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Abstract 

The steric; stabilisation of colloidal silica particles with grafted polystyrene chains is 

investigated. The stability and aggregation behaviour was investigated in toluene (a good 

solvent for polystyrene) and in cyclohexane (a marginal solvent for polystyrene). 

Monodisperse silica particles were prepared by the St6ber synthesis with diameters of 

approximately 90 nm. Polystyrene chains with molecular weights of approximately 1000, 

27,000 and 71,000 g morl were synthesised by anionic polymerisation. The effect of 

varying the thickness of the grafted polymer layer was investigated with respect to the 

dispersion stability in toluene, cyclohexane and toluene / cyclohexane mixtures. The 1000 

g mor, molecular weight polystyrene-grafted silica particles were stable in pure toluene at 
high surface coverage but could be destabilised by adding cyclohexane, which has a theta 

temperature of approximately 35 *C for polystyrene. The silica particles were only stable in 

cyclohexane when high molecular weight polystyrene (27,000 g morl and7l, 000gmorl) 

was grafted to a high coverage. For the 27,000 g morl system, aggregation was induced by 

lowering the temperature so that the solvency of the steric layer in the continuous phase 

was reduced. 

The aggregation mechanism and kinetics were investigated at low concentrations (0.04 - 
0.08 v/v %) using small angle light scattering. For quenches deep into the unstable region, 

a fractal dimension of approximately 1.7 was measured, which suggests a diffusion-limited 

mechanisrn. However, for quenches to higher temperatures, more compact structures were 
formed with a fractal dimension of approximately 1.9. This value represents a mechanism 
intermediate to difflasion-limited and reaction-limited aggregation. At high particle 

concentrations, it was possible to form gels by quenching into the unstable region. Their 

subsequent settling behaviour was investigated for different quench temperatures. 

A theoretical mean field method was used to quantify the interaction between the particles, 
from which quantitative agreement was fotind for the thickness of the steric layer measured 
in cyclohexane by experiment. Comparison with other work and theory were also used to 

explain the observed stability, phase behaviour and aggregation mechanism and kinetics in 

the non-aqueous media. 
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1. Introduction 

1.1 Colloidal Systems 

1.1.1 Definition 

When one substance is dissolved in another to form a solution, the solute almost 

completely disperses itself throughout the continuous phase (the solvent). The solute 

particles contain at most two or three individual molecules and are of comparable size to 

the solvent molecules. Typically, this size has dimensions of less than I nm. 

Matter may also distribute in a continuous phase so that the dispersed particles contain 

many more molecules. This system, known as a "colloidal dispersion7, may be thought as 
being intermediary to the macroscopic and solution cases. The formal definition of a 

colloidal dispersion is a system that consists of a continuous medium and a dispersed phase 

of particles with at least one dimension in the range I to 1000 mn. 

In a colloidal systen-4 the disperse and continuous phases may be any of the states of 

matter. For example, when colloidal liquid droplets disperse in another liquid, emulsions 

such as milk or mayonnaise are formed. Similarly, an example of a colloidal dispersion of 

solid particles dispersed throughout a liquid is household paint. Colloidal dispersions are 

extremely diverse in everyday life. Other examples of colloids range from aerosol 
hairsprays which contain liquid droplets dispersed in a gaseous medium to carbonaceous 
impurity particles dispersed in the lubricant oil in car engines. A good introduction to 

colloidal science is given in the book by Hunter (1). 

Colloidal dispersions may be formed in a number of ways. One method involves breaking 

down a substance (the "disperse phase") into very small particles and then distributing 

them through another substance (the "dispersion medium7' or "continuous phase"). For 

example, emulsions may be formed when one liquid is'vigorously agitated in another. 
Colloidal particles may also be produced when molecules aggregate together to produce 
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larger particles. An example is the aggregation of surfactantrnolecules to form spherical 

micelles. 

Another method to form colloidal dispersions is to chemically grow the particles from 

solution. In this work, silica particles are grown in the hydrolysis of tetraethylorthosilicate. 

In this reaction, the hydrolysis occurs in an ethanol / water solution, with an ammonia 

catalyst, and results in the precipitation of monodisperse colloidal particles. 

1.1.2 Motivation - Stability of Colloidal Dispersions 

An important aspect in the production of colloidal dispersions is their stability. Attractive 

van der Waals London forces act between all colloidal particles due to the instantaneous 

fluctuations of the electron clouds on individual molecules, inducing dipole-dipole 

attractions (2). If the particles were not stabilised by some means, these forces would cause 

macroscopic aggregation. This aggregation may be weak resulting in the reversible 
"flocculation7' of the particles. If however the attractive forces are strong, "coagulatiorf' of 

the particles may result in the formation of open aggregate structures. 

Colloidal dispersions may be stabilised by electrostatic charges present on the surface of 

the particles. In this case, stability is inferred from the repulsion of the like charges. 
Polymers may also be used to stabilise colloidal dispersions against aggregation by means 

of electrostatic or steric effects from their physical or chemical adsorption onto the surface 

of the particles (3). If the polymer molecules contain a charge, it is possible to infer 

stability from electrostatic effects as described above. The other important property of 

adsorbed or grafted polymers is that they may "shield" the particles from van der Waals 

forces by preventing them from approaching so close that the attraction is great enough to 

cause aggregation. This form of stabilisation is known as "steric stabilisation" (4,5) and is 

represented in figure 1.1 below. The work in this thesis involves the steric stabilisation of 

colloidal particles in non-aqueous media. 
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1.1. Simplified inter-particle pair potential, consisting steric der Waals 

The structure of the steric layer (which extends a distance L from the particle surface) 
depends on both the nature of the stabilising species, and also on the means by which it is 

attached. The length and flexibility of adsorbed polymer chains have a significant effect on 
the range and magnitude of the repulsive potential. Chemically grafted polymers may be 

attached by one end to the particle, and therefore extend into dispersion, whereas 

physisorbed chains may lie flat on the surface. Furthermore, the surface coverage of the 

adsorbed species will effect the rigidity and effectiveness of the stabilising layer. 

The motivation behind this research is to acquire an understanding into the general 

stability, aggregation and phase behaviour of sterically-stabilised colloidal particles in non- 

aqueous media. As described in the previous section, it is very important to understand 
how to stabilise colloidal particles, and in particular under which conditions they may 

aggregate. For example, this research was partly funded by Shell' since the stability of 

colloidal particles in engine oil is very important in industrial applications (6,7). In 

engines, impurity particles (such as carbon deposits) can build up in the motor oil over 
time. It is desirable to avoid the presence of irreversibly aggregated, open floc structures 

since these form viscous dispersions which may seriously impede the performance of the 

engine. Moreover, it is preferable that the oil contains stable or weakly flocculating 
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particles in order to inhibit aggregation and sedimentation. This work is relevant to the 

study of these dispersions, because the polymer-stabilised particles, dispersed in various 

non-aqueous media, may be used to model the behaviour in the real systems. 

It is possible to induce the aggregation of sterically-stabilised particles by reducing the 

solvent quality. A steric layer is most effective at stabilising particles in good solvency 

conditions when the polymer chains are most extended into the dispersion medium. 
However, aggregation may occur when the temperature is lowered sufficiently so that the 

polymer chains are no longer soluble. Under such conditions, they collapse back to the 

particle surface and preferentially dissolve in each other, rather than in the dispersion 

mediurn. The attractive and repulsive forces which may act between colloidal particles will 
be described in more detail in section 2.3. 

There has been much previous work on the phase behaviour of colloidal particles with a 

relatively thin steric layer, such as short stearyl-alcohol chains grafted to the surface of 

monodisperse silica particles (8-15). However, less research has been performed on the 

phase behaviour and aggregation mechanism of particles with longer steric layers (9,16- 

20). 

In this work, polystyrene chains were grafted to silica particles, and the thickness of the 

steric layer was varied by changing the molecular weight and surface coverage of the 

polymer chains. For one system, the dispersion properties were investigated in 

cyclohexane, which is a marginal solvent for polystyrene. In this case, the solvency was 
lowered by decreasing the temperature, and the phase behaviour and aggregation 

mechanism were investigated. The 'results were compared to theoretical predictions, in 

order to obtain an understanding of the inter-particle forces which control the observed 

stability in non-aqueous media. 
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1.2 Previous Research - Phase Behaviour of Colloidal Dispersions 

1.2.1 Depletion Attraction - Short to Long Range Attractive Forces 

Previous research has shown that particles with attractive inter-particle pair potentials may 

exhibit a very rich phase behaviour, which depends on both the range and strength of the 

attraction. This has been studied extensively for colloidal dispersions with added polymer 
that does not adsorb to the particle surfaces. Early theoretical work into the depletion 

attraction was performed by Asakura and Oosawa (21,22) and it was later investigated by 

Vincent et al. (23). A recent review is given by Poon, Pusey and Lekkerkerker (24). In this 

system, the polymer is excluded from a region in-between particles which are closer 
together than the diameter of a polymer molecule, resulting in an osmotic or "depletiolf' 

attraction. This phenomenon is illustrated in figure 1.2 below, adapted from the review of 
Poon et al. 

/ --" / 
The polymer molecules are excluded 
(depleted) from the lens-shaped region 
between the colloidal particles when 
their surface separation is less than the 
average diameter of the free molecules. 

The thickness of the dashed shells is 
equal to the diameter of the polymer 
molecules. 

This exclusion causes an in-balance in 
osmotic pressure and results in an 
attractive force as illustrated. 

Figure 1.2. Depletion attraction 

There have been many studies on colloidal systems with a depletion attraction due to free 

added polymer (9,16,25-27). In the review of Poon et al. (24), it was described that it is 

possible to change the range and strength of the attraction by altering the size and 
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concentration of the polymer molecules in solution. In general, it can be approximated that 

the range of the attraction scales as Rg, where R. is the radius of gyration of a polymer 

molecule. Similarly, the attractive well depth (U,, ), representing the strength of the 

attraction, increases with the concentration of free polymer. In this way, it is possible to 

examine the phase behaviour of such systems with an accurate estimate of the inter-particle 

potential. 

For the depletion system, stable gas, liquid and solid states have been observed for 

colloidal dispersions, similar to those for atomic or molecular systems (24). The gaseous 

phase may be considered a stable dispersion, where there is no long-range order. In the 

colloidal liquid phase, some order is present, whilst ordered crystals have been observed in 

the solid phase (28). 

For "hard-sphere" systems, in which there is just an "infinite" repulsion on contact, and no 

attraction between the particles (29), the colloidal particles may be present in just two 

phases, irrespective of the temperature. Fluid and solid phases have been observed, at low 

and high particle concentrations, respectively (30). There is a small co-existence region 
between approximately 0.49 and 0.55 colloid volume fraction. 

However, when a short-range attraction is "added" to this potential, by, for example, 
increasing the concentration of free polymer in the depletion system, the biphasic gap 
between the fluid and solid phases widens. Furthermore, when the range of attraction is 

increased, the presence of a liquid phase is also seen. This is illustrated in figure 1.3 below, 

again adapted from the review of Poon et al. 
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Figure 1.3. Phase-behaviour of the depletion system 

In the phase diagrams, an increase in the concentration of free polymer corresponds to a 
decrease in kBT/U.. The horizontal tie-lines represent the concentrations expected for the 

two equilibrium phases. It should also be noted that gel states have recently also been 

observed in the depletion system (3 1), particularly when Rg/a is small. In this thesis, such 

observations will be compared to the gelation of the polystyrene-grafted silica dispersions 

at high particle concentration. 
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1.2.2 Long Range Attraction - van der Waals Forces 

Attractive van der Waals attractions act between atoms and molecules, and may be 

represented by a power-law potential of the form, as given in equation 1.1 (2). 

