPC solution, which means higher resistance to the shear forces results in larger particle 

size for the PS dispersions.  

 

Table 5.2: Specifications of PPC latexes. [a] 

Sample 
Code 

Polymer 
content 

(mg) 

SDS 
content 

(mg) 

Particle 
average 
diameter 
(nm)[b] 

Sample 
Code 

Polymer 
content 

(mg) 

SDS 
content 
(mg) 

Particle 
average 
diameter 
(nm) [b] 

OG10 50  10 97 OG22 75  10 128 

OG11 50  20 79 OG23 75  20 102 

OG12 50  30 70 OG24 75  30  86 

OG13 50  40 64 OG25 75  40  99 

OG14 50  50 60 OG26 75  50  71 

OG15 50  60 55 OG27 75  60  72 

OG16 50  70 56 OG28 75  70  63 

OG17 50  80 49 OG29 75  80  61 

OG18 50  90 50 OG30 75  90  73 

OG19 50 100 51 OG31 75 100  67 

OG20 50 150 52 OG32 75 150  68 

OG21 50 200 56 OG33 75 200  62 
[a] 3 g chloroform and 10 g water were used for the preparation of the particles; 
[b] As measured by DLS. 
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Figure 5.5: Effect of the SDS concentration on the average particle size of PCC   
                    latexes (determined by DLS) prepared using different concentrations of  
                    PCC solution. 

 

Figure 5.6 shows the TEM image of sample OG12 (see Table 5.2), and Figure 5.7 shows the 

particle size distribution of the same sample. The particles shown in the TEM image were not 

dialyzed; they have almost no contrast with the background which makes it difficult to 

characterize the morphology of separate washed particles. The high abundance of hydrogen 

atoms in the structure of PPC with respect to the carbon background may explain the bright 

appearance of the PPC particles. Due to the low Tg value of PPC (16 °C), its particles 

probably melt under the conditions of TEM and do not show a well-defined morphology as 

shown in Figure 5.7. The particle size measured by DLS is 70 nm and the PDI of the particle 

size distribution curve shown in Figure 5.6 is 0.135.  

 
Figure 5.6: TEM image of PPC latex OG12. 
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Figure 5.7: DLS particle size distribution by intensity of OG12 as measured by DLS. 

 

A film of OG12 (dialyzed sample) was spin coated on a mica disk and investigated by AFM. 

There are no low contrast problems in the AFM measurements. Since the AFM measurement 

is related only to the force interactions between the AFM tip and the atoms of the surface, in 

this case the imaging of the surface is not related to a contrast with a certain background. 

Figure 5.8 shows the AFM image of OG12. The height, phase, and amplitude images in 

Figure 5.8a show a layer of the PPC particles with well defined spherical shape, this is more 

clearly seen in the 3D image, Figure 5.8b. The film was found to be smooth without cracks 

and the particles are packing very compact to each other.  

 

 

 
Figure 5.8: AFM images of OG12 (a) height, phase and amplitude images, and (b) 3D image. 
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The miniemulsion process was shown to be applicable for the production of stable polymer 

dispersions from synthetic polymers (PS and PPC) (secondary dispersions) using the solvent 

evaporation method. The particle size is controllable over the surfactant concentration and the 

polymer solution concentration. The dispersions were found to form smooth films after spin 

coating and the particles are packing very compact on the substrate. 

 

5.3. Polymer blends by the miniemulsion process 

In this part a study of the possibility of producing composite materials based on the same 

principles used for the production of the individual latexes, two approaches relying on the 

miniemulsion process, were followed. In the first one there is a mixing of two dispersions of 

the individual polymers, while in the second approach the two polymers are included in each 

particle of the dispersion. Here the polystyrene and poly(propylene carbonate) were chosen to 

be blended, the high electronic contrast will permit a good characterization by TEM, and the 

difference in the Tg enables the use of AFM technique to characterize the films of the blend 

latexes as will be shown. 

 

5.3.1. First approach: mixing of two dispersions of the individual polymers 

A PS latex (OG61) and a PPC latex (OG24), prepared as shown previously in part 5.1 and 5.2, 

were mixed together by simple pouring and stirring. The two latexes are of the same particle 

size and the same polymer content (see Table 5.1 and 5.2). The two latexes were mixed in a 

ratio 50% PS / 50% PPC (OGb4). Figure 5.9 shows the TEM picture of the blend sample (a) 

without staining and (b) negatively stained with uranyl acetate. Apparently, the contrast of 

both polymers in the TEM picture is very different: PS appears black and PPC is more 

“transparent” in the TEM image. The high abundance of hydrogen atoms in the structure of 

PPC with respect to the carbon background may explain the bright appearance of the PPC 

particles as said before. This helped for the TEM investigations of the blend. The negative 

staining of the sample (staining the background) enabled a better definition of the morphology 

of the PPC particles. We note that the particles are statistically distributed and do not form 

separate domains. 
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Figure 5.9: TEM images of a 50% PS / PPC 50% blend (OGb4) prepared by mixing two   
                    miniemulsions: a) without staining; b) negatively stained with uranyl acetate. 
 

The same blend dispersion OGb4 was spin coated on mica disc for AFM measurements. The 

AFM image of this blend is shown in Figure 5.10, where spherical particles can be observed. 

By taking the advantage of the difference in the glass transition temperature (Tg) between PS 

(108 °C) and PPC (16 °C), selective melting of the PPC particles would take place by heating 

the spin coated blend sample at 50 °C for 3 h. The AFM image of the heated sample, Figure 

5.11, shows the PS particles, keeping their well defined spherical shape, distributed in a sea of 

molten PPC particles. No aggregates of PS particles could be recognized, which suggests a 

good mixing of the two polymer particle types through each other confirming the TEM 

results.  

 
Figure 5.10: AFM images of 50% PS / PPC 50% blend (OGb4) as freshly prepared. 
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Figure 5.11: AFM images of 50% PS / PPC 50% blend (OGb4) heated at 50 °C for  
                      3 h. 
 

Another AFM sample of the blend OGb4 was annealed at room temperature, which is still 

above the Tg of PPC for two weeks. The same results as those found for the sample annealed 

at 50 °C were observed (see Figure 5.12 and compare with Figure 5.11). The PS particles are 

keeping their well defined morphology, while the PPC particles were melted. No 

agglomerations of the PS particles were formed with time, which reveals that the blend is 

willing to keep its statistical distribution with time. It should be mentioned that the scale of 

the three AFM scans in Figures 5.10 to 12 is the same, so that the comparison is reliable. 

    
Figure 5.12: AFM images of 50% PS / PPC 50% blend (OGb4) kept at room  
                      temperature for 2 weeks. 
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In a next step, blends with different content ratios were prepared. OGb5 is a blend of 75% PS 

(OG61) / 25% PPC (OG24) and OGb6 is a blend of 25% PS (OG61) / 75% PPC (OG24). 

Figure 5.13a and b shows TEM pictures of the two blends respectively. By simple counting of 

the number of the PS and PPC particles found in the TEM images, Figures 5.13a, 5.13b, and 

5.9b, of the three different mixing ratios, it is clear that the formed blends are highly matching 

the ratios originally used for mixing them (see Table 5.3). The result is confirming the 

statistical distribution of the latexes blended in this way. Moreover, the information here can 

be used for the explanation of other blend systems prepared in the same way and are difficult 

to be investigated [1-3]. Blend latexes of polymers that have similar electronic contrast in the 

TEM, and are unstainable or both of them are stainable to a similar degree, are difficult to be 

characterized in TEM, unless the two latexes have significantly different particle sizes. For an 

example a blend of 50% PFB / 50% F8BT is shown in Figure 5.14a. For this blend system it 

is difficult to decide which particles are belonging to which polymer, if we rely on the 

electronic contrast. The blend was prepared from large size F8BT latex and small particle 

PFB latex. The larger particles of F8BT appear darker most probably due to the higher mass 

content not due to a higher electronic contrast than PFB. For blends of such polymers from 

latexes of equal particle size the characterization will be difficult with TEM. The idea can be 

clarified more if the image in Figure 5.14b is considered. The particles are showing different 

contrasts although they are belonging to the same PS latex sample (OG71), the larger particles 

appear darker than the smaller ones.  

 

Table 5.3: The ratio between the number of particles of the two polymers in the blends as   
                  estimated from the TEM pictures for the different blending ratios. 

PS : PPC[ a ] Number of PS particles %[ b] Number of PPC particles %[ b ]

75 : 25 70 30 

50 : 50 51 49 

25 : 75 28 72 

[ a ] Ratio by volume as used for the blending; 
[ b ] As calculated from the TEM images. 
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Figure 5.13: TEM images of blends consisting of (a) 75% PS / 25% PPC (OGb5), and (b)   
                      25% PS / 75% PPC (OGb6). 
 

 
Figure 5.14: TEM image of (a) blend consisting of 50% PFB / 50% F8BT, and (b)   
                      polystyrene latex (OG71). 
 

5.3.2. Blend dispersion with the two polymers included in each particle (composite 

particles) 

For the preparation of the composite particles, in principle the same procedure as that used for 

the preparation of the individual latexes was followed. The difference here is that the two 

polymers were mutually dissolved in CHCl3 prior to the emulsification step. The process is 

described in Figure 2.13.  

 

5.3.2.1. Preparation of 50% PS / 50% PPC composite blend particles  

First, particles with the composition of 50% PS / 50% PPC were prepared. A solution of 50 

mg polymer in 5 g chloroform was emulsified in a solution of 30 mg SDS in 10 g H2O 

a b

a b
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(OG113). The average particle size as measured by DLS is 73 nm. The particles were 

investigated by TEM. It is noticeable in Figure 5.15 that the particles show the biphasic 

hemispherical morphology with a dark phase hemisphere and a bright phase hemisphere. The 

dark hemisphere represents the PS phase and the bright hemisphere represents the PPC phase, 

as expected from the results of the individual latexes of PS and PPC (part 5.1 and 5.2) and the 

blend of the two latexes (part 5.3.1).  

 

 
Figure 5.15: TEM image of particles containing 50% PS / 50% PPC (OG113). 

 

5.3.2.2. Confirmation of the morphology of the biphasic 50% PS / 50% PPC particles 

Sometimes the white color in the TEM images may indicate the presence of voids or no 

material. Two strategies relying on the TEM were used in order to 1- confirm that the white 

part of the particles is representing the PPC phase and 2- confirm the hemispherical 

morphology of the particles. After spotting the particles on the TEM grids and drying, they 

were handled in two different ways. The first one was the shadowing of the particles by 

coating them with carbon at an angle of 30°. Figure 5.16a shows the image of the coated 

particles, the shadow of the particles is a complete shadow resulting from spherical particles 

suggesting that the bright phase is coming from the PPC and not voids. The second way was 

the negative staining with uranium acetate, which stains the background helping to define the 

borders of the particles. From Figure 5.16b the morphology of the particles are now well 

defined spherical with two phases. The dark one represents the PS phase and the bright one is 

the PPC phase. From above it is concluded that the composite blend particles of 50% PS and 

50% PPC prepared in the miniemulsion, with a relatively high concentration of surfactant (30 

mg SDS for 50 mg polymer), are exhibiting the well defined hemispherical phase separated 
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morphology. It is now of interest to discuss the effect of varying the ratio of the two polymers 

within the particle on the behavior of the phase separation morphology. 

 

 
Figure 5.16: Biphasic particles (a) shadowed with carbon (coating with an angle of 30°), and   
                      (b) negatively stained with uranium acetate (OG113). 
 

5.3.2.3. Composite blend particles prepared with different composition ratios of PS and 

PPC 

Particles with different composition ratios of PS and PPC were prepared (see Table 5.4). The 

particle size of the composite particles prepared with different ratios of PS and PPC from 10% 

PS / 90% PPC to 90% PS / 10% PPC) is a function of the composition ratio as shown in 

Figure 5.17. It was found that as the weight ratio of PS increases the particles tend to be larger 

in size, since PS solution is more viscous than that of PPC as mentioned before in part 5.2. 

 

Table 5.4: Composition of blend particles. 

Sample code PS content (mg) PPC content (mg) Ratio% (PS:PPC) 
OG113 25 25 50 : 50 

OG123 45 5 90 : 10 

OG124 40 10 80 : 20 

OG125 35 15 70 : 30 

OG126 30 20 60 : 40 

OG127 20 30 40 : 60 

OG128 15 35 30 : 70 

OG129 10 40 20 : 80 

OG130 5 45 10 : 90 
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Figure 5.17:  Particle average diameter of composite blend particles measured by DLS. 

 

Figure 5.18 shows TEM micrographs of PS / PPC blend particles with different composition 

ratios. Evidently, all particles exhibit two phases, separated by a rather flat interface. Volume 

fractions were calculated from the TEM images with the assumption of spherical particles 

occupied by each polymer in the particle. The calculated values (as listed in Table 5.5) are in 

good agreement with the values of the weight ratios of the polymers originally used to prepare 

the nanoparticles. This result is agreeing with the assumption made earlier by Winzor and 

Sundberg that the ratio of the two polymers within the particles remains as that in the original 

polymer solution [24]. 
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Figure 5.18: TEM images of different biphasic blend particles. The percentages of the   
                      amounts employed in the preparation are given. The samples are not further   
                      labeled or stained. 
 
Table 5.5: Calculated volume percentage occupied by the two polymers in the nanoparticles   
                  for different weight ratios in the preparation. 

PS:PPC Polymer content[a] Volume % of PS[b] Volume % of PCC[b] 

90:10 79 21 

70:30 73 27 

60:40 63 37 

50:50 48 52 

40:60 40 60 

30:70 32 68 

10:90 19 81 
[a] Ratios measured in wt % as used in the preparation of the nanoparticles; 
[b] From TEM images of the nanoparticles. 

 

The percentage-wise evaluation shows relatively large deviation for the extreme compositions 

90:10 and 10:90 which can be explained by the fact that the assumption for the calculation of 

having a sphere and a sharp phase separation is not true and leads here to a larger error. It 

should be also considered that the two phases are not completely pure components [10, 38]. This 

90% PS / 10% PPC 

50% PS / 50% PPC 70% PS / 30% PPC 10% PS / 90% PPC 

70% PS / 30% PPC 60% PS / 40% PPC 
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can contribute to the deviation and should be expected to contribute more for the extreme 

compositions 90:10 and 10:90. This assumption is based on the prediction of the Flory-

Huggins theory which predicts that when the immiscible polymers undergo phase separation 

the phases are not pure components. The experimental evidences found for a nonoparticle  

blend system of PFB and F8BT, prepared in the same way, reveal that the two phases are not 

pure phases of the individual polymers [10]. The interface area is expected to be a mixture of 

the two components with the same blend composition within the domains as predicted by the 

Flory-Huggins theory. Figure 5.19 shows schematically the interface area between the two 

phases. 

 
Figure 5.19: The structure of the interface area between the two phases. 

 

The behavior of the PS and PPC within the particles here is a typical phase separation of two 

immiscible polymers, but here within a confined geometry (the particle). The phase separation 

between the two immiscible polymers is explained by the Flory-Huggins theory (part 2.3.2.) 