V(r) - -r-" 

where r is the separation between atoms. 

(1-1) 

For atomic (or molecular) species such as argon, n is equal to 6. Corresponding to a 

reasonably long-range force, the phase behaviour of this system is very similar to that of 
the colloidal system with a long-range depletion attraction, as shown in figure 1.3. This is 

an example of how colloidal dispersions may be envisaged as "model atoms". 

Van der Waals forces also act between colloidal particles. This attraction is due to the 

summation of the forces arising from the individual molecules in the particles. At 'short 

distances, the form of this interaction may also be approximated by a power law, with a 
longer-range exponent of -1. It is possible, however, to almost (but not completely) 

eliminate the van der Waals, attractions between colloidal particles when dispersed in a 

solvent. This may occur when attractions between the particles are balanced out by 

particle-solvent interactions. Often, this occurs when there is refractive index matching of 
the particles with the dispersion medium. 

1.2.3 Short Range Attraction - Thin Steric Layers 

As previously described, it is possible to sterically stabilise silica particles by grafting on 

stearyl-alcohol chains. These chains are very short and rigid and may be grafted to a high 

coverage. The phase behaviour for this system has been investigated in various solvents. 
These range from cyclohexane, a good solvent, to benzene, which is a theta solvent for the 

stearyl-alcohol chains (14). The phase behaviour has also been investigated recently by 

Kiraly et al. (13) in solvent mixtures of ethanol and cyclohexane. Ethanol is a poor solvent 
for the stearyl-alcohol chains. In this way, it was possible to accurately tune the solvency 

conditions, and examine the effect on the stability of the particles. Another example of the 
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phase behaviour is given by Verduin (32) who presents the phase diagram of silica grafted 

with stearyl-alcohol chains in benzene. In good solvency conditions, the chains provide an 

effective steric barrier and the particles are stable. However, when the temperature is 

lowered enough so that the chains are no longer soluble in the dispersion medium, an 

attraction is produced. The source of this attraction has been described by Rouw et al. (33). 

The theory neglects the effects due to van der Waals forces. On lowering the temperature 

so that the solvency becomes poor, the chains on the surface of the particles preferentially 
intermingle with chains on the surface of other particles. This results in a "sticky" 

attraction between the particles, which has been modelled by a deep and short range 
Gesquare-well" potential. The attraction may induce aggregation. 

In the case of silica particles with grafted stearyl-alcohol chains, the attraction in poor 

solvency conditions is short-range due to the thin steric layer. It has been shown that the 

strength of the attraction increases as the temperature is lowered (33). This results in a 

phase behaviour that is similar in nature to the colloid-polymer depletion system with a 

short-range attraction, as shown in figure 1.3. However, the diagram is complicated due to 

the presence of extra meta-stable and gel states which arise in this case (32). 

1.2.4 Polystyrene and Polydimethylsiloxane - Thick Steric Layers 

For the stearyl-alcohol grafted silica dispersions, short-range attractive forces are induced 

when the solvency of the steric layer in the dispersion medium is lowered. A primary 

objective of this work was to investigate how the thickness of the steric layer would affect 

the range of attraction in poor solvency conditions, and in turn affect the phase behaviour 

in non-aqueous media. For this purpose, polystyrene was grafted to silica particles 
following the procedure outlined by Vincent and Edwards et al. (18,34). The layer 

thickness was controlled by varying the molecular weight of polystyrene grafted to the 

surface of the silica particles, and the resultant phase behaviour was investigated in toluene 

and cyclohexane. 

Initial work into the stability of polymerically-stabilised colloidal dispersions has been 

collated in the book of Napper (4). In this book, the effects of parameters such as the 
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thickness and solvency of the steric layer on the predicted stability were outlined. The 

phenomenon of "incipient flocculation7, or flocculation due to a worsening of the solvency 

conditions for the steric layer, was also described in detail. In good solvency conditions, 
the stabilising moieties are soluble, extend into the dispersion medium, and therefore 

provide an effective repulsion against aggregation. However, on lowering the temperature 

so that the solvency becomes poor, the chains collapse back to the particle surface and also 

preferentially intermingle with other chains, as in the stearyl-alcohol gmfted silica system. 

For particles with high molecular weight chains grafted to a high surface coverage, the 
flocculation temperature was observed to be essentially independent of the particle 

concentration, the particle size and the molecular weight of the stabilising moieties. The 

flocculation temperature was also observed to be close to the theta temperature of the steric; 
layer in the dispersion medium - the point at which the dispersion medium changes from a 

good to a poor solvent for the polymer chains. The stability was observed, however, to be 

dependent on the surface coverage of polymer chains. For these dispersions, the stability 

worsened on lowering the coverage, resulting in particles that were unstable even in better- 

than-theta conditions. The theories of steric stabilisation will be described in more detail in 

section 2.2. 

The behaviour described by Napper was supported by the work of Clarke and Vincent (35) 

who observed flocculation temperatures close to the theta temperature for cross-linked 

microgel particles dispersed in n-butyl formate. Furthermore, the point of flocculation was 

essentially independent of the particle concentration. However, in later work by Edwards et 

al. (18), the observed stability of polystyrene-grafted silica dispersions in non-aqueous 

media did not conform so well. In this case, a stronger dependence on the particle 

concentration was observed, and the flocculation temperature was often significantly 
different from the theta temperature. 

Recently, there has been some interest in the stability of PDMS-grafted silica dispersions 

(19,36-39). PDMS is a more flexible polymer than polystyrene. It may therefore be 

expected that the phase behaviour of PDMS-grafted silica dispersions is different to the 

polystyrene-grafted case. The grafting of PDMS to silica in n-dxed-solvents was first 
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investigated by Vincent (34). Later, the process was performed in a single solvent by 

Auroy et al. and Castaing et al. (19,38), and then improved by Nommensen (39). In these 

studies, the general stability of the grafted particles was investigated and again found to be 

dependent on the solubility of the PDMS chains in solvents such as heptane, dodecane and 

chloroform. Furthermore, at high concentrations, Castaing found that the particles formed 

gel structures due to the bridging of the PDMS between individual particles. 

Recent investigations by final-year project students at the University of Bristol have been 

concerned with the stability behaviour of PDMS-grafted silica dispersions in heptane and 
heptane / ethanol mixtures (36,40). Heptane is a good solvent and ethanol a poor solvent 
for PDMS. The synthesis was performed using the method of Nommensen. An overview 

of their work will be discussed in chapter 8 and compared to the phase behaviour of the 

polystyrene-grafted dispersions. 

It should be noted that, even on grafting high molecular weight polymers to the surface of 

the silica particles, it is not immediately clear whether the interaction between the particles 
is significantly different from the short range attraction produced in the stearyl-alcohol 

grafted silica systems. This will be discussed further in section 9-6. 

1.3 Previous Research - Aggregation and Gelation of Colloidal Systems 

There have been many studies into the aggregation mechanism of colloidal particles and 

scattering techniques such as small angle light scattering (SALS) have been used 

extensively, at low particle concentrations, to measure properties of the aggregate 

structures as they form (10,15,41-50). In this work, SALS has been used to investigate the 

aggregation process of the polystyrene-grafted silica particles destabilised. due to a 

reduction in temperature. 

One property of particular interest is the fractal dimension, which may be thought of as a 

measure of how open the floes are (5 1). The fractal dimension may range from values less 

than unity to the number of dimensions present in the model. For example, a fractal 
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dimension of three represents a completely compact structure in three dimensions. 

However, an aggregated colloidal dispersion may possess floes with more open networks 

of particles, and hence lower fractal dimensions. A more detailed theory will be presented 
later in section 2.6. 

Often, the fractal dimension is also a measure of the strength of aggregation. If there is a 

strong enough attraction between particles so that they stick immediately when they 

collide, open floc structures may form with low fractal dimensions. However, if they 
instead rearrange before sticking, the fractal dimension may be higher. The theoretical 

values for these two cases are 1.8 and 2.1 respectively. 

Many aggregation studies have been concerned with electrostatically-stabilised polystyrene 
latex particles in aqueous media (44,46,48). The method used to aggregate these 
dispersions is by the addition of salt. For example, a recent study by Burns et al. (44) has 

shown that a high concentration of added salt results in a strong aggregation, forming flocs 

with a fractal dimension of approximately 1.8. This value increased to as much as 2.2 for 

lower salt concentrations, which agreed well with the theoretical limits. Carpinetti et al. 
(48) have also investigated the effect of particle concentration, showing a decrease in the 
fractal dimension with an increase in concentration. Other systems include the aggregation 

of silica dispersions to form both flocs and gels (10,49), the aggregation of carbon black 

dispersions in the presence of free polymer (50), and the aggregation of lysozyme protein 

molecules by added salt (43). Good reviews on this subject are given by Lin et al. (52), 

who describe the universality of different aggregating systems, and by Poon and Haw (45) 

who review the entire area of research. 

There has been less research into the aggregation of colloidal systems by quenching the 

temperature. Rouw and de Kruif (15) have investigated the aggregation process for silica 

particles stabilised with stearyl-alcohol chains and redispersed in various linear alkanes. 
On lowering the temperature, aggregate and gel structures formed with a fractal dimension 

of approximately 2.1, suggesting a weak aggregation mechanism. 
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Another current area of interest is the gelation of colloidal dispersions, particularly at high 

particle concentrations (53). In this process, the particles aggregate to form space-filling 

networks. If there is a high strength of attraction present, highly viscous gels may form 

which do not flow or sediment under the influence of shear or gravity. Conversely, 

sedimentation may be observed if the gelation process is weak. 

The work of Poon and Starrs (53) has shown that the formation and subsequent disruption 

of gel networks are highly interesting, yet complex, processes. For example, the 

phenomenon of "delayed sedimentation" has been observed for their systems, consisting of 

silica particles aggregated with free polymer. For high polymer concentrations, the gelation 

process is strong, resulting in gels which either sediment slowly after their formation, or do 

not collapse at all. However, for lower polymer concentrations, weaker gels are formed, 

which may remain stationary for a period of time, and then suddenly collapse and sediment 

under gravity. Again, this phenomenon will be compared to the gelation of the 

polystyrene-grafted silica particles with temperature. 

1.4 Summary of Objectives 

The primary objective of this thesis is to investigate the stability, aggregation and phase 
behaviour of silica particles sterically-stabilised by grafted polystyrene chains in non- 

aqueous media such as toluene and cyclohexane. The behaviour has been investigated as a 
function of various system parameters. These include the molecular weight and surface 

coverage of the polymer, the solvent, the temperature, and also the volume fraction of the 

dispersed phase. Aggregation has been induced by reducing the solvency of the steric layer 

in the continuous phase, and the strength and structure of the aggregation has been 

investigated using small angle light scattering. 