The binary blends of the two polymers have a phase diagram consists of two regions as 

described in Figure 2.11, for some blend ratios a single homogeneous phase is formed and for 

others the two polymers undergo phase separation to two phases. In the case of the 

miniemulsion droplets the presence of the solvent (chloroform in this case) works as dilutant 

for the blend keeping it within the single phase region. The phase separation process between 

the two polymers takes place when the solvent starts to evaporate, resulting in the increase of 

the polymer mixture concentration inside the droplets above the demixing level causing a 

phase separation between the two polymers [20, 24]; the process is clarified in Figure 5.20. 

Meanwhile the polymer mixture at some extent of the solvent evaporation will phase separate 

from the solvent causing the polymer materials to be precipitated from the droplet to particles 

in the aqueous phase. The process of the phase separation of the ternary mixture can be 

represented by a phase diagram of the type shown in Figure 5.21 [117].  

The molecular weight of the two polymers (101·103 g·mol−1 for PS and for 39·103 g·mol−1 for 

PPC) is expected to be high enough to permit the phase separation process to take place. 

According to the Flory-Huggins equation (Equation 2.5) the molecular weight has an 

influence on both the enthalpic and the entropic parts of the equation. The Flory-Huggins 

interaction parameter in the enthalpic part (χ) is dependent of the free volume of the two 
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polymers. The case that the two polymers have high molecular weights means that they have 

small free volumes. As a consequence there is a lower chance of the mutual diffusion between 

the chains of the two species. This causes the enthalpic part to have a positive value. At the 

same time the high molecular weight of the two polymers is causing the entropic part of the 

equation to be very small, since the possible new arrangements for the segments connected to 

the long chains of the mixed polymers are limited (see the example given in part 2.3.2.).  

 
Figure 5.20: Morphology development during the solvent evaporation in the polymer   
                      solution droplet in the miniemulsion. 

 
 

 
Figure 5.21: Ternary phase diagram of two polymers dissolved in a solvent. 

 
The morphology of the particles here is a hemispherical one as shown in Figures 5.15 and 

5.16 with a flat interface. The development of the hemispherical morphology can be 

understood if Figure 5.22 is considered. The figure shows schematically the different possible 

equilibrium morphology as a function of the interfacial tensions of the different interfaces in a 

miniemulsion droplet system. The different interfaces of a miniemulsion droplet of the 

polymer mixture solution surrounded by water are shown in Figure 5.22. The first interface is 

between the first polymer (in this case PS) in the solvent and the water phase has the 

interfacial tension γ1. The second interface is between the second polymer (in this case PPC) 

in the solvent and the water phase (γ2). The contact between the two polymers themselves in 

the solvent is another interface with an interfacial tension γ3. The miniemulsion droplet is 

stabilized by the surfactant molecules which have a direct influence on the values of 

interfacial tensions between the two polymer solution phases and the water phase, γ1 and γ2. 
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According to the surfactant concentration, there are two cases which should be considered as 

shown in Figure 5.22, if the surfactant molecules are completely covering the surface of the 

miniemulsion droplet or if they are only partially covering it. If the miniemulsion droplets of 

the polymer mixture solution are completely covered with the surfactant molecules, then γ1 

and γ2 are minimized and their effect on the development of the particle morphology can be 

neglected. Since the polymers are immiscible polymers, they try to minimize the interface 

between them. In this case γ3 is the working parameter deciding the morphology to be a 

hemispherical one. The hemispherical morphology is providing them with the smallest 

interfacial area within the particle. The other possibility is to have a partial coverage of the 

surfactant molecules on the surface of the miniemulsion droplets; different morphologies can 

be expected according to the different interfacial tension values of the different interfaces. If 

γ1 and γ2 are of comparable values, then the hemispherical morphology predominates. If one 

of the two polymers has a preferential interaction with the water phase including the 

surfactant molecules, which results in a lower value of the interfacial tension with the water 

phase and consequently this polymer tends to form a shell and the other polymer forms the 

core, resulting in a core-shell phase separated morphology. The same case is if one of the two 

polymers is very hydrophobic, then its interfacial tension value with the water phase is very 

high, and it prefers to form the core and the other polymer forms the shell to obtain a core-

shell morphology. The last case is if the interfacial tension between the two polymers is very 

high, the formation of separate particles predominates. Other morphologies in between those 

shown in Figure 5.22 can be also expected. The equilibrium morphology is that one providing 

the particle with the lowest surface free energy.     
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Figure 5.22: Different morphologies according to the different values of the   
                      interfacial tensions of the different interfaces and their relation to the    
                      degree of coverage of surfactant molecules. 

 

5.3.2.4. Determination of the degree of coverage of the SDS molecules on the surface of 

composite latex particles 

The degree of coverage of SDS molecules on the surface of the dispersion particles can be 

estimated by measuring the surface tension for the latex dispersions [14]. 

As illustrated in Figure 5.23, knowing the surface tension value of the critical micelle 

concentration (cmc) of SDS in water (35 mN·m-1), it is expected for polymer dispersions with 

surface tension values equal to the surface tension of SDS at the cmc (γcmc = 35 mN·m-1), to 

have complete coverage of the SDS molecules on the surface of the particles. For dispersions 

with surface tension values higher than the γcmc, a partial coverage is expected as indicated in 

Table 5.6.  

The concentration of SDS used to prepare the particles was 0.010 mol·l-1 which is high 

enough to cause complete coverage of the particles by the SDS molecules as shown in Table 

5.6. Therefore the tendency to form the hemisperical morphology predominates, in order to 

minimize the interface between the two polymers. As a consequence, there is a minimization 

of the surface free energy of the particles. In this case the biphasic hemispherical morphology 

of the particles is under thermodynamic control, or in other words the equilibrium 

morphology is formed. 
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Figure 5.23: Particle coverage with SDS molecules and their relation to the surface tension of  
                      the dispersion. 

 

Table 5.6: Surface tension values for dispersions prepared with different SDS concentrations. 

Sample 
code 

Concentrati
on of 

polymer 
solution 

Concentration of 
SDS solution 

Concentration 
of SDS solution 

(mol·l-1) 

γ (mN/m) Expected 
coverage 

OGs1 - 46 mg / 20 g H2O 0.008 (cmc) 35.0 - 

OGs2 100 mg / 20 g H2O 0.017 (> cmc) 35.7 (≈ γcmc) complete 

OGs3 60 mg / 20 g H2O 0.010 (> cmc) 34.5 (≈ γcmc) complete 

OGs4 40 mg / 20 g H2O 0.007 (< cmc) 38.9 (> γcmc) partial 

OGs5 20 mg / 20 g H2O 0.004 (< cmc) 39.8 (> γcmc) partial 

OGs6 

 

50 mg PS / 

50 mg PPC 

in 6 g 

CHCl3 10 mg / 20 g H2O 0.002 (< cmc)  partial 

 

5.4. Factors affecting the morphology of the artificial composite blend particles 

In the process of producing artificial composite blend particles from initially immiscible 

polymers, the factors that are expected to play the role of controlling the morphology are the 

surfactant concentration, the polarity, the molecular weight, and the glass transition 

temperatures of the two polymers. The first and second factors are related to the 

thermodynamics controlling parameters, while they are determining the interfacial tension 

between the polymer phase and the aqueous phase. The last two factors are determining the 

diffusivity controlling parameters (kinetic parameters).  

The effect of the SDS concentration on the PS / PPC system and the effect of replacing PPC 

by a polar polymer PMMA or PBA will be discussed. Table 5.7 lists the characteristics of the 

composite blend particles prepared for studying the factors influencing the morphology. 
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Table 5.7: Characteristics of the latexes prepared for the morphology study. 

Sample code Latex composition SDS concentration 
mol·l−1 

Particle size (nm) 

OGm1 50% PS / 50% PPC 0.007  82 

OGm2 50% PS / 50% PPC 0.004 100 

OGm3 50% PS / 50% PPC 0.002 155 

OGm4 50% PS / 50% PMMA 0.010  68 

OGm5 50% PS / 50% PMMA 0.002 133 

OGm6 50% PS / 50% PBA 0.010  70 

 

5.4.1. Effect of surfactant concentration on the morphology development in composite 

artificial PS / PPC blend particles 

In order to study the effect of the surfactant concentration on the morphology of the 

composite particles, the 50% PS / 50% PPC particles were prepared with different 

concentrations of SDS (see Table 5.7). It is expected that if the particles are completely 

covered with SDS molecules, then the hemispherical biphasic morphology is the most 

probable one [83]. Comparing the results of surface tension measurements in Table 5.6 with the 

TEM results of the expectedly partially covered dispersions (OGm1 and OGm2) in Figure 

5.24a, b, shows clearly that the particles are still exhibiting the same hemispherical 

morphology. This indicates that although the particles are not completely covered, the 

reduction in the interfacial tensions between the two polymer phases and the aqueous phase 

still satisfies the required conditions to have a hemispherical phase separated morphology. For 

the lower concentration, 0.002 M of SDS (OGm3), the biphasic morphology as well as the 

single phase morphology was detected in the sample as shown in Figure 5.24c-e. In Figure 

5.24c the well defined hemispherical particles can be clearly seen, in Figure 5.24 d, and e, the 

two morphologies are detectable, although the hemispherical morphology predominates. 

However, the coexistence of the two morphologies indicates that they are nonequilibrium 

morphologies, taking into consideration the absence of the driving force for the biphasic 

morphology that is the minimization of the interfacial tensions of the polymer phases with the 

aqueous phase. Some particles could have a completely phase separated structure while others 

did not have the enough time to phase separate during the solvent evaporation process. 
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Figure 5.24: Biphasic PS/PPC particles prepared with (a) 0.007 M (OGm1), (b) 0.004 M   
                     (OGm2), and (c-e): 0.002 M (OGm3) SDS solutions. 

 

5.4.2. Effect of the polymer polarity on the morphology development  

5.4.2.1. Composite blend particles of 50% PS / 50% PMMA  

For two polymers in a composite particle which are exhibiting different polarities, it is 

expected that the more polar polymer tends to form the shell and the more hydrophobic 

polymer tends to form the core. This is assumed if the concentration of surfactant is not high 

enough to suppress the interaction of the polar phase with the water phase. 

PS / PMMA particles (OGm4) prepared with the composition of 50% PS / 50% PMMA were 

prepared by the miniemulsion process; the SDS concentration was 0.010 M. Chloroform was 

used as a solvent and was evaporated at 80 °C. Figure 5.25 indicates that there is a mixture of 

morphologies in the sample, Figure 5.25a shows the core-shell morphology, where the bright 

shell is the PMMA phase and the dark core is the PS phase. The expected hemispherical 

morphology from such a SDS concentration was detected in the sample (see Figure 5.25b). 

Some particles which do not show clear phase separated morphology were also detected as 

shown in Figure 5.25c. 
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The morphology of composite 50% PS / 50% PMMA particles were studied before by Winzor 

and Sundberg [24]. The particles were prepared with the same surfactant (SDS); methylene 

chloride was used as a solvent and was evaporated at 40 °C. The morphology was a 

hemispherical one, which was in good agreement with the calculated curves of the reduced 

surface energies, due to the expected different morphologies, against the fraction of solvent 

removal. However the curves were very close to each other which reveals that a mixture of 

the different morphologies can be also expected as in our case. The main difference in the 

preparative procedure of the particle that may lead to this difference is the surfactant 

concentration and its ratio to the polymer solution concentration. The particles of Winzor and 

Sundberg were prepared from a 2.5% polymer solution with a 5% SDS solution. Our particles 

were prepared by the emulsification of a 1% polymer solution in a 0.3% SDS solution. The 

second main difference is the surface area of the particles which is much higher in our case 

due to the smaller particle size. In Winzor’s and Sundberg’s system the particle size was 10-

20 μm, while our system contains much smaller particles (68 nm). This means that in their 

case there was much excess of SDS molecules. The conclusion here is that the SDS 

concentration was not adequate for the complete development of the hemispherical 

morphology. In other words the concentration of SDS was not high enough for the complete 

suppression of the preferential interaction of the polar PMMA phase with water phase. 

Another difference which may contribute to the difference found between the two systems, is 

the rate of the solvent evaporation, since in case of Winzor and Sundberg the solvent was 

evaporated at 40 °C which is the boiling point of methylene chloride, while in our case the 

chloroform was evaporated at 80 °C which is higher than its boiling point (60 °C). The higher 

rate of solvent evaporation in our case may explain the presence of a mixture of 

morphologies, since the time was not long enough for the development of the equilibrium 

morphology, taking into account the high Tg values of PS and PMAA. At this point it should 

be mentioned that their results for changing the solvent form methylene chloride to toluene 

indicated that the type of solvent does not affect the developed morphology. An assumption 

which should not be generalized since the difference in solubility of the two polymers in the 

mutual solvent should play a role in the morphology development as shown by the Okubo 

group [38]. 
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Figure 5.25: Morphologies of composite particles of 50% PS / 50% PMMA prepared by the  
                      miniemulsion process using 0.010 M SDS (OGm4), (a, c) without staining,     
                      (b) stained with osmium tetroxide. 
 

Composite particles of 50% PS / 50% PMMA prepared using 0.002 M SDS (OGm5) show 

only one morphology over the entire sample, which is the core-shell morphology, where 

PMMA is forming the shell (bright phase) and PS is forming the core (dark phase) as shown 

in the TEM images (Figure 5.26). There is no evidence for the coexistence of other 

morphologies. 

 

 
Figure 5.26: Morphology of 50% PS/50% PMMA prepared by prepared by the miniemulsion    
                      process using 0.002 M SDS (OGm5). 
 

The role of the polarity of the polymers can be emphasized if the results obtained for the 50% 

PS / 50% PMMA particles is compared with those of the 50% PS / 50% PPC particles 

prepared with the same SDS concentration (0.002 M SDS) (5 mg SDS for 50 mg polymer). 

The concentration of the SDS, as mentioned before (see Table 5.6), is enough only to cause 

partial coverage on the surface of the particles. The particles comprising two polymers have 

no preferential interaction with the aqueous phase (PS / PPC) preferring the hemispherical 

morphology. On the other hand the particles comprising one of the two polymers 

preferentially interact with the aqueous phase, the core-shell morphology predominates, 

a b c
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where the more hydrophilic PMMA is forming the shell and the more hydrophobic PS is 

forming the core. 

 

5.4.2.2. Composite blend particles of 50% PS / 50% PBA  

PBA is a polar polymer but differs from PMMA of being very soft due to its low Tg (-49 °C). 

The effect of the low Tg on the development of the phase separation morphology is discussed 

here. 50% PS / 50% PBA particles were prepared by the miniemulsion process; the SDS 

concentration was 0.010 M (OGm6, see Table 5.7 for particle size). TEM pictures in Figure 

5.27 show that more homogenous core-shell morphology was found for the PS / PBA 

composite particles than in the case of PS / PMMA particles prepared with the same 

concentration of SDS (0.010 M). This could be attributed to the low glass transition 

temperature of the PBA which permits complete phase separation. The result here confirms 

that the concentration of SDS (0.010 M) is not high enough for the development of the 

hemispherical morphology for composite particles comprising a polar polymer. 