This work is also relevant to the stability of impurity particles, such as carbon deposits, in 

engine oil since the aggregation process may be used to model the behaviour in the real 

systems. 
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1.5 Outline of the Thesis 

Following this introductory section, some general theory used to describe the systems and 

techniques employed in this work will be outlined. In sections three and four, the 

experimental methods and results for the synthesis and characterisation of the polystyrene- 

grafted silica dispersions will be described. Similarly, in sections five and six, the 

experimental methods and results are given for the stability, aggregation and phase 
behaviour of the dispersions. In chapter seven, theoretical models will be presented to help 

explain the observed phase behaviour. In chapter eight, a brief description is presented of 

work at the University of Bristol into the stabilisation of silica particles by 

polydimethylsiloxane. All of the results are then discussed and interpreted in section nine. 
Finally, the conclusions and ideas for future work are given in chapter 10. 
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2. Theory 

2.1 Polymer Properties in Solution 

2.1.1 Flory-Huggins Theory 

In the Flory-Huggins theory for polymers in solution (1-5), the free energy for the 

dissolution of polymer in solvent is described by use of a three-dimensional lattice model. 
In the lattice, the sites are all of the same size and represent the possible positions for the 

solvent molecules. When added to the lattice, the polymer chains are monodisperse and 

occupy contiguous sites. The enthalpy and entropy changes for the mixing of polymer and 

solvent are determined by calculating the number of possible ways the polymer can 

rearrange in the lattice, by simple statistical arguments. In turn, the potential is calculated 
by differentiation of the free energy, and is related to the volume fractions of solvent and 

polymer, the degree of polymerisation of the polymer chains, and an interaction parameter. 

This parameter is known as the X-parameter and describes the interaction of a particular 

polymer with a particular solvent. 

The entropy of mixing polymer and solvent, AS, is given by: 

AS' = -k� (n, In 0, + n21n 
02) (2.1) 

where nj and n2 are the number of solvent and polymer molecules, respectively, and ýj and 

02 are the volume fractigns of solvent and polymer. kB is the Boltzmann constant. 

It should be noted that the entropy change as calculated in the model only takes into 

account combinatorial effects due to the possible rearrangements of the polymer on the 

lattice. Specific interactions between the polymer and solvent are neglected. 

Similarly, the enthalpy of mixing, AH", is defted as: 
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AH = n, 02; rkBT (2.2) 

where T is the temperature and X is the interaction defmed in terms of the exchange of 

energy between solvent and polymer molecules. On mixing, the separate interactions 

between polymer molecules and solvent molecules are exchanged by two combined 

polymer-solvent interactions. The interaction parameter is defted in equation 2.3 below. 

X -z ZAU12 / kOT (2.3) 

where AU12 is the overall change in internal energy on mixing, and z is the lattice 

coordination number. 

The Gibbs free energy can be calculated using equations 2.1 and 2.2 thus: 

AG' = AH' - TAS' = k�T(n, In 01 + n21n 02+ n, 02, Z) (2.4) 

The chemical potential of the solvent and polymer molecules, when combined in the 

lattice, may then be calculated by differentiating the free energy with respect to the number 

of moles of solvent and polymer, respectively. For the solvent, this yields the following 

expression: 

0 2 )+ 
RT YX X02 (2.5) 

where R is the gas constant, uio is the standard potential for the solvent molecules and x is 

related to the molecular weight of the polymer chains. 

Similarly, for the polymer molecules, the expression is given in equation 2.6 below. 

0 
JU2 - JU2 

= 
ln02+ (X 

_ 
IXI 

_ 02 )+ 
xx 

(1 

_ 
02 2) (2.6) 

RT 
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Finally, the osmotic second virial coefficient for the polymer molecules, B2, can also be 

calculated, as given in equation 2.7. 

B2 = 
02 2( 

(2.7) 
V, Y2 X) 

where Vi is the molar volume of solvent molecules. 

An important result of the theory is the description of the solvency of the polymer chains in 

the solvent. In a good solvent, the polymer chains are extended due to favourable 

interactions. Under these conditions, x is less than 0.5 and B2 is positive. However, in poor 

solvency conditions, X is greater than 0.5, B2 is negative and the polymer chains are 

contracted or insoluble in the solvent. 

When X=0.5, B2 = 0. This is known as the theta condition. It should be noted that the X- 

parameter is dependent on the temperature, which is evident by the change in solubility of 

many polymers in (marginal) solvents at different temperatures. The temperature which 

corresponds to X=0.5, is known as the "theta temperature". 

2.1.2 General Characteristics of Polymer Chains in Solution 

In chapter 4, experimentally determined properties of polystyrene, such as the thickness of 

the steric layer on the surface of silica particles, will be compared to theoretical values. In 

this section, the results of the theory for the description of the conformation of polymer 

chains in solution will be outlined (6,7). A schematic representation of a polymer chain is 

given in figure 2.1 below. 

2n 

Figure 2.1. A schematic representation of a polymer (e. g. polystyrene) chain 
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In figure 2.1, the groups in the chain are represented by the filled circles, and the skeletal 
links by the straight lines. The repeat unit of the polymer chain is indicated by square 
brackets. The total molecular weight of the repeat unit is denoted M.. In the case of 

polystyrene for example (in which the repeat groups are not all identical along the chain) it 

is evident that the average molecular weight per skeletal link, m,,, is given by: 

mo = 
M. (2.8) 
2 

The number of skeletal links, n, is: 

m 
n=- (2.9) 

M. 

where M is the molecular weight of the polymer chains. 

If the average length of each skeletal link is 1,, then the mean end-to-end distance, <r2>, 

can calculated as given in equation 2.10 below. This is applicable for "ideal" chains, which 

are not self-avoiding. 

(r 2) 
= C. nl,, 2 (2.10) 

where C. is termed the "characteristic ratio" and reflects the flexibility of the polymer 

chain. Formally, this is related to the bond angle, 0, and to a steric hinderance parameter, 

a, as shown in equation 2.11 below. 

2(1-coso) 

0 0) 
C. T+ýOSO (2.11) 

The radius of gyration, Rg, of the polymer chains (depicted as random-coils) in solution is 

related simply to the mean-end-to-end distance thus: 

(r 2)) Y2 

(2.12) 
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The parameters described here may be determined experimentally, and are tabulated for 

many polymers in literature. However, it is often useful to model the polymer chains by a 

series of segments, which take into account the characteristic ratio. In the model, the length 

of a segment, 1, and the number of segments, N, are defined as follows: 

I=C. 1" 
N= n 

C. 
N7 = nl,, 

The mass of a segment is equal to C.?? k and N7 is known as the "contour length7. 

Therefore, it is now possible to simply express the mean end-to-end distance thus: 

2) 
= IV2 

Finally, combining equations 2.9,2.10 and 2.12, a simple approximation may be made for 

the radius of gyration of free polymer dissolved in near-theta conditions. The radius of 

gyration is simply related to the molecular weight, M, of the polymer through a constant a, 

which is also tabulated in literature: 

Rg = aMY2 (2.15) 

These parameters have been calculated for polystyrene, and are summarised in appendix A. 

The results will be compared to experimental data in chapter 4. 

2.2 Steric Interactions : Polymers at an Interface 

2.2.1 Steric Stabilisation and Incipient Flocculation 

When colloidal particles possess a grafted layer of polymer chains, interactions between 

the layers on separate particles affect the general particle stability. In particular, if two 
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particles collide, the polymer chains will need to rearrange. For example, if the chains are 

well solvated and stretch out into the dispersion medium, then the free energy for the 

polymer chains to mix will be positive (unfavourable). The particles will therefore feel a 

net repulsion and hence be stabilised. against any attractive forces, such as van der Waals 

forces. This process is known as "steric stabilisatioif', a good review of which is given in 

the book of Napper (5). If, however, the solvency in the dispersion medium is poor, the 

polymer segments may prefer to be in contact with other polymer segments, causing 

aggregation. Napper termed this phenomenon "incipient flocculatioW'. 

It should be noted that the free energy change is of course comprised of both enthalpic and 

entropic terms. In general, it can be considered that the enthalpic (or osmotic) terms arise 
from the n-dxing of polymer layers in certain solvency conditions, and that the entropic 
terms arise from the decrease in conformational. freedom when the polymer chains overlap. 

Due to the complexity of the process of the overlap of polymer chains, there is no 
definitive theory of steric stabilisation. Early theories of steric stabilisation are surnmarised 
in the book of Napper. In general, for effective stabilisation, it is necessary to have a high 

surface coverage of polymer chains and also the good solvency of the polymer in the 
dispersion medium. In this way, the chains are extended and provide an effective repulsion. 
Thick steric layers arise in "soft sphere" stabilisation, where high molecular weight 

polymer chains may be easily compressed. In comparison, "hard sphere" stabilisation is 

obtained for thin polymer layers, such as in stearyl-alcohol grafted particles. 

In the simplest theory of steric stabilisation, first formulated by Meier (8) and now 

summarised in the book of Hunter (9), the interactions between polymer chains in three 
different regions of approach are considered. At large distances, when the polymer chains 
do not overlap, the potential is essentially zero i. e. there is no interaction. At shorter 
distances, the chains begin to overlap at a surface-surface separation of twice the layer 

thickness. In this region, the particles will experience either an attraction or a repulsion, 
depending on the solvency conditions, as described above. On even closer approach, when 
the surface-surface separation is less than a single layer thickness, the particles experience 
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a very strong repulsion corresponding to the unfavourable elastic compression of the 

polymer chains. 

Approximations may be obtained for the dependence of the free energy on the inter- 

particle separation between two flat plates, as summarised in the book of Hunter. It is then 

possible to convert to the potential between two spheres using the Deryaguin 

approximation (9), where the surface-surface separation is much less than the radius of the 

colloidal particles. Typical interaction potentials using this simple theory are given in 

figure 2.2 below, which were adapted from the book of Hunter. 

V/kBT --- x<0.5 

X=0.5 

........... X>0.5 

L= polymer 
layer thickness 

L 2L h 
h= surface 
separation 

V= potential 

Figure 2.2. Potential curves for sterically-stabilised particles in varying solvency 
conditions 

As the diagram shows, the potential is repulsive when the dispersion medium is a good 

solvent for the polymer layer, and is attractive in poor solvency conditions. In theta 

conditions, there is zero potential up to a distance approximately equal to the layer 

thickness. In good solvency conditions, the repulsive potential begins to rise when the 

polymer layers start to overlap, at 2L, and then sharply rises when the surface-surface 

separation is equal to L. In poor conditions, the repulsive potential is only dominant at a 
distance L. 
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This theory therefore predicts the onset of instability when the X-parameter is 

approximately equal to 0.5. For polymers in marginal solvents, this occurs at the theta 

temperature, as previously described. Napper therefore described that the flocculation 

temperature of sterically-stabilised particles, in the limit of high molecular weight and high 

surface coverage, is approximately equal to the theta temperature. 

It should be noted that this is only a very simple theory. For example, a uniform segment 
density is assumed. However, it has been shown that the segment density profile may take 

on many forms, depending on the surface coverage of polymer on the surface (6). Also, 

recent mean field theories such as the Scheutjens-Fleer theory (6), and that of Russel and 

co-workers (10,11) take into account other effects such as free volume terms. In these 

cases, stability is even predicted in poor solvency conditions. These theories have been 

used in this work to predict the stability of the polystyrene-grafted dispersions in non- 

aqueous media. 

2.2.3 de Gennes Scaling Theory 

As described in the previous section, the shape of the inter-particle potential depends 

strongly on the thickness of the steric layer. The thickness may be estimated 

experimentally using techniques such as photon correlation spectroscopy, but also using 

theory. 