 

 
Figure 5.27: Morphologies of composite particles of 50% PS / 50% PBA prepared by the   
                      miniemulsion process using 0.010 M SDS (OGm6). 
 

5.5. Polymer dispersions by the spontaneous emulsification (Ouzo effect) process 

The Ouzo effect process, as described in part 2.2.2.2., seems to be an easy and straight 

forward method for the preparation of polymer nanodispersions. The emulsification process 

takes place spontaneously without the need of high-shear devices, which is an attractive 

feature of the process. However, the oil concentration range in which a stable emulsion can be 

prepared is very limited. The oil concentration should not exceed 1% of the total emulsion 

weight and less than 5% after the solvent evaporation [42]. The Ouzo effect process was used 

for the preparation of PS latexes and PS / PPC composite particles using THF as a solvent. PS 

and PPC are highly insoluble in water while THF is miscible with water. The process was 
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performed with and without surfactant (SDS). The sequence of preparation is described 

schematically in Figure 5.28. In all cases the polymer solution concentration was 1% in THF 

as a solvent. For the used quantities of water and THF, a 1% polymer solution corresponds to 

0.3% polymer to the total weight of the emulsion and 0.5% of the water phase after the 

evaporation of the THF. The process of emulsion formation due to spontaneous emulsification 

involves the diffusion of water molecules into the polymer solution causing the polymer to be 

insoluble in the water-rich water/THF mixture. This resulted in the formation of fine emulsion 

droplets to which the neighboring polymer droplets diffuse to form larger droplets of the 

polymer solution [41, 42, 118] (see Figures 2.6 and 5.28). The process is simply a binodal 

decomposition of the system through the nucleation and growth mechanism between the 

binodal and spinodal curves of the phase diagram (Figure 2.7). This region is a metastable 

region, any additional fluctuation in the concentration causes the unstable spinodal 

decomposition to occur which is known as the unstable Ouzo region [118]. The specifications 

of the samples prepared by the Ouzo effect process are summarized in Table 5.8. 

 
Figure 5.28: Procedure used for the preparation of the polymer dispersions by the Ouzo effect  
                      process. 

 
Table 5.8: Specifications of the latexes prepared by the Ouzo effect process. 

Sample 
code 

Polymer/solvent Aqueous phase Particles average 
diameter (nm)[a] 

Weight of 
precipitate 

(%)[b] 
OGoz1 25 mg PS / 2.5 g 

THF 
5 g H2O 448 65 

OGoz2 25 mg PS / 2.5 g 
THF 

25 mg SDS / 5 g 
H2O 

331 41 

OGoz3 12.5 mg PS+ 12.5 
mg PPC / 2.5 g THF 

5 g H2O 610 87 

OGoz4 12.5 mg PS+ 12.5 
mg PPC / 2.5 g THF 

25 mg SDS / 5 g 
H2O 

252 34 

[a] As measured by DLS; 
[b] With respect to the employed weight of the polymer. 
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5.5.1. Polystyrene latex prepared by the Ouzo effect 

a- without surfactant  

The polystyrene concentration in the THF solution was 1% (wt / wt) which is within the range 

recommended to obtain a stable Ouzo emulsion [41, 42]. Stable particles were formed (OGoz1) 

with an average particle diameter of 448 nm as measured by DLS. TEM pictures in Figure 

5.29 show the PS hard spheres with some particles smaller than 500 nm and others relatively 

large in the micron range. However during the dropping of the polymer solution to the water, 

a precipitate of the polymer is formed and stick to the magnet bar. The weight of the 

precipitate was found to be 65% of the original weight of the polymer (Table 5.8). The 

precipitate is due to phase separation indicating an unstable Ouzo emulsion. The reason for 

the phase separation may be the mechanical stirring which may cause a disturbance during the 

contact between the water phase and the solution [118]. Another reason could be that the 

distribution of the formed droplets is not homogeneous through the aqueous phase, 

consequently the region of higher droplet concentrations would coalesce forming a second 

phase [41]. The yield of the stable Ouzo is related to the water-solvent, water-polymer, and 

solvent-polymer interactions; the number of publications on using the Ouzo effect to emulsify 

polymer solutions is still limited so it is hard to compare our system with those already 

studied in the literature. In this study only THF was used as a solvent and only one 

concentration of polymer solution was examined, however it is reported that solvents with 

similar solubility parameters to that of water produce better Ouzo emulsions (higher yield of 

stable particles with smaller size) [42]. 

 

 
Figure 5.29: TEM images of PS latex prepared by the Ouzo effect process without the use of  
                      surfactant (OGoz1). 
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b- with surfactant  

SDS in a concentration of 0.017 M was used in order to examine if the use of surfactant may 

improve the emulsification process. The content of SDS used here is 1:1 with respect to the 

polymer weight. A stable dispersion was formed (OGoz2) with an average particle size of 331 

nm. The particle size distribution curve for OGoz2 is shown in Figure 5.30. The PDI value is 

relatively high if compared to that of a dispersion prepared with the miniemulsion process 

using the same concentrations (OG50) (see Table 5.1). The PDI of OGoz2 is 0.266 while that 

of OG50 is 0.096, which reveals that OGoz2 has a wider distribution of the particle size. TEM 

pictures in Figure 5.31 show the hard spheres of PS with a particle size ranging from 50 nm to 

more than 1000 nm. The large particles detected in the TEM pictures are corresponding to the 

shoulder found in the DLS particle size distribution curve at 1000 nm in Figure 5.30. During 

the dropping of the polymer solution to the water, a precipitate is formed; the weight of the 

precipitate is 41% of the initial PS weight. This means that the addition of surfactant is 

helping for emulsifying better the polymer solution and consequently for decreasing the loss 

of polymer. This can be attributed to the fact that SDS molecules reduce the coagulation of 

the PS particles. 

At this point it is concluded that the presence of surfactant during the spontaneous 

emulsification is important for better emulsification, and more stable Ouzo emulsion. 

 

 
Figure 5.30: Particle size distribution (as measured by DLS) of (         ) PS (OGoz2) and 
                      (         ) PS / PPC (OGoz4) latexes prepared by the Ouzo effect process with the                    
                      use of SDS in a concentration of 1:1 by weight of polymer. 
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Figure 5.31: TEM images of PS latex prepared by the Ouzo effect process with the use of 

SDS in a concentration of 1:1 by weight of polymer (OGoz2). 
 
5.5.2. Composite blend particles of PS / PPC prepared by the spontaneous emulsification 

(Ouzo effect) 
A 1% solution of both PS and PPC (50% / 50%) in THF was used in order to study the 

morphology of composite blend particles prepared by the spontaneous emulsification process. 

The process was performed without and with SDS. In the Ouzo effect the solvent is water 

miscible and the nucleation of the emulsion droplets is a result of the diffusion of water into 

the droplets of the polymer mixture solution. This diffusion causes the two polymers to reach 

the concentration above the demixing level and consequently start to phase-separate even 

before the evaporation of the solvent takes place. Such fast processes may not give the 

sufficient time for a complete phase separation, resulting in the existence of nonequilibrium 

morphologies. 

a- without surfactant (OGoz3) 

Without using surfactant, stable composite particles were formed (OGoz3) with an average 

particle size of 610 nm as measured by DLS. The morphology of the particles was 

investigated by TEM as shown in Figure 5.32. Most of the particles have a defined 

hemispherical morphology as shown in Figure 5.32a and b, and some particles exhibit the 

sandwich-like morphology as shown in Figure 5.32c. The hemispherical morphology 

indicates that without any surfactant the interfacial tensions between each of the two polymers 

and the water phase are comparable. The development of sandwich-like morphology is an 

indication of a kinetically controlled phase separation process. The kinetic of the particle 

formation in the case of Ouzo effect is very fast compared to that in a typical miniemulsion 

process. 
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In this case a precipitate of 87% of the initial polymer weight was formed (Table 5.8).  

 

 
Figure 5.32: TEM images of 50% PS / 50% PPC latex prepared by the Ouzo effect process  
                      without SDS (OGoz3). 
 

b-with surfactant  

A polymer solution of PS / PPC (50% / 50%) was emulsified in a 0.017 M SDS solution. The 

content of the SDS used here is 1:1 with respect to the polymer weight. Stable particles with 

the average particle size of 252 nm, as measured by DLS, were formed (OGoz4). The PDI of 

the particle size distribution curve (Figure 5.30) is 0.190. In this case the fraction of the 

precipitate is much lower (see Table 5.8), about 34% of the initial polymer weight. The 

morphology of the particles is well defined as hemispheres as shown in Figure 5.33. The case 

that only equilibrium morphologies were detected indicates that the high concentration of the 

surfactant used here ensures the complete phase separation of the two polymers inside the 

particles. As a result a development of the hemispherical morphology under thermodynamic 

control took place. The size of the particles in the case of biphasic particles is more uniform 

than that of the PS homo-particles (PDI of PS particles is 0.277). No extremely large particles 

were observed by TEM. The particle size measured by DLS is 252 nm and the distribution 

curve shows a monomodal profile (see Figure 5.30). The DLS measurement is confirming the 

results found by TEM in Figure 5.33, which shows particles in the size range of 100 to 500 

nm. The difference between the particle size and size distribution between the PS particles 

and the PS / PPC particles prepared by the same concentrations in the Ouzo effect could be 

the solvent partition between the aqueous and the organic phase. Vitale and Katz [41] studied 

the effect of using different solvents on the droplet size and size distribution of divinyl 

benzene. Their results revealed that the solvent that has a smaller partition coefficient (the 

ratio between the weight fractions of the solvent in the aqueous phase to that in the organic 

phase) tends to form larger droplets with wider range of size distribution due to the remaining 

a b c
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amount of solvent in the oil droplets. In our case the difference between the solubility 

parameter of styrene (δSt = 18.6 MPa1/2) and that of THF (δTHF = 19.6 MPa1/2) is smaller than 

that between the solubility parameter of propylene carbonate (δPC = 27.2 MPa1/2) and THF 
[119] (the solubility parameters of the monomers were used to give an indication since δ of 

PPC is not listed, considering that the values of the δ of the monomer and the corresponding 

polymer are similar). Therefore THF has a smaller partition value for the PS system than the 

PS / PPC system. Consequently the PS/THF droplets should be larger than the (PS / 

PPC)/THF droplets, and then the possibility for the coalescence of the PS/THF droplets is 

more probable, causing a larger particle size and a wider size distribution. The other fact that 

should be considered here is the difference in viscosity of the polymer solution in the two 

cases. The PS used in this study has a molecular weight of 108·103 g·mol-1, while the PPC has 

a molecular weight of 39·103 g·mol-1, so that a solution of PS has a higher viscosity than a 

mutual solution of PS and PPC. The higher the viscosity of the polymers solution is, the more 

difficult its diffusion to the water phase is, due to the higher mass transfer resistance [42, 120]. 

As a consequence larger particle size results from solutions of higher viscosities. 

 

 
Figure 5.33: TEM images of 50% PS / 50% PPC latex prepared by the Ouzo effect process  
                      with the use of SDS in a concentration of 1:1 by weight of polymer (OGoz4). 
      

In summary, the Ouzo effect process was used for the fabrication of the PS homopolymer 

particles and PS / PPC composite particles. The use of surfactant was found to be important to 

improve the yield of the stable Ouzo emulsion and to develop the complete hemispherical 

phase-separated morphology in case of the composite PS / PPC particles. To the best of our 

knowledge it is the first time that Ouzo effect is used for the fabrication of Janus-like 

hemispherical composite particles.  
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5.6. Fabrication of functionalized particles 

Usually the latex particles need to be specifically functionalized in order to meet a specific 

application such as to be biocompatible, to undergo self assembly on a substrate, to coordinate 

with metal ions, etc. The fabrication of the functionalized polystyrene particles using the 

solvent evaporation method requires that the synthetic polymers are already functionalized. 

Therefore, first a free radical solution polymerization of styrene (St) with either methacrylic 

acid (MAA) or with 4-vinylpyridine (4-VP) was performed in order to prepare PS 

functionalized particles with carboxylic or pyridyl groups.  

 

5.6.1. Synthesis of polystyrene-co-polymethacrylic acid (PS-co-PMAA) and polystyrene-

co-poly(4-vinylpyridine) (PS-co-P(4-VP)) by solution polymerization  

A solution polymerization of styrene (St) with either methacrylic acid (MAA) [121] or with 4-

vinylpyridine (4-VP) [122] was performed. The ratio of styrene to MAA or 4-VP was 90: 10. 

Ethanol was used as a solvent for the copolymerization of St and MMA, and toluene was used 

for the copolymerization of St with 4-VP (Table 5.9 summarizes the amounts used for the 

polymerization reactions). In both cases the polymerization reaction was performed at 80 °C 

for 6 h. Different initiator concentrations were used for the preparation of the PS-co-PMAA 

which was reflected on the values of molecular weight. The number average molecular weight 

(Mn) of PS-co-PMAA was found to increase as the concentration of the initiator decreases 

(see Table 5.9). The best polydispersity index (1.38) was obtained for the lowest AIBN 

concentration (3 mg). For the copolymerization of the St with 4-VP, only one concentration of 

AIBN was used (10 mg), the Mn of the PS-co-P(4-VP) was 17.2.103 g·mol-1 and the PDI was 

1.77. St monomer was polymerized alone in toluene with 30 mg AIBN, and the Mn of the 

obtained PS was 16.9 g·mol-1, and the PDI was 1.66. 
1H-NMR spectroscopy was applied to determine the composition ratios of the copolymers PS-

co-PMAA (OGO7) and PS-co-P(4-VP) (OGO15), since the polymerization reactions were run 

for time intervals permitted conversions less than 20% as shown in Table 5.9 . Comparing the 

spectrum of PS (OGO14) (Figure 5.34a) with that of PS-co-PMAA (OGO7) (Figure 5.34b), 

the broad peak developed in Figure 5.34b at 0.25 to 0.80 ppm is corresponding to the aliphatic 

protons of the poly(methacrylic acid) moiety, while the peaks at 6.45 to 7.25 ppm are 

corresponding to the aromatic protons of the polystyrene moiety. The ratio of the two 

components in the chains calculated from the integration values of these peaks is 83% PS to 

17% PMAA, while the ratio of the monomers performed for the copolymerization was 90% St 

to 10% MAA (see Table 5.10), which means an enrichment of the MAA with a factor of 1.7. 
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Figure 5.34c is the 1H-NMR spectrum of the Ps-co-P(4-VP) (OG15), the developed peak at 

8.05 to 8.40 ppm is corresponding to the 2 and 6 protons of the pyridine ring, while the peaks 

at 6.10 to7.25 ppm are corresponding to the other aromatic protons of both the styrene and 

vinyl pyridine rings. The composition ratio calculated from the integrals of these peaks is 84% 

PS to 16% P(4-VP), while the ratio of the monomers performed for the copolymerization was 

90% St to 10% 4-VP (see Table 5.10), which means an enrichment of the 4-VP with a factor 

of 1.6. 
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Table 5.9: Characteristics of the solution polymerized copolymers. 

Solvent  Sample 

code 
Type Volume 

(ml) 

Wt. of 

St (g) 

Wt. of 

comonomer 

(g) 

% St : 

comonomer 

 

Wt. of 

AIBN 

(mg) 

Conversion 

(%) 

Mn [g·mol-1] 

103 [a] 

Mw [g·mol-1] 

103 [a] 

Mw /Mn  

OGO4 ethanol 10 8.97 1.23 90 : 10 30 19  8.7 13.6 1.56 

OGO7 ethanol 10 4.53 0.61 90 : 10 10 14 12.4 23.5 1.90 

OGO6 ethanol 10 4.53 0.61 90 : 10  5  3 13.9 24.2 1.74 

OGO13 ethanol 10 4.53 0.61 90 : 10  3  7 15.3 21.1 1.38 

OGO14 toluene  40  4.98 - 100 : 0 10 13 16.9 28.1 1.66 

OGO15 toluene  40 4.53 0.49 90 : 10 10 16 17.2 30.5 1.77 

[a] As measured by GPC. 
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Figure 5.34: 1H-NMR of PS (OGO14), PS-co-PMAA (OGO7) and PS-co-P(4-VP) (OGO15). 
 

Table 5.10: Composition of the comonomers and the resulted copolymers 

Sample code Composition % of the monomers Composition % of the coploymers[a] 

OGO14 100% St 100 % PS 

OGO7 90% St / 10% MAA 83% PS / 17% PMAA 

OGO15 90% St / 10% P(4-VP) 84% PS / 16% P(4-VP) 

[a] As estimated from NMR spectra. 

 

The copolymers of PS-co-PMAA and PS-co-P(4-VP) were further used for the fabrication of 

particles functionalized with carboxylic or pyridyl groups. Moreover, the control of the phase 

separated morphology, as shown in parts 5.3.2 and 5.5.2, was used for the preparation of 

biphasic particles with one phase featuring the functionality. Such particles are known as 

Janus particles (see part 2.4.1). Janus particles are excellent candidates for the dual functions 

as described before. In the present study the Janus particles will be further decorated with 

metal nanoparticles on the functionalized phase.  
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5.6.2. Fabrication of PS-co-PMAA particles by the miniemulsion process 

PS-co-PMAA (OGO7) was used for the preparation of polystyrene particles functionalized 

with carboxylic acid groups on the surface by the miniemulsion process. It is assumed that 

during solvent evaporation the polymer chains are precipitated to particles in the aqueous 

phase. The carboxylic acid groups, which are distributed along the copolymer chains, are 

assumed to orient themselves on the surface of the particles facing the aqueous phase, as 

illustrated in Figure 5.34. Such orientation should be preferable for the particles, since the 

interaction of the hydrophilic carboxylic acid groups with the aqueous phase decreases the 

interfacial tension between the two phases. As a consequence the particles acquire minimum 

surface energy.  

 

 

 

Figure 5.34: Expected orientation of the carboxylic groups on the surface of the PS-co- 
                     PMAA particles (left) and a TEM image of the particles (OG134) (right). 

 

PS-co-PMAA particles were prepared by minemulsifying a 1% solution of OGO7 in a 0.01 M 

SDS solution. The particles (OG134) have a particle size of 105 nm. A TEM picture of the 

PS-co-PMAA particles (GO134) is shown in Figure 5.34. A typical hard sphere morphology 

of the PS particles is observed. 

 

5.6.3. Fabrication of PS-co-P(4-VP) particles by the miniemulsion process 

PS-co-P(4-VP) (OGO15) synthesized in part 5.6.1 was used for the fabrication of PS particles 

functionalized with pyridyl groups. Particles of PS-co-P(4-VP) (OGO17) were prepared by 

minemulsifying a 1% solution of OGO15 in a 0.01 M SDS solution. The particle size as 

determined by DLS is 138 nm. The pyridyl groups are hydrophilic in nature; therefore they 

presumably orient themselves on the surface of the particles during the solvent evaporation 

process. Such orientation provides the particles with the minimum surface energy. Since the 
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interaction between the pyridyl groups and the water phase through hydrogen bonding would 

decrease the interfacial tension between the particles and the water phase. Figure 5.35a shows 

the expected orientation of the pyridyl groups on the surface of the particles and Figure 5.35b 

represents a TEM picture of the PS-co-P(4-VP) dispersion showing hard sphere particles. The 

dialyzed particles were found to be unstable after one day. The pKa of 4-vinylpyridine is  5.62 
[123] which means that the pyridyl groups are partially protonated at neutral pH. The positively 

charged pyridyl groups neutralize the negatively charged sulfate groups of the SDS molecules 

which stabilize the particle in the water phase, causing the particles to be unstable and 

therefore they precipitate. The interaction between the protonated pyridyl groups and the SDS 

molecules is illustrated in Figure 5.35c. 

 

 

 

 

 

 

Figure 5.35: (a) The expected orientation of the pyridyl groups on the particle surface, (b)  
                      TEM image of the PS-co-P(4-VP) particles (OGO17), and (c) the interaction   
                      between protonated pyridyl group with SDS molecule. 
 

In the previous two parts it was shown that the miniemulsion process can be used for the 

fabrication of functionalized particles from synthetic polymer that was already functionalized 

with carboxylic or pyridyl functional units. The hydrophilic functional groups tend to orient 

themselves towards the surface of the particles in order to minimize the surface energy of the 

particles.. Such orientation provides the PS particles with the functionality that can be used 

for different applications. The determination of the functional group density on the surface of 

the functionalized particles will be discussed in part 5.6.3 Using the carboxylic and pyridyl 

functionalities as ligands for the adsorption of metal ions and a subsequent in situ reduction of 

the metal ions to metal nanoparticles on the surface of the latex particles will be discussed 

later in part 5.7. 

 

ba c
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5.6.4. Fabrication of biphasic Janus particles  

It was shown in parts 5.3.2 and 5.5.1 that the phase separation phenomena between the 

immiscible polymers can be used for the fabrication of hemispherical particles with well 

defined morphology. The phase separation phenomena and the possibility of functionalizing 

the surface of the particles (as shown in part 5.6.2 and 5.6.3) can be used for the design of 

interesting morphologies. In this part the fabrication of hemispherical particles with one 

hemisphere featuring the carboxylic or pyridyl functionality is discussed. Particles designed in 

this way are known as Janus particles. In the last few years design and fabrication of Janus 

particles is gaining more interest [86, 124-128]. The Janus particles are symmetric in shape while 

they are asymmetric in surface properties due to the fact that the two phases feature different 

functionalities. That makes the Janus particles successful candidates for the dual function 

applications, such as drug delivery systems with highly selective capabilities, and solar cell 

applications [1-3, 10]. Both the miniemulsion and the Ouzo effect processes were applied for the 

preparation of the Janus particles with one phase featuring surface carboxylic or pyridyl 

functionality. Table 5.11 shows the characteristics of the particles prepared by the two 

processes. 

 

Table 5.11: Characteristics of Janus particles prepared by miniemulsion or Ouzo effect    
                    process. 

Sample code Polymer Method of 
preparation 

Particle 
size (nm)[a] 

Solid content 
after dialysis 

OGO11 PS-co-PMAA / PPC miniemulsion  74 0.60 

OGoz9 PS-co-PMAA / PPC Ouzo effect 226 0.40 

OG138 PS-co-P(4-VP) / PPC miniemulsion  95 0.58 

OGoz9 PS-co-P(4-VP) / PPC Ouzo effect 322 0.94 

    [a] As measured by DLS. 

 

5.6.4.1 Fabrication of biphasic PS-co-PMAA / PPC Janus particles by the miniemulsion 

process  

Biphasic particles of 50 % PS-co-PMAA / 50% PPC (OGO11) (see Table 5.11) were prepared 

with the miniemulsion process by emulsifying a 1% solution of PS- co-PMAA (OGO7) / PPC 

(50/50) in 5 g chloroform in 0.01 M SDS solution.. A dispersion with an average particle size 

of 74 nm was obtained. Figure 5.36 shows the morphology of the PS-co-PMAA / PPC 

particles as detected by TEM. The sample was negatively stained with uranyl acetate for 

better definition of the PPC phase which appears bright in the TEM image, while the PS-co-
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PMAA phase appears dark. The two polymers formed two phases in a hemispherical fashion. 

The interface between the two phases is flat, similar to that obtained for the PS / PPC 

particles. The carboxylic groups are expected to be oriented on the surface of the PS phase as 

shown before for the homo PS-co-PMAA particles. The particles are Janus particles since the 

two phases are symmetric hemispheres while the surfaces of the two phases are different, the 

PS phase features carboxylic functionality while the PPC does not. 

 

 
Figure 5.36: TEM images of 50% PS-co-PMAA / 50% PPC particles prepared by the                      
                      miniemulsion process  (OGO11) (particles were negatively stained with uranyl     
                      acetate). 
 

5.6.4.2. Fabrication of biphasic PS-co-PMAA / PPC Janus particles by the Ouzo effect 

process  

Biphasic particles of PS-co-PMAA / PPC (OGoz9) (see Table 5.11) were prepared by the 

Ouzo effect. A 1% THF solution of 50% PS-co-PMAA / 50% PPC was spontaneously 

emulsified in a 0.017 M SDS-water solution. A stable dispersion with an average particle size 

of 226 nm was obtained. The particles show well defined hemispherical phase separated 

morphology as clearly seen in the TEM pictures of Figure 5.37. A staining of the samples was 

not required. As mentioned before the particles prepared by the Ouzo effect process are 

precipitated to the water phase faster than in the case of the miniemulsion process. The time 

available for the development of the morphology in the case of Ouzo effect is shorter than that 

in the miniemulsion process. Therefore the development of the very well defined 

hemispherical morphology in the case of the Ouzo particles (OGoz9) suggests that the 

kinetics of the phase separation is faster than the kinetics of the particle formation. 
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Figure 5.37:  TEM images of 50% PS-co-PMAA / 50% PPC particles prepared by the Ouzo  
                       effect process (OGoz9). 
 

In both the miniemulsion and the Ouzo effect samples (OGO11 and OGoz9) the concentration 

of the SDS was high enough for the elimination of the expected preferential hydrogen bond 

interactions of the carboxylic groups on the surface of the polystyrene phase with the water 

phase. As a result, the development of the hemispherical biphasic morphology took place. The 

higher nonpolar phase, in this case the PPC phase, tends to adsorb more surfactant molecules 
[31], resulting in the minimization of the difference in the interfacial tensions of each of the 

two phases and the water phase. 

In conclusion, the fabrication of well defined Janus particles with one phase featuring a 

carboxylic functionality on one side was realized by both the miniemulsion and the Ouzo 

effect processes.  

 
5.6.4.3. Fabrication of biphasic PS-co-P(4-VP) / PPC Janus particles by the 

miniemulsion process 

The miniemulsion process was applied on a 1% polymer solution of 50% PS-co-P(4-VP) / 

50% PPC  in chloroform mixed with 0.01 M SDS solution. Table 5.11 shows the 

characteristics of the obtained particles (OG138). The average particle size of OG138 as 

measured by DLS is 101 nm. The morphology of the particles was studied by TEM. As 

shown in Figure 5.38, the particles still exhibit the hemispherical morphology, but the 

interface between the two phases is not flat as in the case of PS / PPC particles or the PS-co-

PMAA / PPC particles (compare Figure 5.37 with those of 5.15 and 5.36); the PPC seems to 

be partially engulfed in the PS-co-P(4-VP) phase. As mentioned in part 5.6.4 there is an 

electrostatic attraction between the partially protonated pyridyl groups of the PS-co-P(4-VP) 

and the sulfate groups of the SDS molecules as illustrated before in Figure 5.35. This 

interaction makes it more favorable for the PS-co-P(4-VP) to contribute more to the exposed 

surface area with the SDS/water phase, resulting in the partial engulfment of the PPC phase in 
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the PS-co-P(4-VP) phase. The dialyzed composite particles OG138 were found to be more 

stable than the homo PS-co-P(4-VP) particles OG135; the stability was observed for several 

days and the precipitate formed after that was less than that of the homoparticles. The PPC 

phase of the particles contributes to the stability since there is no interaction between this 

phase and the surfactant molecules. 

 

 
Figure 5.38: TEM images of 50% PS-co-P(4-VP) / 50% PPC particles prepared by the  
                      miniemulsion process (OG138). 

 

5.6.4.4. Fabrication of biphasic PS-co-P(4-VP) / PPC Janus particles by the Ouzo effect 

process  

A 1% solution of 50% PS-co-P(4-VP) / 50% PPC in THF was spontaneously emulsified in a 

0.017 M SDS solution. A stable dispersion with an average particle size of 322 nm was 

obtained. The characteristics of the particles (OGoz8) are shown in Table 5.11. The TEM 

images in Figure 5.39 show that the OGoz8 particles prepared by the Ouzo effect exhibit the 

hemispherical morphology in a similar fashion to that found for the particles prepared by the 

miniemulsion process (OG138).  The PPC phase seems to be, for some extent, engulfed in the 

PS-co-P4-VP phase. The morphology of the phase separation in both processes is following 

the same trend although the SDS concentration used to prepare the Ouzo effect sample 

OGoz8 (0.017 M) was higher than that used for the miniemulsion sample OG138 (0.01 M). A 

cationic surfactant can be suggested here to control the development of complete 

hemispherical phase separated morphology of the biphasic particles including a pyridyl 

functionalized phase.  
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Figure 5.39: TEM images of 50% PS-co-P(4-VP) / 50% PPC particles prepared by the  
                      prepared by the Ouzo effect process (OGoz8). 

 

The Janus particles with one phase functionalized with pyridyl groups were realized using 

both the miniemulsion and the Ouzo effect processes. 

 

In general Janus particles featuring functionality on one phase of the two hemispheres with a 

well defined morphology were fabricated in a rather straight forward fashion using the 

miniemulsion and the Ouzo effect processes.  

 

5.6.5. Determination of the surface functional groups density of the functionalized 

particles  

Polyelectrolyte titration was used for the quantitative determination of the charged groups on 

the latex particle surface using the particle charge detector (PCD) [129-131]. PCD was used to 

determine the number of charges on the surface of the particles and Janus particles 

functionalized with carboxylic or pyridyl functional groups. Titration with PDADMAC was 

performed for the different latexes at pH 3 and pH 10. On the surface of PS-co-PMAA 

particles (OG134) and the PS-co-PMAA / PPC (OGoz9II) Janus particles there are two 

species that can contribute to the surface charge; the SO4
- groups due to the SDS molecules 

and the COO- due to the MAA units of the copolymer. The pKa of MAA is 4.66 [132], so that it 

is assumed that at pH 3 only SO4
- is detected while at pH 10 the functional COO- groups and 

the SDS SO4
- groups are detected as charged groups. The difference between the consumed 

volume of the polyelctrolyte (PDADMAC) at pH 10 and pH 3 corresponds to the carboxylic 

acid groups on the surface. Table 5.12 shows the specification of the samples and the PCD 

calculation results.  