In comparison to the lattice approach adopted in the Flory-Huggins theory, de Gennes 

presented a more flexible approach to polymer statistics in which the segment density 

fluctuates through space (12). This general theory may also be adapted to the case of 

terminally attached polymer chains adsorbed or grafted to a surface (6). 

For polymer chains of high enough molecular weight so that effects due to end groups on 

the chains may be neglected, de Gennes proposed a general scaling law which relates the 

layer thickness to the surface coverage and length of the polymer chains. The theory is 

applicable for polymers in the "brush! ' regime, in which there is a high grafting density. In 

general, the thickness of the layer increases for higher polymer molecular weights, and 
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with higher surface coverages. The scaling law is given in equation 2.16 below. In chapter 
4, this equation will be used to compare the experimental results obtained in this work with 
those from other studies. 

, 
V3 

a. Nc3 (2.16) 

where a is the scaling constant, N the number of segments per polymer chain, and a the 

surface coverage. 

2.3 Inter-particle Pair-Potentials 

2.3.1 Van der Waals Attractions 

Van der Waals was the first to predict the consequences of attractive and repulsive 
interactions between atoms or molecules (13). The attractive interactions are due to either 

permanent or instantaneous dipoles in the electron clouds in the molecules. The repulsive 
interactions arise from the overlap of the electron clouds and close approach of the nuclei 

within the molecules. 

Three types of attractive forces exist - dipole-dipole (Keesom), dipole-induced dipole 

(Debye) and induced dipole-induced dipole (London) forces. For non-polar, non-ionic 

species, only London forces are present, which arise due to the instantaneous fluctuations 

of the electron clouds, inducing transient dipole-induced dipole attractions. For atoms or 

molecules this attraction may be approximated by the London formula: 

c 
-r6 (2.17) 

where r is the centre-centre separation and C is a constant which depends on the ionisation 

energies and polarisabilities of the two molecules. 
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In order to determine the van der Waals forces between colloidal particles, Hamaker 

derived a microscopic theory in which all the pairwise interactions between individual 

species were summed up for the entire colloidal particle (14). For. monodisperse, 
homogeneous, spherical particles, the potential V(r) was calculated as shown in equation 
2.18 below. At short distances, the expression, given in terms of the surface-surface 

separation H, may be simplified by a single power law, as in equation 2.17. In this case, the 

exponent is equal to -1. This is longer range than the -6 exponent for atomic and 

molecular species. 

V(r) =-IA ,( 
2a 2 

-+ 
2a2 

+hl 
(2.18) 

6r2 -4a 
2r2 

where a is the radius of the particle and Ah is the "Hamaker constant". 

The Hamaker constant is a measure of the strength of the attractive forces between separate 

colloidal particles. Values have been tabulated by Hunter (9) and Israelachvili (15). When 

the particles are dispersed in a solvent, it is also necessary to take into account interactions 

with the solvent molecules. The solvent properties may be incorporated into a net Hamaker 

constant, an approximation for which is given in equation 2.19 below. 

Ak, = 
(VAj 

- 
rAk (2.19) 

where 1 and k represent the particle and solvent, Ajkj is the combined Hamaker constant in 

dispersion, and Ai, and Akk are the individual Hamaker constants in vacuum. 

It should be noted that a macroscopic theory (Lifshitz (16)) has also been used to 

approximate the interaction between colloidal particles. However, this approach has not 
been considered in this work 
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2.3.2 Steric and Electrostatic Repulsions 

The form of the potential for steric stabilisation has previously been described in section 
2.2. L The range of the repulsion (in good solvency conditions) is twice the layer thickness. 

From equation 2.16, it can be seen that in the "brush regime" the layer thickness is 

proportional to the molecular weight of the attached polymer, and to the cube root of the 

surface coverage. In this way, the range of the repulsion (or attraction in poor solvency 

conditions) may be altered by varying the length and coverage of attached polymer chains. 
This range is, however, likely to be significantly shorter than for the long-range van der 

Waals forces, except for very high molecular weight polymers. 

In the case of the polystyrene-grafted silica dispersions, the particles may be stabilised in 

non-aqueous media such as toluene and cyclohexane, which are good and marginal 

solvents, respectively, for polystyrene. Conversely, bare silica particles are stable in polar 

media such as water and ethanol due to induced charges on the surface of the particles, 

which cause an electrostatic repulsion. The form of this repulsive potential is. predicted in 

the DLVO theory (Deryaguin-Landau and Verwey Overbeek) (17). 

Around a charged particle is present an ionic "double layer" consisting of counter-ions 
distributed according to a Boltzmann distribution. The thickness of the double layer is 

equal to I /r, where ic is the Debye screening length, as given in equation 2.20 below. 

=( 

coerkBT 

) 
(2.20) 

where e is the electronic charge, NA is Avogadro's constant, c is the electrolyte 

concentration, z is the valency of the electrolyte, 4 is the dielectric permitivity in a 

vacuum, and 4. -,. is the dielectric permitivity of the solvent. 

The presence of the double layer causes a potential (of magnitude V/, ) around the surface of 

a single particle, giving rise to a repulsive potential between two particles when they 

approach one another. The DLVO predicts the repulsive potential as follows, for a large ica 
(thin double layer) and small rca (thick double layer), respectively 
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VR = 2; r. -, a V/02 In[l + exp(-io-)] 
VR = 2; rc, a V/,, 

2 
exp(-Ax) 

(2.21) 

However, it will be discussed in chapter 9 that such effects in the case of the sterically- 

stabilised particles are negligible compared to the forces arising due to the attached 

polymer layer. e, is much lower for non-aqueous media than for aqueous media, causing a 
longer range potential with a smaller magnitude. Therefore, only the steric and van der 

Waals forces have been considered in this work. 

2.3.3 Total Inter-particle Pair Potential 

The total inter-particle pair potential for the polystyrene-grafted silica particles in non- 
aqueous media may be simply determined by summing the potential arising from the 

attractive van der Waals forces and repulsive steric forces. A representation for the forces 

between two flat plates is illustrated in figure 2.3 below. 

V/kBT --- steric 
%% van der 

% Waals 
total 

L% 2L hL= 
layer 

thickness 

h= surface 
separation 

V= potential 

Figure 2.3. Total interaction potential for sterically-stabilised systems, neglecting 
electrostatic effects, between twoflatplates 
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As the diagram shows, there is a shallow minimum followed by a steep repulsion at shorter 

distances duc to the steric layer. In simple terms, stability may be expected ifthc depth of 

the minimum is less than I k, 31'. 

2.4 Theoretical Calculations of the Total Inter-particle Pair Potential 

2.4.1 Russel Mean-Field Theory for Sterically-Stabilised Dispersions in Non-Aqueous 

Solvents 

Following the theory of Russel and co-workers (10,11), a mean-lield method was 

employed to estimate the total interaction potential between polymer chains galled onto 

two flat surfaces. The results fior this analysis were compared to the stability of 

polystyrene-grafted silica particles, and will be presented in chapter 7. 

A sunimary of the symbols used in the description of the gratIcd chains is given below. 

Symbol Description 
F Surface coverage (kg m 
M Molecular weight of polymer ft niol-1) 
CY Surface density : cy = N,, F/M 
I Statistical segment length in polymer chain (m) 
1, Length per skeletal link in polymer chain (m) 

C. Characteristic ratio : C. = Ulo 
M, Mass per skeletal link (kg) 

p Bulk density ol'polymer (kg m-) 
w Physical volume per segment: w"2 = C. m. /(NAP) 

x Flory-Huggins X-parameter 
V _ Excluded volume per segment :v= wl'2(1-2X) 
N Number of segments in polymer chain: N= M/(C, m,, ) 
z Excluded volume parameter :z=N 

3/2(CrV/1) 

L Polymer Ia\er thickness in non-compressed state 
Li PolynicrJayer thickness in compressed state 

(I Non-compressed dimensionless layer thickness : (x = L/N 1/21 

Oci Compressed dimensionless layer thickness : ai = Lj/N 1/21 

on Dimensionless surface density : ý, = Ncrw 1 1/1 

Table 9.1, Summaty ol'symbol. s used in the characterisalion ofthe grafted polvmer chains 
in the meanfield theory qfRussel. The shaded lines represent the combinedparameters 
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In general, the theory is a self-consistent mean-field method, in which the free energy of 
the polymer brushes is minimised in two regimes - at large distances when there is no 

penetration of the polymer chains, and at short distances when the chains overlap. For the 

overlap regime, this is illustrated in figure 2.4 below, which was adapted from the paper of 
Hariharan and Russel. In the case of no overlap, the segment density profile, per flat plate, 
is simply a constant number up to a distance corresponding to the length of the polymer 

chain, L. 

Li 

f 

h 
segment density 
n(x) 

2n 

n 

separation x 

Figure 2.4. Schematic representation of interpenetrating polymer chains with piecewise 
continuous segment densities and homogeneous stretching 

As the diagram shows, in the region where there is overlap of the polymer chains, the 
segment density is twice that where there is no overlap, which results in a profile of 
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piecewise continuous concentrations, as indicated. Also, uniform stretching is assumed 

through the regions. 

In the overlap region, the polymer chains may either compress or simply interpenetrate. If 

the chains fully compress then it is evident that Li = h/2 and the profile again becomes a 

constant number (=Ncr/Li) in-between the plates (in effect, the width of the central region 

of high segment density becomes zero). Conversely, if there is penetration, the segment 
density in the central region is twice that in the compressed state, as indicated in the 

diagram. 

In the theory, the free energies in the non-overlap and overlap regions are minimised to 

obtain solvable relationships for cc and ot, respectively. In each regime, the dimensionless 

layer parameter can therefore be solved and substituted back into the free energy 

expression to determine the entire inter-particle potential. The free energy in the non- 

overlap region is denoted A and the free energy in the overlap region is Aj. For example, 

the minimisation in the overlap region may be expressed as in equation 2.22 below: 

dA) 
ý- -6 'ýiai 

(TB 
(2.22) 

In the non-overlap region, the minimisation results in the following relationship for a for 

given values of ýp and z: 

P2] 

9 a3 a-1 
(2.23) 

In the overlap regime the expression for a, is more complex due to the mixture of 

compressive and interpenetration terms. This is given in equation 2.24 below. 

5Z 2_ 
7OP2 H] 

+ 
Hý P2 

=0 
(2.24) 

at - at 1+ -I at 21932 

where H is a dimensionless layer separation defined by H=h/(N't2l) 
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Finally, the overall potential per unit of surface (0) is then simply related to the non- 

overlap and overlap free energies thus: 

(D AA 
k, OT 

= 2a['Bý-ýBTI (2.25) 

In this work, (D was calculated for the polystyrene-grafted silica particles in non-aqueous 

media. cc is dependent on the X-parameter and the polymer chain length, and because all of 

the other parameters such as the surface coverage and polymer molecular weight were 
known, it was only necessary to specify one of these values. In this way, it was possible to 

determine "effective X-parameters" for experimentally measured values of the layer 

thickness, and also predict the layer thickness from literature values of the X-parameter. In 

each case, the corresponding potential was also calculated. 

2.4.2 Scheutjens-Fleer Theory 

In order to compare to the mean-field theory of Russel, the well-established, yet more 

complex, Scheutjens-Fleer (6) approach was also used 'to predict the inter-particle 

potential. Due to the complexity, the detailed theory is not presented here. Suffice to say, 

the Scheutjens-Fleer model is a lattice model in which space is'discretised into layers of 
lattice sites. "Real" space is represented by a series of lattice layers, denoted z. 