For the particles functionalized with pyridyl groups the species that contribute to the surface 

charge are the SO4
- groups due to the SDS molecules and the pyridyl groups of the 4-VP 
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rings. The pKa of 4-VP is 5.62 [123], therefore at pH 3 the pyridyl groups are completely 

protonated and possess a positive charge while the sulfate groups of the SDS are negatively 

charged. For the PS-co-P(4-VP) / PPC Janus particles OG138 and OGoz8 at pH 3 it was 

found that the net charge was negative which means an excess of the SO4
-. At pH 10 the 

negative charge is due to only the SO4
- groups, the difference between the titrant 

(PDADMAC) volumes at pH 10 and pH 3 is then corresponding to the pyridyl groups. 

Table 5.12 summarizes the calculated functional group densities of the different latexes. The 

density of the functional groups as calculated from the NMR results in Table 5.10 is 

corresponding to the number of groups per gram of the functionalized PS copolymers, while 

the density of functional groups as calculated from the PCD measurements is corresponding 

to the surface functional groups oriented on the surface of a gram of the fabricated particles. 

The pyridyl groups were found to show a higher affinity towards the aqueous phase than the 

carboxylic groups. For example Janus particles functionalized with carboxylic groups 

(OGoz9II) with a particle diameter of 201 nm were found to have about 27% of the 

carboxylic groups oriented on the surface of the particles (surface groups), while Janus 

particles functionalized with pyridyl groups and have a particle diameter of 295 nm (OGoz8) 

have about 39% of the pyridyl groups oriented on the surface. The higher affinity of the 

pyridyl groups can be understood from the interaction between the positively charged 

partially protonated pyridyl groups (pKa of 4-VP is 5.62) and the SO4
- of the SDS molecules 

as shown previously in Figure 5.35. This interaction explains the higher tendency of the 

pyridyl groups to orient themselves towards the SDS/water phase during the fabrication of the 

particles. The miniemulsion functionalized particles were found to possess more surface 

functional groups per gram than those of the Ouzo effect particles; this is due to the smaller 

particle size which corresponds to a higher surface area. For example miniemulsion Janus 

particles OG138 of diameter 95 nm possess 4·1020 surface pyridyl group per gram latex while 

the larger Ouzo effect particles OGoz8 of particle diameter 295 nm possess 1.8·1020 surface 

pyridyl group per gram latex (see Table 5.12).  
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Table 5.12: Functional group density of functionalized latex particles. 

Sample 
code 

Polymer D 
(nm) 

Solid 
content 

(%) 

No. of 
(groups 

/ 
g·1020)a 

No. of 
surface 
(groups 

 /  
g·1020)b 

No. of 
surface 
(groups  

/  
g latex·1020)b 

No. of 
surface 
(groups 

/  
nm2)b 

OG134 PS-co-PMAA 
(OGO7) 

105 0.66 11.9 2.5 2.5 4.6 

OGoz9II PS-co-PMAA 
(OGO7) / PPC  

201 0.45 11.9 3.2 1.6 5.6 

OG138 PS-co-P(4-VP) 
(OGO15) / PPC 

 95 0.30 9.2 8.0 4.0 6.0 

OGoz8 PS-co-P(4-VP) 
(OGO15) / PPC 

295 0.17 9.2 3.6 1.8 6.7 

a As calculated from the NMR results in Table 5.10; 
b As measured by PCD. 
 

5.7. Formation of silver nanoparticles on the surface of the functionalized PS 

homoparticles and Janus particles 

PS particles functionalized with carboxylic groups or with pyridyl groups can be used for a 

wide range of applications. Both groups have a strong affinity towards metal ions [98, 99, 133-139]. 

Carboxylic and pyridyl groups are also known to be able to interact with metal surfaces [140]. 

This advantage will be used in this work to study the possibility of creating metal 

nanoparticles on the surface of the PS particles. The in situ reduction of the metal ions in 

solution was used for the preparation of metal nanoparticles on the surface of the latex 

nanoparticles. The latexes were prepared by the miniemulsion or the Ouzo effect processes 

stabilized with SDS as surfactant. The sulfate groups of the SDS are able to bind with the 

metal ions. Therefore the samples used for the immobilization of the metal ions were first 

dialyzed against distilled water in Millipore membranes in order to wash excess SDS out. The 

fact that carboxylic and pyridyl groups are hydrophilic groups enables the reactions to be 

done in aqueous media. Metal nanoparticles immobilized on latex particles are used in 

different applications such as catalysts with high surface area, medical diagnostics, and for 

surface enhanced Raman scattering [47-49, 51, 52, 141, 142]. 

In the following part the possibility of creating silver nanoparticles on the surface of PS-co-

PMAA, PS-co-P(4-VP), PS-co-PMAA / PPC, and PS-co-P(4-VP) / PPC particles is 

discussed. The creation of the silver metal nanoparticles on one phase of the Janus particles 

(PS-co-PMAA / PPC, and PS-co-P(4-VP) / PPC) is of special interest, since such a design can 

be used as a model for dual functions particles. Silver acetate (AgAc) was chosen as silver ion 

precursor. It was observed that the ion exchange and the attachment of the metal ions to 
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carboxylic groups is more readily with silver acetate precursor [99] than the silver nitrate, since 

the acetate is the corresponding anion of a weak acid. Characteristics of the latexes used for 

the preparation of silver nanoparticles on the surface of latex particles are given in Table 5.13. 

 

Table 5.13: Characteristics of latexes used for the immobilization of metal nanoparticles. 

Sample 
code 

Content Process of 
preparation 

Particle 
size (nm) 

Solid content 
(%) 

OG134 PS-co-PMAA (OGO7) Miniemulsion  78 0.60 

OG24 PPC Miniemulsion  86 0.43 

OG50 PS Miniemulsion  68 0.22 

OGoz9II PS-co-PMAA (OGO7) / 

PPC 

Ouzo effect 255 1.13 

OG135 PS-co-P(4-VP) (OGO15) Miniemulsion 100 0.23 

OG138 PS-co-P(4-VP) (OGO15) 

 / PPC 

Miniemulsion  95 0.58 

OGoz8 PS-co-P(4-VP) (OGO15) 

 / PPC 

Ouzo effect 322 0.94 

 

The prepared latex-silver samples are summarized in Table 5.14. The latex to silver ratio, the 

different reducing agents used and the resulted colors of the reduction processes are listed in 

the table (Table 5.14). 
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Table 5.14: Silver-containing latex samples. 

Sample code weight 
ratio 

latex: Ag 

Molar ratio 
functional 
groups: Ag 

Reducing agent color 

OG134-Ag-5a 6 : 1 1 : 3.8 N2H4 Dark grey 

OG134-Ag-6a 6 : 1 1 : 3.8 NaBH4 Brown  

OG134-Ag-3 6 : 1 1 : 3.8 urotropine Yellowish grey + Ag 

mirror 

OGoz9II-Ag-1a 11 : 1 1 : 3.0 urotropine Yellowish grey + Ag 

mirror 

OGoz9II-Ag-1b 5.5 : 1 1 : 6.0 urotropine Yellowish grey + Ag 

mirror 

OGoz9II-Ag-2 5.5 : 1 1 : 6.0 urotropine Yellowish grey + Ag 

mirror 

OG135-Ag-1 6 : 1 Not 

measured 

Day light Faint violet grey 

OGoz138-Ag-1 7 : 1 1 : 2.5 Day light Faint violet grey 

OGoz138-Ag-2 7 : 1 1 : 2.5 urotropine Yellowish grey + Ag 

mirror 

OGoz8-Ag-1 4.5 : 1 1 : 6.5 urotropine Yellowish grey + Ag 

mirror 

 

5.7.1. Formation of silver nanoparticles on the surface of PS-co-PMAA particles 

prepared by the miniemulsion process 

The characteristics of the silver particles produced by reduction methods is controlled by the 

balance of the nucleation rate and particle growth [99, 143]. The influence of the reduction 

method on the size of the silver particles as well as the density of their adsorption on the latex 

particles was examined. The relative amount of the silver to latex (OG134) weight is 1: 6, and 

the molar ration of the silver ions to the surface functional groups on the latex particles is 3.8: 

1 as listed in Table 5.14. For all reduction methods the silver ions were incubated for 24 h 

with the latex particles in order to give enough time for the adsorption of the silver ions to the 

carboxylic groups on the surface of the latex. The oxygen atoms of the carboxylic groups act 

as a ligand for the silver ions. When the reducing agent is added (in a 10 folds the 

concentration of the silver ions) the silver ions are reduced to silver atoms. The primarily 
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formed silver atoms on the surface of the latex particles act as nuclei for the other silver atoms 

formed in the solution. The process is described schematically in Figure 5.40. 
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Figure 5.40: Scheme for the formation of silver nanoparticles on the surface of PS-co-PMAA  
                      particles. 
 

5.7.1.1. Reduction of silver ions using hydrazine hydrate N2H4.H2O  

The reduction of the silver ions with hydrazine proceeds according to Equation 5.1: 

 
An immediate change of the reaction mixture to the grey color after the addition of hydrazine 

was observed, which indicates a fast reduction process. The reaction mixture was left to stir 

for 30 min after the addition of hydrazine to ensure complete reduction (OG134-Ag-5a). The 

TEM results revealed that the reduction with hydrazine hydrate resulted in very tiny silver 

nanoparticles which are smaller than 5 nm as presented in Figure 5.41a. The small size of the 

silver nanoparticles indicates that a huge number of nuclei were formed in the early stage of 

the reduction. The silver particles are observed to be not homogeneously distributed on the 

surface of all the latex particles and some of them can be detected precipitating on the 

background and not adsorbed on the particle surface. This can be attributed to the fast 

reduction process of the hydrazine which does not give enough time for the adsorption of all 

the silver atoms on the latex particles. Mayer et al. [99] used hydrazine for the reduction of 

silver ions on the surface of carboxylated polystyrene particles. They got a cone shape of 

agglomerated silver particles on the latex surface. In our system the agglomerates were 

observed after 24 h of continuous stirring after the reduction with hydrazine as shown in 

Figure 5.41b (OG134-Ag-5b). There is no specific shape of the agglomerates observable. 

Apparently the formed silver nanoparticles, which were initially not adsorbed on the latex 

particles, possess a tendency to agglomerate on the silver nanoparticles that were initially 

adsorbed on the latex particles. 
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Figure 5.41: TEM images of silver particles prepared by the reduction of AgAc with  
                      hydrazine hydrate on the surface of PS-co-PMAA particle, (a) after 1 h  
                      OG134-Ag-5a) and (b) after 24 h (OG134-Ag-5b). 

 

It was shown that hydrazine which is considered as a rapid reducing agent, resulted in the 

formation of tiny silver particles, due to the high rate of nucleation. Not all of the formed 

silver nanoparticles were initially adsorbed on the latex particles, which resulted in the 

development of agglomerates after 24 h of the reduction. In the next step other reducing 

agents were examined to find better control of the adsorbed silver nanoparticles on the surface 

of the latex. 

 

5.7.1.2. Reduction of silver ions using sodium borohydride NaBH4 

The reduction of the silver ions with sodium borohydride proceeds according to: 

 
As NaBH4 was added to the latex/Ag+ mixture, the color was changed to dark brown. The 

sample (OG134-Ag-6a) was stirred for 30 min after the addition of NaBH4 to ensure complete 

reduction of the silver ions. The TEM picture in Figure 5.42 shows that the entire silver 

particles are adsorbed on the surface of the PS-co-PMAA particles. The borohydride group 

BH4
- is known to be an excellent ligand for metal ions [144-147]. Therefore the NaBH4 plays a 

dual role as reducing agent and as stabilizer for the metal ions. Acting as a ligand for the 

silver ions permits a slower rate of reduction than that produced with N2H4, which in turn 

permits the growth of the formed metal atoms on the nuclei formed on the surface of the latex 

particles. It is recognizable from the TEM picture (Figure 5.42) that the size of the silver 

particles is not homogeneous, some particles are about 5 nm, and others are about 20 nm. This 

indicates that different rates of nucleation and growth took place for the NaBH4 reduction. 

a b
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The reduction with NaBH4 resulted in larger silver particle size than those resulted from the 

reduction with hydrazine, (see Figure 5.42. and compare with Figure 5.41a). The sample left 

for 24 h after the reduction with NaBH4, in contrast to the results of the reduction with 

hydrazine, did not show any agglomeration of the silver particles as seen in Figure 5.41b for 

OG134-Ag-6b. No increase in the silver particle size or particle distribution on the latex 

particles was observed, indicating that the entire silver particles are adsorbed completely on 

the latex particles in the early stages. The results here do not agree with the results of Mayer 

et al. [99] who reported that the reduction of the silver ions with KBH4 on the surface of 

carboxylated PS latex resulted in a poor adsorption of the silver particles on the surface of the 

latex particles.  

The NaBH4 reduction enabled a homogeneous adsorption of the silver nanoparticles on the 

PS-co-PMAA particles. However it was not slow enough to produce a homogeneous size 

distribution of the silver nanoparticles. In the next part the influence of using a slow reducing 

agent (urotropine) on the formed silver nanoparticles was studied. 

 

       
Figure 5.42: TEM images of silver particles on the surface of PS-co-PMAA particles  
                      prepared by the reduction of AgAc with NaBH4 , (a) after 1 h and (OG134-Ag- 
                      6a), and (b) after 24 h (OG134-Ag-6b). 

 

5.7.1.3. Reduction of silver ions using hexamethylenetetramine (urotropine) 

A slow reduction process was conducted using urotropine as reducing agent and 

poly(vinylpyrrolidone) (PVP) as stabilizer for the metal particles. Urotropine is considered as 

a slow reducing agent as the reducing species, which is formaldehyde, is liberated during the 

reaction. The reaction is similar to the silver mirror reaction, except for the presence of the 

latex particles as a substrate for the formed silver metal. The urotropine is hydrolyzed at 

a b
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temperatures of higher than 60 °C according to Equation 5.3 liberating formaldehyde and 

ammonia. The ammonia undergoes a complexation with the silver ions (Equation 5.4) which 

prevents the fast reduction, giving the chance for the nucleation of the silver atoms on the 

latex particles. The formaldehyde then reduces the silver ion complex to the silver metal 

(equation 5.5).  

 
 

The reduction with urotropine resulted in a yellowish grey color and some silver mirror on the 

surface of the reaction vessel. Silver particles prepared by the reduction of AgAc with 

urotropine on the surface of PS-co-PMAA particles (OG134-Ag-3) show larger silver 

particles and a more uniform distribution on the latex particles, as clearly seen in Figure 5.43, 

than those obtained by hydrazine hydrate or sodium borohydride.  

 

 
Figure 5.43: TEM images of silver particles prepared by the reduction of AgAc with   
                      urotropine on the surface of PS-co-PMAA particle after 4 h (OG134-Ag-3). 

 

PVP is known to form complexes with metal ions [97, 98]. A reduction of the metal ions as 

complexes should be slower than that of free dissolved ions [97]. This confirms the better 

adsorption of the formed metal ions on the initially formed nuclei on the surface of the latex 

particles. Without the use of PVP as stabilizer, more silver was precipitated as silver mirror 

and the formed silver particles were large aggregates and not homogeneously distributed on 

the entire latex particles. The homogeneous size of the silver nanoparticles and their 

homogeneous distribution on the PS-co-PMAA particles obtained from the reduction with 

urotropine are in a good agreement with the results obtained by Song et al. who used 
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urotropine for the reduction of silver ions from silver nitrate precursor on the surface of 

carboxylated PS particles [98]. Similar results obtained by Mayer et al. [99] for their 

carboxylated PS particles when formaldehyde was used for the reduction of silver ions from 

silver acetate precursor. 