The polymers are added to the lattice, under certain boundary conditions, and a self- 

consistent mean-field method is used to determine the polymer segment density as a 
function of the distance from the surface. It is also possible to obtain the volume fraction 

profile of polymer using the Scheutjens-Fleer theory. In this work, all of the calculations 

were performed by Dr. Leermakers at the University of Wageningen in the Netherlands. 
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2.5 Characterisation of Colloidal Dispersions 

2.5.1 Photon Correlation Spectroscopy and Transmission Electron Microscopy 

The synthesis of the silica particles used in this work will be described in section 3.1. The 

size of the colloidal particles was measured using two techniques - Photon Coffelation. 

Spectroscopy (PCS) and Transmission Electron Microscopy (TEM). 

In TEM, the particles were dried down in a vacuum, and micrographs were obtained on a 
JEOL instrument. The average particle size was then detern-dned by measuring the 

diameters of approximately 500 particles in a negative using an image analysis program. 

TEM measurements yielded the average diameter of dried particles. In comparison, PCS, 

also known as dynamic light scattering, is a well-established non-intrusive technique used 

to measure the hydrodynamic diameter of colloidal particles suspended in a certain solvent 
(6,18,19). In this technique, laser light of a particular wavelength is focused into the 

sample, and fluctuations of the light scattered at 90' are analysed to yield the diffusion 

coefficient of the particles. These fluctuations arise from the relative motion of the 

particles causing constructive and destructive interference of the light. The autocorrelation 
function of the scattered intensity is determined to quantify the fluctuations, and has been 

shown to be exponential for monodisperse particles: 

C(t) =A exp (2.26) 

where C(t) is the correlation function as measured by the PCS equipment, t is time, A is a 

constant, and r is a decay constant which is dependent on the diffusion coefficient, DT, of 

the particles in the system: 

2DT Q2 (2.27) 

where Q=4; rnsin(012, YA, the wavevector. n is the refractive index of the solvent, 0 is the 

scattering angle, and A is the wavelength of the laser light. 
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Finally, DT is related to the hydrodynamic diameter of the particles through the Stokes- 

Einstein equation (9): 

D, =U 6; rpaH 
(2.28) 

where p is the viscosity of the medium and aH is the hydrodynamic radius. 

In principle, it is therefore possible to determine ah by fitting the correlation function and 

using known values of the solvent viscosity and refractive index. 

2.5.2 Phase Analysis Light Scattering 

In order to investigate the significance of charges on the surface of the polystyrene-grafted 

silica particles in non-aqueous media, the "mobility" and "zeta-potential" of the particles 

were determined using Phase Analysis Light Scattering (PALS). PALS is an extension of 

Laser Doppler Electrophoresis involving the detection of light scattered by colloidal 

particles, which move relative to an interference ffinge pattern. The moving fringe pattern 

is generated by two laser beams intersecting in the gap between electrodes, which are used 

to induce the clectrophoretic motion in the colloidal sample (20). 

When an electric field, E, is applied to a charged colloidal dispersion, the particles will 

move with a certain velocity towards the electrode of opposite sign. The electrophoretic 

mobility is then defined simply as the ratio of the particle velocity, v, to the applied field: 

(2.29) 

where p is the electrophoretic mobility and has units m2Ns. 

In general, particles with a high surface charge will move faster in the applied electric field 

and therefore have a higher mobility. Bare silica particles are stable in polar media such as 

water and ethanol due to a high concentration of negative charges on the particle surfaces 

resulting in electrostatic stabilisation. However, for polymer-coated particles in non-polar 
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media such as toluene, there should be negligible surface charges. In this way, any trace 

amounts of water would cause an increase in the measured electrophoretic mobility in the 

non-aqueous media. 

The zeta-potential of the particles is defmed as the potential measured at the plane of zero 

shear between the particle surface and the ionic double layer around the particle. The zeta- 

potential is described in more detail in the book of Birdi (17), but may be considered as a 

measure of the charge on the particle surface. In the limit of small particles and low 

electrolyte concentration, where ica is much less than 1, the electrophoretic mobility can be 

related to the zeta-potential through the HOckel equation: 

= /1 3i (2.30) 

where 4 is the permitivity in vacuum, e, is the relative permitivity of the dispersion 

mediun-4 q is the viscosity, and ; is the zeta-potential. 

2.6 Phase Behaviour and Aggregation and Gelation of Colloidal Dispersions 

2.6.1 Phase Behaviour, Aggregation and Gelation 

The phase behaviour of colloidal dispersions has been extensively studied. In chapter 1, it 

was described that in mixtures of colloids and polymers, both the strength and range of the 

interaction can be sensitively varied. A review of depletion flocculation has been given by 

Poon et al. (21). Analogies of the phase behaviour observed in the depletion system have 

been drawn with other systems. For example, when there is a long range of interaction, 

solid, liquid and gas states are observed, as for atomic or molecular systems. An analogy 
for the short-range system is stearyl-alcohol grafted silica particles dispersed in marginal 

solvents such as benzene. An example is given in the work of Verduin (22), in which gas- 

solid type phase behaviour was observed. However it should be noted that in this case the 

phase behaviour is much more complex due to the presence of a "hidden! ' gas-liquid phase 
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transition and a gel line. The phase diagram from the work of Vercluin is given in figure 

2.5 below. 

19- 

stable 

binodal 
0 

18- 

spinodal 

17- 

+ gel 
16, 

0 0.1 0.2 0.3 0.4 
volume fraction 

Figure 2.5. Phase diagram of stearyl-alcohol grafted silica particles in benzene from the 
work of Yerduin 

As the diagram shows, there are three main phase boundaries - binodal, spinodal and gel 

lines. In general, above the binodal, the particles are stable (in the "gas" state). On 

quenching the temperature to below the binodal, the particles enter a "meta-stable" state in 

which they slowly begin to phase separate. On quenching below the spinodal line the 

system becomes unstable and rapidly demixes. The spinodal would probably reflect an 

underlying gas-liquid transition, were it not for the presence of the gel (percolation) line. 

The binodal and spinodal curves can be predicted using thermodynamic arguments, and 

there has also been evidence for this behaviour in the depletion system as observed by 

Poon et al. (23). 
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Recent studies have been concerned with the phenomenon of gelation. Gel states have been 

observed in the stearyl-alcohol grafted silica systems (22,24), which exhibit short range 

attractions, and transient gel states have also been observed in the depletion system (25). 

This will be discussed further in chapter 9. In general, during gelation, particles aggregate 

to form clusters. In dilute conditions, these remain separate and aggregation occurs. 
However, in the case of gelation, the clusters grow to such an extent that they eventually 

touch and form a space-filling network. 

It should be noted that the theory of "aggregation7' is different from that of "phase 

behaviour". In aggregation, the kinetics may be considered as separate particles collide. 
Early work into this area of research was performed by SmoluchowskL who considered the 

kinetics of the formation of doublets and triplets etc. at early times (26). The aggregate 

structures formed are also of interest. For example, both theory and experiment have 

shown that in "diffusion-limited" cluster (DLCA) aggregation, particles strongly aggregate 

on collision to form open fractal networks. Conversely, in "reaction-limited" cluster 

aggregation (RLCA), more compact structures are formed due to weaker attractions 
between the particles permitting prior rearrangement. Fractal aggregation will be explained 
in more detail in the following section. 

2.6.2 Fractal Floc Structures 

As discussed above, the DLCA and RLCA aggregation mechanisms produce different floc 

structures. Such structures may be described by fractal theory. A good recent review on 

this subject is given in the book of Harrison (27). In general, the fractal dimension is a 

measure of how open the floc structure is, and is defined in terms of the number of 

repeating units in space. For completely compact (solid) symmetrical structures in D 

dimensions, the number of sub-units, k, each of width, a, is related to the width of the 

structure, ai, thus: 

k= 
(2.31) 
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However, for fractal structures the sub-units are not arranged in a compact manner, and 
form open networks. In these circumstances, k is now related to the fractal dimensionality 

dj, 

* 
)df 

(2.32) 

For colloidal particles, both theory and experiment have shown that in the DLCA 

mechanism, the fractal dimension is low at approximately 1.8, corresponding to an open 

structure. In the RLCA regime, this value increases to 2. L This is shown in figure 2.6 

below. 
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2.6.3 Kinetics 

As discussed above, Smoluchowski performed pioneering work into the kinetics of 

aggregation for colloidal particles. In the case of rapid aggregation, where particles stick 

on contact, the time to form a doublet, tp, was approximated as (28): 

7r'7a 3 
(2.33) 

OkBT 

where ?7 is the solvent viscosity and 0 is the particle volume fraction. 
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This theory was extended for slower aggregation processes, by considering the stability 

ratio, W, which is simply the actual rate of aggregation divided by the rapid limit. The time 

taken to form a doublet is then simply equation 2.33 multiplied by W. 

This theory is applicable for short times. For longer times, Smoluchowski also formulated 

theory to describe the kinetics of the growth of the average radius of gyration of the flocs, 

Rg. Later, van Dongen and Ernst (29) formulated the dynamic scaling solution of the 

Smoluchowski equations, and related the rate of growth in terms of the fractal dimension 

and also a parameter, A, which is related to the aggregation mechanism. This is given in 

equation 2.34 below. 

I 

Rg _ tdf 
(I-A) (2.34) 

In general, a value of X=0 is applicable for a DLCA mechanism. As X approaches 1, a 

mechanism in-between DLCA and RLCA is obtained. The value of X is related to how 

different clusters of particles interact together. A value of zero infers that the aggregation 

mechanism is homogeneous, in which the probability that a large cluster sticks to another 

large cluster is approximately equal to the reactions between small clusters. However, as ?, 

increases, the large cluster reactions begin to dominate. Studies such as those of Carpineti 

et al. (30) have been concerned with the kinetics in the limit of %=O to estimate the fractal 

dimension. 

Finally, it should also be noted that equation 2.34 does not hold in the limit of the RLCA 

mechanism. In this case, the kinetic equation becomes: 

Rg -e at 

where a is a constant. 

(2.35) 

Using techniques such as small angle light scattering, it is possible to determine the radius 

of gyration of the flocs as a ftinction of time. In this way, X can be readily calculated and 
hence provide an insight into the reaction mechanism In practice, any characteristic 
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wavevector in the scattering curve (section 2.7.2) may also be used, since this is 

proportional to I/Rg. In this work, Q1/2, the wavevector when the intensity had dropped to 
half of the original value, was taken since this was reasonably insensitive to noise in the 

experimental data. 

2.7 Techniques Used to Monitor the Aggregation Mechanism and Kinetics 

2.7.1 PCS and turbidity 

PCS and turbidity measurements of aggregating dispersions may be performed to monitor 
the aggregation kinetics. The theory of PCS was described earlier in section 2.4.1. In 

general, as the particles aggregate, the average hydrodynamic diameter as measured by 

PCS would increase. This would also cause an increase in the turbidity. From such 

measurements, it is therefore possible to directly compare the rates of aggregation under 
different conditions of particle concentration and quench temperature. 

2.7.2 Small Angle Light Scattering 

It is only possible to examine the aggregation kinetics of the particles using PCS and 
turbidity. Small angle light scattering (SALS) was used in this work to study both the 

aggregation mechanism and kinetics. Parameters such as the fractal dimension of the flocs 

were determined. A brief theory of SALS will now be given. 