The results of the different reducing agents lead to the conclusion that the choice of the 

reducing agent is very important for a) achieving successful immobilization, b) controlling the 

silver particle size, and c) controlling the distribution of the silver particles on the latex 

particles. As shown in the previous part, the hydrazine reduction produces tiny silver particles 

with homogeneous particle size, however the coverage on the latex particles is not 

homogeneous and some particles are not adsorbed at all. The NaBH4 reduction resulted in a 

homogeneous immobilization of the silver particles on the surface of the latex particles, but 

the size of the particles is not homogeneous. The slow reduction process using urotropine in 

the presence of PVP as a stabilizer resulted in a more homogeneous distribution of more 

uniform silver nanoparticles on the latex particles. 

 

5.7.2. Reduction of silver ions with urotropine on the surface of PS-co-PMAA / PPC 

Janus particles prepared by the Ouzo effect 

When PS-co-PMAA / PPC Janus particles are used for the immobilization of silver 

nanoparticles, the silver nanoparticles are expected to be adsorbed to the functionalized phase 

of the particle (PS-co-PMAA phase). PS-co-PMAA / PPC nanoparticles prepared by the Ouzo 

effect (OGoz9II) (see Table 5.13 for the characterizations) were chosen for the 

immobilization of the silver nanoparticles because of their relatively large particle size. This 

factor may help for defining on which phase the silver particles are adsorbed. Figure 5.44 

shows a TEM image of the dialyzed particles. The particles after dialysis are precipitating on 

the TEM grids more as separate particles than agglomerates, if compared with the 

nondialyzed samples (Figure 5.37). The reduction was performed using urotropine in the 

presence of PVP as stabilizer. In order to study the reproducibility of the process and the 

possibility of controlling the degree of coverage of the silver nanoparticles on the surface of 

the functionalized phase of the Janus particles, the particles were treated in two different 

ways. The first one is the reduction of silver ions with a concentration of 0.01M in two steps 

and second one is reduction of silver ions with a concentration of 0.02 M in one step.  
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Figure 5.44: TEM images of PS-co-PMAA/PPC particles prepared by the Ouzo effect  
                      process (OGoz9II) after dialysis. 

 

5.7.2.1. First run reduction 

The PS-co-PMAA/PPC particles (OGoz9II) were used for the reduction of 0.01 M silver ions 

with urotropine as a first run reduction. The TEM results in Figure 5.45 show the formation of 

silver nanoparticles adsorbed on the dark hemisphere of the particles (OGoz9II-Ag-1a). This 

indicates the role of the carboxylic acid groups of the PS-co-PMAA phase. The affinity of the 

carboxylic groups to coordinate with the silver ions in the solution gave the possibility for the 

preferential adsorption of the formed silver nanoparticles on the functionalized polystyrene 

phase. The density of the silver nanoparticle is comparable to that found for the OG134 

homoparticles (compare Figure 5.45 with Figure 5.43). The molar ration of the silver ions to 

the carboxylic groups in sample OGoz9II-Ag-1a is 3: 1, while for the OG134 it was 3.8: 1 

(see Table 5.14). Therefore it was expected to obtain comparable densities of the silver 

particles on the two latexes. 

 

 
Figure 5.45: Silver nonoparticles formed on the surface of PS-co-PMAA / PPC particles  
                      prepared by the Ouzo effect process after first run reduction of 0.01 M silver       
                      ions (OGoz9II-Ag-1a). 
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5.7.2.2. Second run reduction 

The possibility of having a higher coverage of silver nanoparticles on the functionalized phase 

of the PS-PMAA / PPC particles was studied. A second run reduction of the silver ions (0.01 

M) with urotropine was conducted for OGoz9II-Ag-1b (the total concentration of Ag+ is now 

0.02 M). The total molar ratio of the silver ions to the surface carboxylic groups is 6: 1. It was 

found that the number of silver nanoparticles on the PS-co-PMAA phase increased and the 

silver particles became denser as indicated from their higher contrast in the TEM image (see 

Figure 5.46 and compare with Figure 5.45). This result reveals that the degree of coverage of 

the silver nanoparticles on the functionalized phase can be increased by performing more 

reduction runs.  

 

 
Figure 5.46: TEM images of silver nonoparticles formed on the surface of PS-co-PMAA/PPC  
                      particles prepared by the Ouzo effect process after second run reduction of  
                      0.01 M silver ions (OGoz9II-Ag-1b). 

 

5.7.2.3. One run reduction of double concentration of silver ions 

Another sample (OGoz9II-Ag-2) with the same concentration of the latex was treated with the 

double concentration of silver ions (0.02 M) in a one step reduction with urotropine, i.e., the 

molar ratio of the silver ions to the surface carboxylic groups is 6: 1 (Table 5.14). Figure 5.47 

shows that the adsorbed silver particles on the PS-co-PMAA phase is comparable to that 

obtained after the second run reduction of the half concentration of the silver ions (0.01 M) 

(compare with Figure 5.46). This indicates that the higher the silver ion concentration is the 

higher the degree of the adsorbed silver nanoparticles on the functionalized phase is. 
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Figure 5.47:  TEM  images  of silver nonoparticles formed on the surface of PS-co- 
                       PMAA / PPC particles prepared by the Ouzo effect process after first run  
                       reduction of 0.02 M silver ions (OGoz9II-Ag-2). 

 

As shown the silver nanoparticles were adsorbed preferentially on the functionalized phase of 

the PS-co-PMAA /PPC Janus particles. The results of the two run reductions of 0.01 M silver 

ions and the one run reduction of the 0.02 M silver ions ensures the reproducibility of the 

process of decorating the Janus particles with silver nanoparticles. In addition the degree of 

coverage of the silver nanoparticles on the functionalized phase can be controlled over the 

silver ion concentration.  

The possibility of preparing silver nanoparticles immobilized on the surface of PS-co-PMAA 

homoparticles or on the functionalized phase of PS-co-PMAA / PPC Janus particles was 

realized. In the next part the process of silver particle formation was applied for the PS-co-

P(4-VP) particles and the PS-co-P(4-VP) / PPC Janus particles. 

 

5.7.3. Formation of silver nanoparticles on the surface of PS-co-P(4-VP) particles 

prepared by the miniemulsion process 

The pyridyl group is known for its strong affinity towards metal ions, poly(4-vinylpyridine) 

has been used for the immobilization of metal nanoparticles on different substrates [47, 133, 134, 

148]. In this work PS-co-P(4-VP) particles prepared by the miniemulsion process were used as 

a substrate for silver particles prepared by in situ reduction of silver ions. 

As the PS-co-P(4-VP) particles were left to stir with silver ions for 24 h in order to get the 

ions adsorbed to the pyridyl groups on the surface of the particles, a faint grey-violet color 

was observed even before the addition of any reducing agent. The sample was examined with 

TEM. The images indicate the formation of fine silver particles on the surface of the latex 

particles with time, as shown in Figure 5.48a (OG135-Ag-1a). This explains the development 

of the violet color. The sample was left for a longer time (48 h) (OG135-Ag-1b) in order to 
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check if more silver particle will be formed with time. The grey-violet color was more 

intense, most probably due to the formation of more silver particles. The TEM results reveal 

the formation of more silver particles which explains the increased intensity of the color (see 

Figure 5.48b). It is suggested that the silver ions were reduced by the ultraviolet (UV) 

component of the daylight. In order to examine if the type of the polymer is contributing to 

the reduction process, a sample of the latex mixed with the silver ions was left to stir in the 

dark by covering the reaction vessel (OG135-Ag-1c). The development of the violet color was 

found to be slower than in the uncovered samples. Figure 5.48c shows the TEM results after 

one week, the silver particles are recognizable on the surface of the latex particles. It is 

suggested that light is reducing the silver ions, and the hydroxyl ions, produced due to the 

partial protonation of the pyridyl groups (pKa = 5.62), are contributing to the reduction 

process. It was reported that the OH- reacts with Ag+ to form Ag2O [149, 150] which is instantly 

decomposed by light and reduced to silver even at 25 °C [151]. The reduction potential of Ag2O 

(0.34 V) is considerably lower than that of Ag+ (0.8 V) [152], which explains the role of the 

slightly basic pyridyl groups in the reduction process. The x-ray results (not shown here) 

confirmed the formation of the silver metal. 

 

 
 

Figure 5.48: TEM images of the developed silver particles on the surface of PS-co-P(4-VP)  
                      particles prepared by the miniemulsion process without any reducing agent after   

(a) 24h (OG135-Ag-1a), (b) 48h (OG135-Ag-1b), and (c) 1 week for a covered  
                      sample (OG135-Ag-1c). 

 

5.7.4. Formation of silver nanoparticles on the surface of PS-co-P(4-VP) / PPC particles 

prepared by the miniemulsion process 

The silver ions were mixed with the PS-co-P(4-VP) / PPC latex particles (OG138) in a molar 

ratio of 1: 2.5 surface pyridyl groups to silver ions. After stirring for 24 h the development of 

a faint grey-violet color was observed, but it was not as intense as that observed for the homo- 

a b c
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PS-co-P(4-VP) particles. The composite particles (OG138) needed 72 h to reach the same 

color intensity reached by the homoparticles (OG135) after 24 h. The slower development of 

the color here confirms the role of the pyridyl groups in the reduction process, since here the 

concentration of the pyridine groups in case of the PS-co-P(4-VP) / PPC (OG138) particles is 

half that of the homo PS-co-P(4-VP) particles (OG138). The silver particles detected by TEM 

after 72 h (OG138-Ag-1) in Figure 5.49 are small particles of about 5 nm, adsorbed on the 

dark PS-co-P(4-VP) phase of the latex particles. 

 
Figure 5.49: TEM images of the developed silver particles on the surface of PS-co-  
                      P4VP / PPC particles prepared by the miniemulsion process without any   
                      reducing agent (OG138-Ag-1). 
 

Urotropine was used for the reduction of silver ions on the surface of the PS-co-P(4-VP) / 

PPC particles (OG138-Ag-4). The reduction of the silver ions was performed in a one 

reduction run. A yellowish-grey color was observed for the reduced sample, which indicates 

larger silver particles than that obtained without using reducing agent (OG138-Ag-2). The 

TEM results are shown in Figure 5.50; silver particles of 15 to 25 nm size are adsorbed 

preferentially on the dark phase of the particles. 

 

 
Figure 5.50: TEM images of silver nonoparticles immobilized on the surface of PS-co-P(4- 
                      VP) / PPC particles prepared by the Ouzo effect process (OG138-Ag-2). The   
                      silver ion concentration was 0.01M. 
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5.7.5. Formation of silver nanoparticles on the surface of PS-co-P(4-VP) / PPC particles 

prepared by the Ouzo effect process 

A dispersion of PS-co-P(4-VP) / PPC prepared by the Ouzo effect process (OGoz8) (see 

Table 5.13 for the characteristics) was used for the immobilization of silver nanoparticles. The 

silver ions were added to the dispersion in molar ratio 6.5: 1 silver ions to surface pyridyl 

groups. The reduction of the silver ions was done with urotropine in a one reduction run for. 

After reduction the yellowish-grey color was found. OGoz8-Ag-1 The TEM images of 

OGoz8-Ag-1 are shown in Figure 5.51. A higher density of the silver particles was observed 

here for OGoz8-Ag-1 than that observed for the miniemulsion particles OG138-Ag-2 (Figure 

5.49). The higher degree of coverage in this case is due to the higher molar ratio of silver ions 

to the pyridyl surface groups in case of OGoz8 than that of OG138, the concentration of silver 

ions with respect to the concentration of the pyridyl groups in case of OGoz8-Ag-1 is about 

2.5 fold that of OG138-Ag-2. 

 

 
Figure 5.51: Silver nanoparticles formed on the surface of PS-co-P4VP / PPC particles  
                      prepared by the Ouzo effect process. The silver ion concentration was 0.02 M  
                      (OGoz8-Ag-1). 
  

It was shown that silver nanoparticles were successfully formed on the surface of the PS-co-

P(4-VP) particles and the functionalized phase of the PS-co-P(4-VP) / PPC Janus particles. 

The x-ray measurements confirmed the formation of pure silver metal (x-ray spectra are not 

shown here). The degree of coverage of the silver particles on the surface of the particles is a 

function of the concentration of the silver ions in relation to the concentration of the surface 

functional groups. 
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5.7.6. Reduction of silver ions using NaBH4 on the surface of reference samples  

Silver ions were reduced with NaBH4 in the presence of PS or PPC latexes bearing no 

functionality. The amount of silver to that of latex was 1:6 for both PS and PPC. The idea was 

to confirm if the immobilization of the metal ions on the surface of the functionalized latex 

particles is an adsorption due to the functionality or due to precipitation of the metal particles 

while drying the TEM grids. The same conditions as used for the reduction of the silver ions 

on the surface of functionalized particles were employed. Comparing Figure 5.52a with 

Figure 5.42a, for PS and PS-co-PMAA, respectively, it is clear that there is no adsorption of 

silver particles on the surface of the PS particles (OG50-Ag-2). Similarly, there are no silver 

nanoparticles detected on PPC particles (OG24-Ag-2) as shown in Figure 5.52b. The formed 

silver particles in Figure 5.52a, b are large clusters of silver particles, and seem to be 

precipitated without any preferential adsorption on the surface of either the PS or the PPC 

particles. The results indicate that both the PS and PPC particles are not able to adsorb silver 

nanoparticles due to the absence of the functionality.  

 

                      
Figure 5.52: TEM images of silver particles prepared by the reduction of AgAc with sodium  
                      borohydride on the surface of reference samples, (a) PS particles (OG50-Ag-2)   
                      and (b) PPC particles (OG24-Ag-2). 

 

In general the carboxylic or pyridyl functional groups on the surface of the latex particles 

permitted the formation of silver nanoparticles adsorbed on the latex particles. Moreover 

Janus particles bearing functional groups on only one phase were found to be intelligent 

enough for the preferential adsorption of silver particles on the functionalized phase. It was 

further confirmed that the adsorption of silver nanoparticles on the latex particles is due to the 

functional carboxylic or pyridyl groups.  

a b



 

 124

5.8. Formation of gold nanoparticles on the surface of PS-co-PMMA / PPC and PS-co-

P(4-VP) / PPC Janus particles prepared  by the Ouzo effect process 

Gold nanoparticles on polymeric supports are of high interest for many applications such as 

catalysis, nanotechnology, and medical diagnostics [136, 142, 153, 154]. 

In the present study some trials to decorate the functionalized phase of the PS-co-PMMA/PPC 

and PS-co-P(4-VP) Janus particles with gold nanoparticles were performed. Such design will 

open the way for the dual functions of our Janus particles. 

Gold chloroauric acid, HAuCl4, was used as gold precursor. It is assumed that when the gold 

ion solution is added to the Janus particles which are featuring functionality on one phase; the 

functional groups (carboxyl or pyridyl) will coordinate with the gold ions. By reduction, in 

the next step, the gold atoms will preferably grow on the nuclei formed on the polymer 

particles rather than in the solution in a similar fashion as found for the silver nanoparticles 

(see part 5.7). 