In SALS, the source of the scattering potential is from the refractive index difference 

between particles and solvent. Typically, the wavelength of the light is 4000 - 6000 A, 

corresponding to a wavevector range of approximately 5x 10's -3x 10-3 A71. The 

wavevector, Q, is defined as in equation 2.34 below. 

4; znsin 
In / U/2) (2.36) 

where 0 is the scattering angle and A is the wavelength of light. 
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When light is scattered from fractal. aggregates, the resultant intensity may be plotted as a 
function of the wavevector, as shown in figure 2.7 below. Rg is the radius of gyration of the 
flocs. 

logII(Q)l 
Fractal: 

INI_ Q-df I 

Porod Law: 
i- Q-4 

pol. 
27c/Rg 2n/a log(Q) 

Figure 2.7. Scatteringfrom colloidal particles - different regimes 

The non-logarithmic I(Q) plot shows a maximum at low wavcvector followed by a gradual 
decay to larger wavevector. 

SALS is used to probe the fractal regime, as indicated in figure 2.7. The characteristic 
length scale, ý, of the size of the floes may be determined using this technique, and is given 

approximately by equation 2.37 below. 

2; r 
Q (2.37) 

The smallIest. length scale which can be probed by SALS is approximately equal to the 

radius of a single particle and the longest is the radius of gyration of the flocs. 

In SALS, the intensity is measured as a function of Q. The experimental set-up will be 
described in more detail in chapter 5. As figure 2.7 shows, the asymptotic gradient at high 

Q of the double-logarithmic plot of I(Q) as a function of Q is equal to -df. However, in 

order to obtain the true intensity scattered by the fractal aggregates in experimental 

43 



conditions, a correction must be made for the background intensity. In general, a camera 
takes pictures of the scattered intensity over time, and these are subsequently radially- 

averaged and anlaysed to yield I(Q) plots. In particular, it is necessary to subtract the 

scattered intensity from a stable dispersion from the total scattered intensity due to the 

aggregates, so that the dark current in the camera, any stray light, and the stable dispersion 

of particles are accounted for. The total correction factor is approximately constant: 

=k+ k'Q-d -' (2.38) 

Therefore, if the dependence of the scattered intensity on Q is known, the fractal dimension 

of the aggregates may be readily determined by the examination of the asympototic 
behaviour at high Q. It should be noted that it is necessary to have a high transmitted 
intensity (greater than approximately 80% of the incident intensity) for accurate SALS 

measurements so that problems due to multiple scattering are avoided. 

The scattering behaviour may also be fitted more generally using the Fisher-Burford 

function which relates the structure factor (here assumed proportional to the intensity due 

to a constant form factor) to the radius of gyration and the fractal dimension (30): 

S(Q) S(O) 
df 

[1+ 
(2.39) 

where S(O) is the scattering intensity at Q=0 A7'. 

Experimentally, there are three adjustable variables in this expression - S(O), RG and df. 

When an attempt was made to fit the curves to all three variables, it was not possible to 

obtain reliable estimates for df. However, R. could be determined using this technique 
because the variation was relatively small even with large changes in the other variables. 

In order to obtain reliable estimates for df over the entire range of wavevectors 
investigated, the scattering curves were scaled to fall on one master curve. It was possible 
to fit this curve with just the fractal dimension. The procedure adopted is described by 
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Huang and Sorensen (3 1). All the curves exhibited dynamic scaling, because it was 

possible to collapse all the curves onto the master curve using any characteristic 

wavevector as a reference point. This was chosen as the wavevector corresponding to the 

maximum in the I(Q) plots, Q.. The first step in the scaling procedure was to estimate this 

point, by eye, for each curve obtained over time in an aggregation experiment. The curves 

were then scaled onto one master curve by plotting log(I. Q. df) against log(QIQ,, d. This 

could only be achieved with one value of df. If the estimated values of Q. were not entirely 

accurate, the only effect was that the curves shifted, in a parallel manner, to lower or 
higher Q. Small adjustments in Q. were therefore made to obtain completely-scaled 

curves. 
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3. Experimental - Polystyrene-G rafted Silica Dispersions 

3.1 Synthesis and Characterisation of Silica Particles 

3.1.1 Introduction 

The silica particles used in this work were prepared following the procedure initially 

developed by St6ber et al. in 1968 (1). In this reaction, tetraethylorthosilicate (TEOS) is 

hydrolysed at room temperature in an ethanol / water solution, using ammonia as a 

catalyst. In this hydrolysis the TEOS molecules polymerise, resulting in the formation of 

monodisperse, colloidal silica particles. The overall reaction is given in figure 3.1 below: 

NH3, EtOH 
Si(OEt)4 + 2H20 > MAO + 4EtOH 

Figure 3.1. Hydrolysis of Silica 

This reaction was later refted by Bogush et al. in 1988 (2). In their study, they reported 

that it was possible to control the size of the silica particles produced by varying the 

relative concentrations of TEOS, water and ammonia present in the reaction mixture. For 

particles bigger than approximately 100 mn diameter, essentially monodisperse particles 

were produced, whilst the polydispersity increased for particles smaller than this. It was 

also discovered that smaller, less polydisperse particles could be synthesised by increasing 

the temperature, although no relationship was presented to describe this trend. 

Bogush et al. formulated a general empirical equation relating the final particle diameter to 

the concentration of TEOS, water and annnonia reagents. This is given in equation 3.1. 

d= A[H2 0] 2 
exp(-B[H201 

Y2 ) 

A= [TEOS] Y2 (82 -15 I[NH3] + 12001NH3 ]2 
-3661NH3 

]3) (3.1) 
B=1.05 + 0.523[NH3] - 0.128[NH3 ]2 
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where d is the average particle diameter in nm and the concentrations are in mol 1: 1. 

In the work of Bogush et al., the equation was derived empirically from graphs of particle 
diameter as a function of TEOS, NI-13, and H20 concentrations. Since there appears to be 

some discrepancy between the experimental curves and derived equations, the quantities 

used to predict a desired particle size were determined from the graphs given in the paper. 

However, this synthesis only yielded dispersions of silica particles with a relatively low 

solids content (less than approximately 3% w/w). In order to increase the mass of silica 

present, Bogush et al. showed that it was possible to grow the silica particles produced in 

the synthesis outlined above by using a seeded growth technique. In this process, TEOS 

and water in a molar ratio of 1: 2 were slowly added to the seed particles. These particles 

acted as nucleation sites for further growth and resulted in an increase in the diameter 

which could be ascribed to the volume of extra TEOS added, whilst the number density 

remained constant. It was necessary to add the reagents slowly, since it was shown that if 

the amount of extra TEOS exceeded a critical value, a second population of colloidal 

particles was formed. The amount of extra TEOS needed to obtain the increased diameter 

is given in equation 3.2. 

d (VIV 
= d,, ")Y3 (3.2) 

where d is the fmal particle diameter, do is the seed particle diameter, Vo is the moles of 
TEOS used in the seed synthesis, and V is the total number of moles of TEOS required 
(including Vo). 

3.1.2 St6ber Synthesis of Silica 

The reaction scheme described above was used to produce the silica dispersions used in 

this work. Ethanol (97%, B. D. H. ), ammonia/water solution (66% aqueous solution, Fisher) 

and TEOS (99%, Aldrich) were used as supplied. De-ionised water was obtained using a 
Millipore 'Milli-Q' purification systern. 
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In all cases, the TEOS and ammonia concentrations were fixed at 0.17 M and 0.5 M, 

respectively, and the concentration of water and the temperature were varied to produce 

particles of a particular target diameter according to the work of Bogush et al. (equation 

3.1). These conditions are summarised in table 3.1. The actual diameter was measured by 

photon correlation spectroscopy, which is explained in the next section. 

System Mass 
H20 

/g 

ass 
TEOS 

/g 

Mass 
66% 

NH3/ 9 

Volume 
Ethanol 

/L 

Temper- 
ature 
/ OC 

Target 
diameter 

/nm 

Actual 
diameter 

nm 
Sil 1 56.0 70.7 51.5 1.91 25.0 100 66 
Si13 110.0 70.7 51.0 1.78 55.0 50 51 
SiN 110.0 70.7 51.0 1.78 50.0 60 69 

Table 3.1. Reaction Condilionsjbr the Sl6ber Synthesis ol'Silica Particles 

In the reaction, a 3L 3-necked round bottom llask containing a reflux condenser, 
thermometer and stirrer paddle was immersed in an oil bath at the required temperature. 

The required amounts of ethanol, water and arnmonia solution were added to the reaction 

flask, and the solution was stirred fior 30 minutes, under a flow ol' nitrogen, to ensure that 

the reagents had equilibrated. After this period of time, the TEOS was rapidly added 

through a ftinnel into the centre ofthe reaction mixture, ensuring a homogeneous initiation 

step. After an initial reaction producing silicic acid, the reaction mixture acquired a blue 

opalescence which gradually became whiter and more turbid. This change represented 

silica particles nucleating and then growing further due to the polymcrisation ot'TEOS. 
The reaction proceeded over the following 8-10 hours and was letl to stir overnight to 

ensure that the particles had reached their maximurn size. 

The size of the particles was determined using photon correlation spectroscopy (see next 

section). The additional amounts of TEOS and water (in a 1: 2 mole ratio), calculated 

according to equation 3.2, were then added in order to increase the size of the particles. 
']'he water was first added to the reaction mixture, still equilibrated at the same temperature 

as before, and afler stirring tior 30 minutes, the TEOS was slowly added dropwise, at a rate 

of approximately I drop per second. The quantities used are summarised in table 3.2. 

Again, the actual diameters were measured by photon correlation spectroscopy, and were 

often smaller than the target values. 
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System Mass H20 

/g 
Mass TEOS 

/g 
Target diam- 

eter / nm 
Actual diam- 

eter / nm 
Sil 1 15.1 97.4 95 80 
Sil3 37.8 219.9 80 80 
Si14 25.0 144.8 100 88 

Tahle 3.2. Reaction conditionsfiv the seeded gro w/h of 'silica particles 

3.1.3 Characterisation of Silica by Photon Correlation Spectroscopy 

The average hydrodynamic diameter of the colloidal silica particles under investigation 

was measured using PCS on a Brookhaven Instruments "Zctasizcr". The theory for ITS 

was given in section 2.5.1. The sotlware on the apparatus provided a mathematical tit to 

the correlation function, and hence yielded values for the diffusion coefflicient and the 

hydrodynamic diameter for known values of solvent viscosity and solvent refractive index. 

It is important to note that the true hydrodynamic diameter can only be obtained frorn the 

diffusion coefficient in the limit of zero particle concentration, since the measured 

diff-usion coefficient increases monotonically with increasing concentration when there are 

repulsive interactions between the particles. For this reason, in every ITS measurement, it 

was ensured that the concentration was low enough so that a further decrease did not result 

in a noticeable increase in the measured diameter. 