Table 5.15 lists the gold-latex samples with the mass ratio of latex: gold, the reducing agents 

and colors of the samples after reduction. 

 

Table 5.15: Gold-containing latex samples. 

Sample code Mass ratio of 
latex : Au 

Molar ratio of surface 
groups : gold ions 

Reducing agent Color 

OGoz9II-Au-3 3 : 1 1 : 6.0 urotropine turbid purple 

OGoz9II-Au-5 3 : 1 1 : 6.0 urotropine turbid purple 

OGoz9II-Au-6 3 : 1 1 : 6.0 daylight faint violet  

OGoz9II-Au-1 3 : 1 1 : 6.0 sod. Citrate turbid purple 

OGoz9II-Au-4 3 : 1 1 : 6.0 sod. Citrate wine red 

OGoz8-Au-5 2.5 : 1 1 : 6.5 sod. Citrate wine red 

OGoz8-Au-1 2.5 : 1 1 : 6.5 daylight faint violet 

 

5.8.1. Formation of gold nanoparticles on the surface of PS-co-PMMA / PPC Janus 

particles 

The reduction was first performed with urotropine in a similar recipe as that used for the 

silver ions, using (PVP) as stabilizer. The second reducing agent used is sodium citrate, recipe 

quantities were the same as that for urotropine reduction. The molar ratio of gold ions to the 

surface carboxylic functional groups is 6: 1. 
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5.8.1.1. Reduction with urotropine 

The gold ion solution was mixed with the PS-co-PMMA / PPC particles dispersion (OGoz9II) 

and stirred for 24 h in order to give enough time for the adsorption of the gold ions on the 

carboxylic groups of the functionalized phase of the particles. The gold nanoparticles were 

formed by reduction of the gold ions with urotropine (OGoz9II-Au-3). The PVP was used as 

stabilizer for the gold nanoparticles. After the reduction a turbid purple color was observed. 

The sample was found to precipitate after some time. The first finding in the TEM results 

(Figure 5.53) was the formation of aggregates of the latex particles which may explain the 

turbid color obtained for the sample. These aggregates were not found in the case of silver 

nanoparticles (part 5.7). This can be attributed to the higher ionic strength of the HAuCl4 

solution. The second finding in the TEM results, as clearly seen in Figure 5.53, is that the gold 

nanoparticles are relatively large; some of them are even larger than the latex particles. The 

large particles are not expected to be agglomerates of smaller particles since the particles are 

stabilized with PVP. Moreover, some of the particles exhibit clearly the hexagonal crystal 

morphology. 

 
Figure 5.53: TEM images of gold particles formed on the surface of PS-co-PMAA / PPC  
                      particles, reduced with Urotropine (OGoz9II-Au-3). 
 

5.8.1.2. Reduction with sodium citrate 

The gold ion solution was mixed with the PS-co-PMMA / PPC particle dispersion (OGoz9II) 

and stirred for 24 h. Then the silver ions were reduced with sodium citrate. The color of the 

reduced sample (OGoz9II-Au-1) was turbid purple which indicates an aggregation of the latex 

particles. The sample was also found to precipitate after some time. In this case also 

aggregates of the latex particles and large gold particles were observed in TEM (see Figure 

5.54).  The aggregation of the latex particles is attributed to the high ionic strength of the 

HAuCl4 solution. The formed gold nanoparticles are large and it is believed that they are 

single particles and not agglomerates of small gold particles as the particles are stabilized with 
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PVP in addition to the stabilizing effect of the citrate ions. The gold nanoparticles are larger 

than expected. Since the citrate reduction is relatively faster than the urotropine reduction, it 

was expected to obtain smaller gold particles than that obtained for urotropine. This leads to 

the conclusion that the kinetics of particle growth in the case of gold particles is very fast and 

the reduced gold atoms prefer to grow on a well formed nuclei rather than forming new 

nuclei. 

 
Figure 5.54: TEM images of gold particles formed on the surface of PS-co-PMAA/PPC  
                      particles, reduced with sodium citrate (OGoz9II-Au-1). 
In order to obtain smaller gold particles the rates of nucleation and particle growth should be 

controlled. The dilution of the reaction mixture was expected to slow down the rate of particle 

growth and increase the rate of nucleation which in consequence results in smaller particle 

size.  

 

5.8.1.3. Reduction with urotropine in diluted sample 

The gold ion solution was added to the latex particle dispersion (OGoz9II) and diluted with 

H2O to one sixth. The reaction mixture was then stirred for 24 h. Then PVP as stabilizing 

agent was added and the reduction was performed with urotropine (OGoz9II-Au-5). The color 

of the sample was turbid purple color. The turbidity is most probably due to the aggregation 

of the latex particles, after some time a precipitate formed. The TEM results in Figure 5.55 

showed that the latex particles agglomerated as expected. The gold particles resulted here are 

smaller and better distributed on the latex particles, but they are still larger than the silver 

nanoparticles (compare Figure 5.55 with 5.47). This may confirm that the rate of particle 

growth of gold particles is faster than that of silver. The contrast between the two phases of 

the Janus particles is lost for some extent due to the presence of the gold nanoparticles. Gold 

particles have a higher electronic contrast in TEM than the silver particles due to the higher 

electron density of gold. However, it is still possible to recognize that the gold particles are 

adsorbed on the darker phase of the PS-co-PMAA. 
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Figure 5.55.: TEM images of gold nanoparticles formed on the surface of PS-co-PMAA/PPC  
                       particles, reduced with urotropine (OGoz9II-Au-5). 
 

5.8.1.4. Reduction with sodium citrate in diluted sample 

The gold ion solution was added to the latex particle dispersion (OGoz9II) and diluted with 

H2O to one sixth. The reaction mixture was then stirred for 24 h. The reduction was 

performed with urotropine (OGoz9II-Au-4). The resulted color of the reduction process was 

wine red, which is a typical color for colloidal gold in the size range of 10 to 20 nm [155]. The 

sample was found to be stable and no precipitate was formed. As shown in Figure 5.56 the 

dilution of the reaction mixture supports the development of smaller gold particles in the 

range of 10 to 30 nm when performing the reduction with sodium citrate. But the particles 

seem to precipitate everywhere, not only on the latex particles. Some pictures clearly show 

that the gold particles are adsorbed on the PPC phase; there are two reasons that may 

contribute to this finding. First is the mechanism of the citrate reduction; the reduction with 

citrate proceeds as follows: 

 

 
 

The sodium citrate can be considered as a fast reducing agent, although the change in the 

color of the reduction reaction to the wine red is not immediate. However, it was reported that 

in the citrate reduction of AuCl4
- there is an induction period [156]. This induction period was 

not observed and a rapid formation of colloidal gold takes place when the reduction was 

performed by acetone dicarboxylate, which is an oxidation product of the citrate [156] as shown 

in Equation 5.6. The fast reduction process may not permit enough time for the selective 

adsorption. The second reason that may contribute to the non adsorption of the gold particles 
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on the carboxylic functionalized phase is the precursor of the gold ions (HAuCl4). In the 

solution the gold ions exist as AuCl4
-, the negatively charged ion may have some interference 

with the partially deprotonated carboxylic acid, taking to consideration that the pKa of MAA 

is 4.66 [132]. The effect was obvious in the case of using the citrate as reducing agent since the 

negatively charged citrate ions, which are surrounding the formed gold particles [95], have also 

electrostatic repulsion with the partially deprotonated carboxylic groups on the PS-co-PMAA 

phase. The case can be considered as selective adsorption of the gold nanoparticles but on the 

unfunctionalized face of the particles. 

 

 
Figure 5.56: TEM images of gold particles formed on the surface of PS-co-PMAA/PPC  
                    particles, reduced with sodium citrate (OGoz9II-Au-4). 
 

5.8.1.5. Reduction with daylight 

After the gold ions were added to the latex particle dispersions (OGoz9II) the reaction 

mixture was left to stir in day light for three days (OGoz9II-Au-6). A faint violet color was 

observed and assumed to be due to the formation of gold nanoparticles. The development of 

the gold particles in the size range from 5 to 40 nm was detected by TEM as shown in Figure 

5.57. The gold particles are preferentially adsorbed on the PS-co-PMAA phase. It was 

reported that UV radiation was used for the photochemical reduction of gold ions to form gold 

nanoparticles from HAuCl4 precursor solution [157]. In our case the UV component of the day 

light causes the development of the free radicals which reduces the gold ions [95]. This means 

that the UV radiation can be used for a clean slow reduction method to develop gold 

nanoparticles on the functionalized latex. 
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Figure 5.57: TEM images of developed gold nanoparticles on the PS-co-PMAA particles  
                      after stirring in daylight for three days (OGoz9II-Au-6). 
  

 

5.9. Formation of gold nanoparticles on the surface of PS-co-P(4-VP) / PPC Janus 

particles 

5.9.1. Reduction with sodium citrate 

The gold ions were added to the PS-co-P(4-VP) particle dispersion (OGoz8) in 6.5: 1 molar 

ration of gold ions to pyridyl surface groups. PVP was added as stabilizer and then the 

reduction was performed by citrate reduction (OGoz-Au-5). The color of the reduced sample 

was wine red, and the sample was found to be stable. The TEM results in Figure 5.58 show 

that gold particles with a uniform particle size of about 20 nm were formed. The results 

showed a better tendency of the gold particles to adsorb on the PS-co-P(4-VP).  

The results of the citrate reduction for the PS-co-PMAA / PPC and the PS-co-P(4VP) / PPC 

particles indicate that the choice of the reducing agent is not only important for the control of 

the particle size and size distribution, but also for a successful adsorption process. The type of 

functionality should be accounted for when the reducing agent is chosen.  

 

 
Figure 5.58: TEM images of gold particles formed on the surface of PS-co-P(4-VP) / PPC    
                      particles, reduced with sodium citrate (OGoz8-Au-5). 
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5.9.2. Reduction with daylight 

A PS-co-P(4-VP) particle dispersion (OGoz8) stirred with gold ions for three days in day light 

showed a faint violet color (OGoz8-Au-1), the development of gold nanoparticles was 

observed by TEM. Figure 5.59 shows that gold particles with a size of 5 to 30 nm were 

formed and adsorbed preferentially on the PS-co-P(4-VP) phase of the latex particles.  

 

 
Figure 5.59: TEM images of developed gold nanoparticles on the PS-co-P(4-PV) particles  
                      after stirring in day light for three days (OGoz8-Au-1). 

 

As shown, the results revealed that the choice of the reducing agent is crucial, first of all to 

get successful immobilization and secondly to control the metal particle size and distribution. 

In general the Janus particles prepared in this study were shown to be intelligent enough for 

the selective adsorption of the formed metal nanoparticles on the functionalized face. This 

open the way to think about different types of fictionalization and designing particles with 

two faces each of them functionalized with different functional groups. The successful 

immobilization of the in situ formed metal nanoparticles on the functionalized phases was 

found to be sensitive for many factors. The agglomeration of the latex particles that was 

observed for some of the urotropine reduction of gold ions is most probably due to the use of 

the ionic surfactant (SDS), a problem that could be avoided if a nonionic surfactant is used. 

The choice of the reducing agent which has an influence on the dynamics of the reduction 

process highly influences the metal particle size and their distribution on the latex particles. 

The type of the functional groups in relation to the metal precursor should be considered for a 

good control of the selective adsorption of the metal nanoparticles on the surface of the 

functionalized phases. The presence of stabilizer for the metal nanoparticles is important for 

some reduction processes in order to have a successful immobilization.  
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6. Summary 
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The main objective of this work was the investigation of the phase separation behavior of 

polymer blends in confined geometries, the small droplet. Understanding such behavior and 

its control is of crucial importance for further development of functional heterophase systems. 

The phase separation behavior of binary polymer blends within the nanoparticles was 

investigated. The second objective of the work was to fabricate programmed particles by 

designing hemispherical morphologies featuring different surface properties on the 

hemispheres. The selective adsorption of metal nanoparticles on the functionalized phase 

confirmed the coding of the particles. 

 

The miniemulsion process was used for the preparation of the polymer dispersions from 

synthetic polymers. The process was applied in combination with the solvent evaporation 

method. First latexes of two polymers, namely PS and PPC, were prepared. The latex particle 

size was controlled with the surfactant and polymer solution concentrations.  

 

Approaches relying on the miniemulsion process were followed for the preparation of latex 

blends from PS and PPC. In the first approach blends of PS and PPC were prepared by simple 

mixing of two latexes of the two polymers. The TEM and AFM results showed that the 

particles of the two polymers are statistically distributed through each other and no separate 

domains were formed.  

 

In the second approach composite particle latexes were prepared by emulsifying a mutual 

solution of the two polymers (PS and PPC). The particles containing the two polymers 

showed a biphasic hemispherical morphology. The behavior of the phase separation between 

the two polymers is strictly following the Flory-Huggins theory. The phase separated 

morphology is formed during the evaporation of the solvent from the miniemulsion droplets, 

causing the increase of the two polymer concentrations above the demixing level. The 

developed hemispherical morphology was concluded to be equilibrium morphology under 

thermodynamic control, since the surfactant concentration was high enough to minimize the 

interfacial tensions between the two polymers and the water phase. 

 

The role of surfactant in the development of equilibrium morphology was shown to have an 

influence on the morphology. The complete coverage of the surfactant molecules on the 

surface of the particles influences the particles towards the development of complete phase 

separated hemispherical morphology. 
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The effect of comprising two polymers of different polarities on the morphology development 

was examined, using composite particles of PS / PMMA and PS / PBA, respectively. The 

results revealed that if the surfactant concentration is not high enough to eliminate the 

preferential interaction of the polar polymer with the aqueous phase, then the development of 

the core-shell morphology predominates, where the polar polymer (PMAA or PBA) forms the 

shell and the nonpolar PS forms the core. 

 

Spontaneous emulsification also known as Ouzo effect was used for the preparation of PS 

latexes and PS / PPC composite blend particle latexes, too. The composite particles of PS / 

PPC prepared by the Ouzo effect process exhibit a well defined biphasic hemispherical 

morphology in the case of using SDS as a surfactant. For the composite particles prepared 

without SDS the coexistence of a completely phase separated biphasic morphology and the 

incompletely phase separated sandwich like morphology was found, ensuring the role of 

surfactant concentration for the development of equilibrium phase separated morphology. 

 

A functionalization of the particles could be obtained by using PS-co-PMAA or PS-co-P(4-

VP) as polymers. The homo PS-co-PMAA particles, prepared by the miniemulsion process, 

were used as substrates for the immobilization of in situ prepared silver nanoparticles. 

Different reducing agents were used for the in situ reduction of silver acetate. Hydrazine 

hydrate resulted in the formation of tiny silver nanoparticles. The fast reduction process of the 

hydrazine hydrate did not give all silver atoms the chance to get adsorbed to the surface of the 

latex particles. Sodium borohydride as reducing agent showed better results, since the formed 

metal nanoparticles were found to be homogeneously adsorbed to the PS-co-PMAA particles. 

A slower reduction process was performed using urotropine as reducing agent leading to a 

homogeneous distribution of larger silver nanoparticles than those prepared by the former two 

reducing agents.  

 

Janus particles featuring carboxylic or pyridyl groups on one side of the biphasic 

hemispherical particles were prepared by both miniemulsion and Ouzo effect processes. Janus 

particles of PS-co-PMAA / PPC were used for the immobilization of silver nanoparticles on 

the PS-co-PMAA phase. The results showed the preferential adsorption of the silver particles 

to the PS-co-PMAA phase due to the functionality on this phase. The degree of coverage of 

the silver nanoparticles on the functionalized phase was found to be a function of the silver 

ion concentration. Similarly, the PS-co-P(4-VP) / PPC Janus particles, were used as substrates 
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for the immobilization of silver particles. The results showed the preferential adsorption of the 

silver particles to the functionalized PS-co-P(4-VP) phase of the particles.  

 

Janus particles of PS-co-PMAA / PPC were used for the immobilization of gold nanoparticles 

on the PS-co-PMAA phase. Two different reducing agents were used, namely, urotropine and 

sodium citrate. In both cases the latex particles tended to form aggregates, due to the higher 

ionic strength of the chloroauric acid solution compared to the silver acetate solution. The 

gold particles reduced with the citrate ions were found to have low affinity towards the 

functionalized phase In the case of urotropine reduction, the gold particles were found to be 

larger in size and fewer in number if compared with that of citrate reduction or with 

urotropine reduction of silver nanoparticles prepared from the same ionic concentration. This 

indicates a faster rate of particle growth in case of gold compared with silver.  

  

The PS-co-P(4-VP) / PPC Janus particles, were used as substrates for the immobilization of 

gold nanoparticles, too. The reduction of the gold ions was done by sodium citrate. The gold 

particles prepared by the citrate reduction showed better adsorption on the pyridyl 

functionalized phase than that found for the carboxylic functionalized Janus particles.  

 

The results revealed that the choice of the reducing agent is crucial, first of all to get 

successful immobilization and secondly to control the metal particle size and distribution. The 

type of the functional groups in relation to the metal precursor and the stabilizer should be 

considered for a good control of the selective adsorption of the metal nanoparticles on the 

surface of the functionalized phases. 

As shown in this study, polymer blend latexes with well defined phase separated dimension 

and morphology were successfully prepared. The study provided valuable information about 

the phase separated morphology of binary blends in nanoparticles.  

Intelligent Janus particles were fabricated successfully in a rather straight forward strategy. 

The principles can be used for the design and fabrication of other particle systems bearing 

other functionalities. Nonionic surfactant can be used for the fabrication of functionalized 

particles or Janus particles to be used as substrates for the formation of the metal 

nanoparticles on their surface. That may avoid the agglomeration of the latex particles due to 

the high ionic strength of some metal ion solutions. Janus particles with magnetite 

nanoparticles on one phase are interesting future work for the production of particles which 

can be oriented in magnetic fields. 
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7.1. List of abbreviations 

AA   acrylic acid    

AFM   atomic force microscopy 

AIBN   azobis(isobutyrolnitryl) 

AgAc   silver acetate 

cmc   critical micelle concentration 

DLS   dynamic light scattering 

DSC   differential scanning calorimetry 

F8BT poly-(9,9-dioctylfluorene-2,7-diyl-co-benzothiadiazole) 

GMA   glycidyl methacrylate  

GPC   gel permeation chromatography 

HEA   hydroxyethyl acrylate  

HPA   hydroxypropyle acrylate  

LCST   lower critical solution temperature 

MAA   methacrylic acid 

NIPAM   N-isopropylacrylamide  

PBA   poly (n-butylacrylate) 

PCD   particle charge detector 

PDADMAC  poly(diallyldimethyl ammonium chloride) 

PDI polydispersity index  

PFB poly(9,9-dioctylfluorene-2,7-diyl-co-bis-N,N’-(4-butylphenyl)-bis-

N,N’-phenyl-1,4- phenylenediamine) 

PMAA   poly(methacrylic acid) 

PMMA  poly(methyl methacrylate) 

PPC   poly(propylene carbonate) 

PS   polystyrene 

PSS    poly(styrene sulfonate sodium salt)  

P(4-VP)  poly(4-vinylpyridine) 

PVA    polyvinyl alcohol 

PVP    polyvinylpyrrolidone 

SDS   sodium dodecyl sulfate  

SPG   shirasu porous membrane 

St   styrene 

TEM   transmission electron microscopy 
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TGA   thermogravimetric analysis 

THF   tetrahydrofurane 

US   ultrasound 

UV   ultraviolet 

UCST   upper critical solution temperature 

VP   vinylpyridine 
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7.2. List of symbols 

A   surface area of an interface  

d   density 

G   Gibbs free energy  

Gmix   Gibbs free energy of mixing 

H   Enthalpy  

Hmix   Enthalpy of mixing  

k   Boltzmann constant 

N   number of molecules 

S   Entropy 

Smix   Entropy of mixing 

S    spreading coefficient  

T   temperature in Kelvin 

Tg   glass transition temperature 

φ   volume fraction 

χ   Flory-Huggins interaction parameter  

σ    interfacial tension 

γ    interfacial tension  
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Das Hauptziel dieser Arbeit war die Untersuchung des Phasenseparationsverhaltens von 

Polymerblends in begrenzten Geometrien, d.h. hier in kleinen Tropfen. Das Verständnis 

solchen Verhaltens und dessen Kontrolle ist von entscheidender Bedeutung für die 

Weiterentwicklung funktioneller Heterophasensysteme. Das Phasenseparationsverhalten eines 

binären Polymerblends innerhalb der Nanopartikel wurde untersucht. Das zweite Ziel der 

Arbeit war die Herstellung von programmierten Teilchen durch die Gestaltung 

hemisphärischer Morphologien mit unterschiedlichen Eigenschaften auf den jeweiligen 

Oberflächen der Hemisphären. Die selektive Adsorption von Metallnanopartikeln auf der 

funktionalisierten Phase bestätigt die Programmierung der Teilchen.  

 

Für die Herstellung der Polymerdispersionen aus synthetischen Polymeren wurde das 

Miniemulsionsverfahren angewandt. Der Prozess wurde in Kombination mit der 

Lösungsmittel-Verdunstungs-Methode durchgeführt. Zunächst wurden Latices aus zwei 

Polymeren, nämlich PS und PPC, hergestellt. Die Latex-Partikelgröße wurde über die Tensid- 

und die Polymerlösungs–Konzentrationen kontrolliert.  

 

Für die Herstellung von Latexblends aus PS und PPC wurden auf dem Miniemulsionsprozess 

basierende Ansätze verfolgt. Im ersten Ansatz wurden Blends aus PS und PPC durch 

einfaches Mischen zweier Latices aus den beiden Polymeren hergestellt. Die Ergebnisse der 

TEM- und AFM-Untersuchungen zeigten eine statistische Verteilung der Polymerpartikel und 

keine separaten Domänen. 

 

Im zweiten Ansatz wurden Kompositpartikel durch Emulgieren einer homogenen Lösung der 

beiden Polymere (PS und PPC) erzeugt. Die Partikel, die die beiden Polymere enthalten 

wiesen eine zweiphasige hemisphärische Morphologie auf. Das Phasenseparationsverhalten 

zwischen den beiden Polymeren folgt streng der Flory-Huggins Theorie. Die Morphologie der 

getrennten Phasen bildet sich während der Verdunstung des Lösungsmittels aus den 

Miniemulsionströpfchen aus, wodurch die Konzentration der beiden Polymere über die 

Entmischungsgrenze ansteigt. Da die Tensidkonzentration genügend hoch war, um die 

Grenzflächenspannung zwischen den beiden Polymeren und der Wasserphase zu minimieren, 

wird angenommen, dass die Hemisphären eine Gleichgewichtsmorphologie unter 

thermodynamischer Kontrolle darstellen.  

 

Die Rolle des Tensids in der Entwicklung der Gleichgewichtsmorphologie wurde vorgestellt, 
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um zu zeigen, dass die Morphologie beeinflusst werden kann. Die vollständige Bedeckung 

der Partikeloberfläche mit Tensidmolekülen beeinflusst die Teilchen in Richtung einer 

vollständig phasenseparierten Hemisphärenmorphologie.  

Die Wirkung zweier Polymere unterschiedlicher Polarität auf die Morphologie wurde 

untersucht, indem Kompositpartikel aus PS / PMMA beziehungsweise PS / PBA eingesetzt 

wurden. Die Ergebnisse zeigten, dass, wenn die Tensidkonzentration nicht genügend hoch ist, 

um die bevorzugte Wechselwirkung der polaren Polymere mit der wässrigen Phase zu 

eliminieren, die Entwicklung einer Kern–Schale-Morphologie Oberhand gewinnt, wobei die 

polaren Polymere (PMAA oder PBA) die Schale und das unpolare PS den Kern bilden.  

 

Spontane Emulgierung - auch bekannt als Ouzo-Effekt - wurde ebenfalls für die Herstellung 

von PS Latices und PS / PPC Kompositpartikeln eingesetzt. Die über den Ouzo-Effekt 

hergestellten Kompositpartikel aus PS / PPC weisen eine gut definierte zweiphasige 

Hemisphären-Morphologie im Falle der Verwendung von SDS als Tensid auf. Im Falle der 

Kompositpartikel, die ohne SDS hergestellt wurden, wurde die Koexistenz einer völlig 

phasenseparierten zweiphasigen Morphologie und einer unvollständig phasenseparierten 

sandwichähnlichen Morphologie gefunden. Dies verdeutlicht die Rolle der 

Tensidkonzentration für die Entwicklung der Gleichgewichtsmorphologie.  

 

Eine Funktionalisierung der Partikel konnte mit Hilfe der Copolymere PS-co-PMAA 

beziehungsweise PS-co-P(4-VP) als Polymerbestandteile erreicht werden. Einheitliche PS-co-

PMAA-Partikel, hergestellt mittels Miniemulsionsprozess, wurden als Substrate für die 

Immobilisierung von in situ präparierten Silbernanopartikeln eingesetzt. Verschiedene 

Reduktionsmittel wurden für die in situ Reduktion von Silberacetat verwendet. 

Hydrazinhydrat führte zur Bildung winziger Silbernanopartikel. Die schnelle Reduktion durch 

Hydrazinhydrat ermöglichte nicht allen Silberatomen die Adsorption auf der Oberfläche der 

Latexpartikel. Natriumborhydrid als Reduktionsmittel ergab bessere Ergebnisse, da die 

Metallnanopartikel homogen adsorbiert auf den PS-co-PMAA-Partikeln gerfunden wurden. 

Die Verwendung von Urotropin als Reduktionsmittel führte zu einem langsameren 

Reduktionsprozess und damit zu einer homogenen Verteilung größerer Silbernanopartikel als 

diejenigen, die durch die beiden zuvor genannten Reduktionsmittel erhalten wurden.  

 

Janus Teilchen mit Carbonsäure- oder Pyridyl-Gruppen auf einer Seite der zweiphasigen 

Hemisphären-Partikel wurden sowohl mittels Miniemulsionsprozess als auch Ouzo-Effekt 
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hergestellt. Janus Teilchen aus PS-co-PMAA / PPC wurden für die Immobilisierung von 

Silbernanopartikeln auf der PS-co-PMAA-Phase verwendet. Die Ergebnisse zeigtendie 

bevorzugte Adsorption der Silberpartikel auf der PS-co-PMAA-Phase aufgrund der 

Funktionalität dieser Phase. Der Bedeckungsgrad der Silbernanopartikel auf der 

funktionalisierten Phase hängt dabei von der Silberionenkonzentration ab. Auch die PS-co-P 

(4-VP) / PPC Januspartikel wurden als Substrate für die Immobilisierung von Silberpartikeln 

eingesetzt. Die Ergebnisse zeigten die bevorzugte Adsorption der Silberpartikel auf der 

funktionalisierten PS-co-P(4-VP) Phase.  

 

Janusteilchen aus PS-co-PMAA / PPC wurden für die Immobilisierung von 

Goldnanopartikeln auf der PS-co-PMAA-Phase angewandt. Zwei verschiedene 

Reduktionsmittel wurden eingesetzt, nämlich Urotropin und Natriumcitrat. Aufgrund der 

höheren Ionenstärke der Goldsäurelösung im Vergleich zur Silberacetatlösung neigten in 

beiden Fällen die Latexpartikel zur Bildung von Aggregaten. Die mittels Citratreduktion 

hergestellten Goldpartikel zeigten eine geringe Affinität zur funktionalisierten Polymerphase. 

Im Fall des Urotropinreduktionsprozesses bildeten sich größere aber dafür weniger 

Metallpartikel verglichen mit Citrat oder Urotropin als Reduktionsmittel bei der Erzeugung 

von Silbernanopartikeln, die bei gleicher Inonenstärke hergestellt wurden. Dies weist auf ein 

schnelleres Teilchenwachstum im Fall von Gold im Vergleich zu Silber hin.  

 

Die PS-co-P(4-VP) / PPC Januspartikel wurden ebenfalls als Substrate für die 

Immobilisierung von Goldnanopartikeln eingesetzt. Die Reduzierung der Goldionen wurde 

mit Hilfe von Natriumcitrat durchgeführt. Die Goldpartikel, die durch Citrat-Reduktion 

hergestellt wurden, wiesen eine bessere Adsorption auf der pyridylfunktionalisierten Phase als 

auf den carboxylfunktionalisierten Janus Teilchen auf.  

 

Die Ergebnisse zeigten, dass die Wahl des Reduktionsmittels von entscheidender Bedeutung 

ist für (1.) eine erfolgreiche Immobilisierung und (2.) die Kontrolle von Partikelgröße und -

verteilung. Die Art der funktionellen Gruppen im Zusammenhang mit der Metallvorstufe und 

dem Stabilisator sollten berücksichtigt werden um eine selektiven Adsorption der 

Metallnanopartikel auf der Oberfläche der funktionalisierten Phasen zu gewährleisten.  

Wie in den vorliegenden Untersuchung gezeigt, konnten Polymerblend-Latices mit wohl 

definierter Dimension und Morphologie der separierten Phasen erfolgreich erzeugt werden. 
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Die Studie lieferte wertvolle Informationen über die Phasenseparationsmorphologie binärer 

Mischungen in Nanopartikeln.  

Intelligente Janus Teilchen wurden erfolgreich auf unkompliziertem Wege hergestellt. Die 

Prinzipien können für das Design und die Herstellung anderer Partikelsysteme mit anderen 

Funktionalitäten verwendet werden. Nichtionische Tenside können für die Herstellung 

funktionalisierter Partikel oder Januspartikel als Substrate für die Bildung von 

Metallnanopartikeln auf deren Oberfläche zum Einsatz kommen. Dies könnte die 

Agglomeration von Latexpartikeln aufgrund der hohen Ionenstärke einiger Metallionen–

Lösungen vermeiden. Januspartikel mit Magnetitnanopartikeln auf einer Phase stellen 

interessante Nanomaterialien dar, die in magnetischen Feldern ausgerichtet werden können 
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