3.1.4 Characterisation of Silica by Transmission Electron Microscopy 

The silica particles were also sized using transmission electron microscopy (TEM) by the 

TEM service, University of Bristol. The particles were dried down in a vacUUm, and TEM 

micrographs were obtained using a JEOL "Temscan" instrument. The particle size was 

determined by measuring the diameters of approximately 500 particles in a negative using 

Visilog, an image analysis program. It should be noted that the size of the silica particles as 

measured by TEM was smaller than that by PCS because the particles shrunk when dried 

in vacuum, and also because PCS measures the hydrodynamic diameter which includes a 
bound solvent layer at the particle surface. 
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3.2 Synthesis and Characterisation of Polystyrene 

3.2.1 Introduction 

Anionic polymerisation has long been used to produce polymers of specific molecular 

weights and also with low polydispersities (typically Mw/M,, is less than 1.1 where M,, and 
M,, are the weight-average and number-average molecular weights, respectively) (3-5). In 

this technique, an anionic initiator is rapidly added to a homogeneous solution of monomer 
in a particular solvent, which is chosen to control the rate of polymerisation. Provided that 

the rate of the initiation stage is much greater than the propagation rate, every molecule of 
initiator then begins the growth of a single molecule of polymer. It is also necessary to 

ensure that the environment is dry and free from impurities so that the initiator is only 

consumed in the polymerisation of the styrene molecules. If these conditions are satisfied, 

the number of moles of initiator is equal to the number of moles of polymer produced, and 

so monodisperse chains of the required molecular weight may be produced. 

When the polymer chains are fully polymerised, 'living' anionic species are present in 

solution. These may then be given a particular end group by terminating with a chemical 

with a particular functionality (3). 

in this work, polystyrene chains were synthesised with various molecular weights, and 

were terminated with end groups which could chemically react with, or graft to, the surface 

of silica particles. The monomer for this reaction was styrene, the solvent was toluene, and 
the initiator was sec-butyl lithium. When the initiator was added to the styrene / toluene 

solution, the monomer polymerised to form the living polystyryl radical. When this step 
had reached completion, the chains were terminated with methyltrichlorosilane and then 
further reacted with an excess of methanol to produce the end-group required to graft to the 

surface of the silica particles. The general reaction scheme is given in figure 3.2. 
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Initiation : Polymerisation of styrene to form polystyryl anions 

CH2 CH + (n-1) CH2-CH Bu-CH2-CH CH2- CH + (n-2) CH2 -CH 
IIIII 

Ph Ph Ph Ph Ph 

U+ B-U* 

U+ 
Bu Hj-- CHI CH2- CH 

II 
Ph Ph 

(n-1) 

Temination : Step I to form polystyrene 

Li Cl 

Bu H27- CHI CH2- CH Cl -S 
I 
i-Me ------ a-, Bu Hj- CHI SI i-Me 

I1 41-) 111 
Ph Ph Cl Ph 

(n-1) n 

Termination: Step 2 to end-functionalise polystyrene with methoxy groups to 
graft to the surface of silica particles 

Me- OH 
Cýj Ci 

Bu Hi- CHTý -Me I 
Ph I 

Me- OH 

ome 

Bu Hi- CHI Sli - Me 
II 

Ph ome 
n 

RgUre 3.2. Reaction scheme ofthe anionic polymerisation ofpolyst)rene 
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3.2.2 Anionic Polymerisation of Polystyrene 

The general synthesis of polystyrene will now be described. A more detailed description is 

given in appendix B, and is based on the work of Edwards et al (3). 

Fhe chemicals used in this reaction are summarised in table 3.3 below. 

Chemical Purpo e Supplier u rity 
Styrene Monomer Aldrich 

-- 
990/o 

---- - Toluene Solvent Aldrich 99 . 8% 
Sec-Butyl lithium - Initiator Aldrich 

- 
1.3 M 

Calcium Hydride Drying agent 1drich X 95%, 40 mesh 
1,1-diphenylethene Drying agent Aldrich 97% 

M ethyltrichlorosi lane 
-Terminating 

group Aldrich 97% 
Methanol 

. .... 
Terminating group B. D. 11. 97% 

Mble 3.3. Chemicals used in the anionic polymerisalion (? I'polyvlyrene 

The first stage of the synthesis was to purify the styrene and toluene. It was essential that 

they were both dry and free from impurities, otherwise polydispcrse polymer chains may 

have been produced (6). In order to achieve this, approximately 30 cm 3 styrene was 

vacuum-distilled in a sealed flask from calcium hydride to another flask, also containing 

the drying agent. This distillation removes an inhibitor from the monomer, which prevents 

it from polymerising in light. The distilled styrene was therelbre stored in tile dark. In a 

similar manner, approximately 300 cm 3 toluene was distilled from calcium hydridc, but 

now to a clean flask into which was injected 1,1-diphenylethene fiollowed by sec-butyl 

lithium under argon, an inert atmosphere. The initiator first removed any impurities present 

and then reacted with the 1,1-diphenylethene to form a red solution. 

Both the styrene and toluene were distilled again into a clean, dry reaction I'lask. The 

solution was stirred, and the polymerisation was initiated by rapidly injecting sec-butyl 

lithium, again under argon. This process was essentially the same fior all the polystyrene 

samples synthesised. The only difference was in the relative amounts of monomer and 

initiator used, since these were varied to achieve the dcsIrcd molecular weight. 
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As previously stated. the number of moles of initiator should be equal to the number ot 

moles of polymer. Because the mass of monomer is equal to the mass ofpolyi-ner. it is 

clear that the rnolecular "'eight of the r*-)]%-mer is given by equation 3.3. 

Al, 
7 

=- 

���ti'! ',., 

(3.3) 

where AI,, is the number average molecular weight of polystyrene. Mmonomer is the mass of 

styrene and n ........... is the number of moles of initiator. 

Once the polymerisation had been initiated. a bright orange solution formed. indicating the 

presence ofthc "fiving- p0lý StýTý'l anion. This was then alloxNed to react tor approximately 

12 hours in order to ensure that the polymerisation had reached completion. Afler this time. 

the polystyrene was terminated. to give the reactive end-group. by injecting excess 

methy Itrichloro s1 lane (NITCS) followed bý an excess of' methanol. The solution turned 

clear and colouriess. indicating the -death- of the polystyryl anion. ']'he final step was to 

purify the polymer formed. which was extracted from solution in toluene by precipitation 

into an excess of rriethanol. The polymer ", as cleaned by re-dissolving in toluene and 

precipitating another three times. 

The exact reaction scheme is described in appendix B. and the quantities used in the 

synthesis ofeach polystyrene sample are summarised in table 3.4 below. The same volume 

of MTCS quoted in the table was added three consecutive times to ensure complete 

termination. 
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where M,, is the number-average molecular weight of the polystyrene chains, as measured 
by gel permeation chromatography. This characterisation technique is explained in section 
3.2.3 below. 

3.2.3 Characterisation of Polystyrene by Gel Permeation Chromatography 

The molecular weights of the polystyrene samples prepared in this work were measured 

using gel permeation chromatography (GPQ, also known as size exclusion 

chromatography (7). All of the measurements were kindly carried out at Rapra Technology 

Ltd., under the supervision of Dr. Steve Holding. 

The principle behind this technique is to obtain an estimate of the molecular weight 
distribution of a sample of solute molecules, dissolved in a suitable solvent, by separating 

out the different sizes and then comparing to known standards. The separation occurs when 
the solution is flowed through a size-exclusion column with a certain pore size. As the 

sample passes through the column, the smaller molecules are retained in the pores, whilst 
the larger molecules pass more fi-eely. In this way, the different sizes are essentially sorted, 

and so by comparing the retention times to known standards, it is possible to obtain an 

estimate of the entire molecular weight distribution. It should be noted that this is therefore 

only a relative technique and so care should be taken when comparing polymer molecules 

of different compositions (8). 

In this work, approximately 0.2% w/w solutions of polystyrene in tetrahydrofuran were 

prepared and passed down a gel column with a pore size of 10 microns at a flow rate of I 

mi min7. The retention behaviour of each sample was measured and compared to 

polystyrene standards. From this analysis, estimates of the number-average and weight- 

average molecular weights (M, and Mw, respectively) were obtained. The polydispersity is 

given by MdM,. 
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3.2.4 Characterisation of Polystyrene by Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) measurements were carried out on the 

polystyrene samples by the NMR service, University of Bristol, in order to verify their 

chemical composition. In NNIR, both a strong magetic field and a weaker perpendicular 
field are applied to the sample, exciting nuclear absorption levels which represent the 

possibilities of the nuclei in the molecules changing from one alignment in the applied 
field to another one (7). The precise energy of absorption depends on the particular 

environment of a nucleus, such as of a 111 atom. By measuring the entire absorption 

spectrum of a sample, and comparing to known data, it is therefore possible to deduce the 

positions of the nuclei in the molecule. 

For this analysis, approximately 0-Ig of each polymer sample was dissolved in 

approximately 7 cm3 deuterated-chloroform. A "lambda7' spectrometer was used to take the 
114 spectrum of the polystyrene solutions, at 300 NffIz frequency, and in each case the 

composition was confirmed by comparison with literature data. 

3.3 Synthesis and Characterisation of Polystyrene-G rafted Silica Dispersions 

3.3.1 Introduction 

The method of grafting polystyrene chains to silica particles, to form the soft, steric layer, 

is based on the work of Ed%Nrards et al. (3) and Vincent (9). In this synthesis, the reactive 

end-group on the chains chemically reacts with the silica surface, and it has been shown 
that they do not desorb afler grafting. 

As was described in section 3.2.2, the chains in each polystyrene sample were given a 

reactive end- functionality consisting of methoxy groups. During the chemical reaction, 

these groups react with silanol groups present on the surface of the silica particles. This 

reaction is summarised in figure 3.3 below. 
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[POIYStYrenel-Si(MC)(OMe)2 

OH OH OH OH OH 
11 LA 1 

Si02. 

[Polystyrene]-Si(Me)(OMe) 

00000 

IIII 
Si02 

Figure 3.3.7be grafting reaction (condensation) ofpolystyrene chains to silica 

In order to achieve this, the bare silica particles were first redispersed from ethanol into 

dimethy1formamide (DMF), a solvent which is polar enough to stabilise the particles. DMF 

is also a good solvent for the cnd-functionalised polystyrene. The procedure was then to 

dissolve the polystyrene in a DMF I silica dispersion to high concentration and reflux for 

several days. Edwards et A found that the grafted amount increased both with the 

polystyrene to silica weight ratio, and also with the duration of the reflux reaction. 

In some cases it was decided to reflux for a second time, in order to increase the surface 

coverage. It has been found that this is enhanced if the particles are transferred to a less 

polar solvent, such as toluene, provided that enough polystyrene grafted in the first reflux 

to stabilise the particles. In this case, the method used was essentially the same as that for 

DMF (10). 

3.3.2 Grafting Polystyrene to Silica 

As described above, the silica dispersion in ethanol was first transferred into DMF in 

preparation for the reflux. Initially, it was attempted to achieve this by repeated 

centrifugation / redispersal cycles. However, this method was only successful using a 

gradual change of solvent. For example, it proved necessary to transfer the particles into an 
intermediary ethanol / DMF mixture. This was not only very time-costly but even after 

these steps, PCS measurements showed that aggregates were present amongst the stable 

particles in dispersion, which could not be broken up by ultrasonification. Instead, the 

method developed for the transfer was to distil off the ethanol and continually replace with 
DMF. The normal boiling temperature of ethanol is 78 T and that of DMF is 153 T. This 
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large difference in boiling temperatures therefiore meant that it was easy to transter 

solvents by distilling with only a short column. 

Approximately 200 cm 3 silica /I ethanol dispersion. as made by the St6ber synthesis (and 

therefore also containing ammonia). was placed into a11. round-bottorn flask. 

Approximately 200 cm-' DMF was added to this. stirred. and heated to the boiling 

temperature. The ethanol readilý distilled off. When the boiling temperature ofthe mixture 

approached that of pure DMF (i. e. when almost all of the ethanol had been distilled), the 

process was repeated until enough silica dispersion had been transt'errcd, and the particle 

concentration in D%IF \Nas deemed high enough. 

In order to prepare for the grafting procedure. the dry weight of the silica / DMF dispersion 

was determined by heating in a vacuum oven at 60 T fior approximately 24 hours. DMF 

dispersions. of approximately 3qo Nolume traction. were used. The exact quantities are 

given in table 3.5. From the determined weight traction. tile mass of silica in 

approximately 200 cm' of each dispersion was calculated, and polystyrene was dissolved 

in at a weight fraction of approximately 1: 1. 

The entire dispersion was then refluxed at approximately 125 OC for periods of up to 7 

days. The exact reaction conditions are summarised in table 3.5. The surface coverage 

values were determined bý elemental analysis. which is described in the next section. 

At the end of' the synthesis. the dispersions xNere transfierred into toluene by repeated 

untriffigation and redispersal cycles. This process is described in more detail in section 

3.3.4. 
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In an attempt to increase the surface coverage ofpolystyrene chains. a higher rnass ratio ot 

polystyrene to silica than in the sNstems described above was used tor three dispersions. 

The reason for this was to try to stabilise the particles in cyclohexane, which is a marginal 

solvent for Polystyrene. disrvrsion Sil 3PS2 was stable in toluene. a good solvent, but not 

in cyclohexane. As well as increasing the amount ot'polystyrene in the later syntheses, two 

refluxes were used. The tirst reflux %%as again in MIF, but in the second stage the particles 

were redispersed into toluene by repeated centrifugation and redispersal cycles. These were 

then refluxed with a high concentration of polystyrene in solution. The exact reaction 

conditions are gi\en in table 1.6. 

fraction : poý, - I eratu re coverage coverage/ 
;i st'vrene hrs 

Ia Lnm2 
chain-' 

L_ 

-/ 
11C I /M nm 

Si13PS42 1., 135 OA) . 
1.0 19 ,0 Lo -6 

I*8 
-- 

1.5 : 1.0 147 110.0 
Si14PS52 2.7 1.0.1.0 110 150.0 2.3 19 

I. 8 1.0 : 2.6 52 110.0 
ýil Ilk -P S-6 2 7: 30 1.0 : 1.5 99 150.0 8.0 15 

2.0 1.0 : 4.0 90 118.0 
jable 3.0. Reac-fion conditionsfior grafting polYstYrene to silica with a second reflux in 
toluene 

In the table. the first number in each column is for the reflux in DN1F. and the second is fior 

the subsequent graffing in toluene. At the end of the synthesis. the dispersions were 

transferred into clean toluene (as described in section 3.3.4). 

Dispersions Sil4lIS52 and Si]41IS62 x-. ere stable in cyclohexane at elevated temperatures. 

Most ofthe phase beha\Iour and aggregation studies were perfim-ned oil system S'141IS52 

in cyclohexane. 

3.3.3 Surface ('o,. erage of Pol%, %t%-rene-(; rafted Silica Dispersions - Characterisation 

bv Elemental AnaINsis 

The surface coverage ofpolymer chains on the surtace of the silica particles was calculated 

from elemental analýsis. carried out bý the micro-analytical service, University ot'llristol. 

In this technique. the cart-, on. h\drogen and nitrogen contents were determined fior tx)th the 
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bare silica and the polystyrene-grafted particles by burning the samples in a "Perkin 

Elmer" elemental analyser. The bare particles were dried from ethanol dispersion by 

heating in a vacuum oven at 50 T for 24 hours. The grafted particles were fust transferred 

to clean DMF, as described in the next section, in order to remove any unreacted 

polystyrene. These were then dried in a vacuum oven at 70 *C for 24 hours. 

In general, the percentage increase of carbon was attributed to the carbon content in grafted 

polymer chains. However, it has been shown that DNT strongly adsorbs to the silica 

surface during the grafting procedure (10), and therefore also contributes to the increased 

carbon content. The amount of adsorbed DMF was determined from the increase in 

nitrogen, and hence also its contribution to the carbon content. From these data, the surface 

coverage could be calculated since the molecular weight of the polymer chains and the 

diameter of the silica particles were both known. The method is presented in appendix C. 

3.3.4 Redispersal in Good and Marginal Solvents 

After the grafting procedure, the silica particles were transferred into either toluene or 
DMF, to remove any unreacted polystyrene, by repeated centrifugation and redispersal 

cycles using a "Hi-Spin 21" MSE centrifuge. Both DMIF and toluene are good solvents for 

polystyrene. In all cases, a small part of the dispersions listed in tables 3.5 and 3.6 were 

transferred into DMF for the elemental analysis procedure outlined above. The remainder 

was transferred into toluene, and acted as the 'stock' dispersion for future experiments. 
The solids content was determined by heating in a vacuum oven at 50 T for 24 hours. 

The particles in DMF (single reflux) or toluene (second Teflux) from the grafting procedure 

were poured into 8x 50 ml teflon centrifuge tubes and centrifuged until a clear supernatant 
formed. In general, it was necessary to centrifuge the particles harder and also for longer 

periods of time when dispersed in DMF, or when the dispersion contained a high 

concentration of free polystyrene. Approximate centrifugation speeds and times required to 

fully sediment the particles are summarised in table 3.7. 
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Solve nt Speed / r. p. m. Time / hrs 
From DMF with a high 

polystyrene concentration 
2 

From clean DMF 9.000 1.5 
From toluene with a high 
polystyrene concentration 

9.000 1.5 

From clean toluene 8.000 1.0 
Centrilugation ol poIYstYrene-grqfied silica parficles 

After the grafting procedures. the DMF and toluene dispersions contained a high 

concentration of polystyrene which increased the viscosity ofthe solvent. In the first cycle, 

it was therefore necessary to centrifuge these faster and for longer periods of' time. and in 

some cases it was even necessary to dilute the dispersions with more solvent. The particles 

were then redispersed into fresh solvent using a mechanical shaker. Ultrasonification was 

not used since it has been shown that it is possible to cleave polymer chains using this 

technique (I I ). The centrifugation redispersal cycle "as repeated a further three times, 

using the speeds and times for the clean solvents as shown in table 3.7. ]'his was to ensure 

that all the unreacted polystyrene was removed from solution. At all times, care was taken 

not to centrifuge the particles too hard. since this may have produced irreversibly- 

aggregated flocs. Their absence was checked bý confirming the size of the particles in 

dispersion ýNlth PCS. 

The solids content of the stock dispersions in toluene was determined by drying in a 

vacuum oven at 50 "C for 24 hours. 

in the case of dispersions Sil4PS52' and Sil4l'S62. it was necessary to transter the 

particles ftom toluene to cýclohexanc. in which they were stable at 45 T, for aggregation 

and phase behaviour studies. The method used was to quench the required amount of 

toluene stock dispersion into a large excess of cyclohexane at room temperature. At this 

temperature. the particles flocculated and sedimented to form a dense layer at the bottorn 

of the container over a period of 12 hours. After this time. the clear supernatant was 

removed with a pipette and fresh cyclohexane was added. The particles were then 

redispersed by shak, Ing and heating in a hot cupboard. maintained at a constant temperature 

of-45 "C. fior 12 hours. This process \%as repeated a further three tinics to ensure that all the 

62 



toluene had been removed from solution. The cyclohexane dispersions were stored at 45 OC 

until requircd. 

63 



3.4 References 

(1) W. Stober, A. Fink, 
"Controlled Growth of Monodisperse Silica Spheres in the Micron Size Range", 
Journal of Colloid and Interface Science 1968,26,62-69. 

(2) G. It Bogush, M. A. Tracyý C. F. ZukoskL 
"Preparation of Monodisperse Silica Particles - Control of Size and Mass Fraction", 
Journal of Non-Crystalline Solids 1988,104,95-106. 

(3) J. Edwards, S. Lenon, A. F. Toussaint, B. Vincent, 
"Preparation and Stability of Polymcr-Grafted Silica Dispersions", 

,4 CS Symposium Series 1984,240,281-296. 

(4) C. Geacintov, I Smid, M. Szwarc, 
"Kinetics of Anionic Polymerization of Styrene in Teuahydrofuran", 
Journal ofthe, 4merican ChemicalSociery 1962,84,2508-2515. 

(5) M. Szwarc, 
Carbanions, Ijving Polymers andEJectron Transfer PIrocesses; Intcrscience: London. 1968. 

(6) M. Szwarc, 
Nature 1956,178,1168. 

(7) H. Willardý M. Lynne, J. Dean, F. Settle, 
instrumental Methods oPnalysis, 7th ed.; Wadsworth: 1988. 

(8) S. Holding, Personal Communication. 1998. 

(9) B. Vincent, 
"The Preparation of Colloidal Particles Having (Post-Grafted) TerrninallyýAttached Polyiner-Chains", 
Chemical Evineering Science 1"3,48,429436. 

(10) T. Cosgrove, T. G. Heath, K. Ryan, 
"Terminally Attached Polystyrene Chains On Modified Silicas", 
Langmuir 1994,10,3500-3506. 

(11) p. A. P- Glynn, B. M. E. van der Hoff, 
journal ofMacromolecular Science, Chemistry A7 1973,1695. 

64 



4. Results and Discussion - Synthesis and Characterisation of 

Polvstyrene-(; rafted Silica Particles 

4.1 Summan of PoIN %tN rene-(; rafted Silica S-*stems 

The pro perlic-s ofthe po IN ý, týrcric-graficd sII ic it dispersions are ýurrirriarisecl in table 4.1, 

Sample C PC PCs TEM Coverage 

M. solvent : za%lt Mg M-2 
M. IMI ZI., poly s. d. 

-nm 
2 

chain-' 

PS2 1010 
1.05 

PS4 25.100 
1.07 

PS5 26.600 
1.02 

PS6 71.200 
1.10 

SO 1 ethanol 68 
80.0.1 6 

SW ethanol 69 
80.0.07 6 

S04 ethanol 74 
88.0.03 7 

1 Ps" 2 flocculated in 0.22 
toluene 7.7 

Sil- 2 toluene 0.37 
105.0.09 4.5 

Sil3PS42 toluene : 1.6 
122.0.09 26 

S 'a 4 toluene 2.3 
119.0.08 19 

cyclohexane 
I 11.0.05 

Sil4PS62 toluene: 8.0 
196.0.1 15 

c\-clohexane: 
139.0.07 

7'abit, 41 ýwnnian, ol Polystyrene-6rafied Silic-ij Svstems 
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where zh is the hydrodynamic diameter, poly is the polydispersity as measured by PCS, and 

z,,,, and s. d are the average diameter and standard deviation as measured by TEM. 

4.2 Silica Synthesis and Characterisation 

4.2.1 Synthesis - Particle Size and Polydispersity 

As described in section 3.1.2, the silica particles used in this work were synthesised. using 

the method developed by St6ber ct A (1). Based on this work, the empirical equations 

formulated by Bogush et al. were used to predict the reagent quantities required to produce 

particles of a desired diameter (2). As shown in tables 3.1 and 3.2, this yielded particles 

whose average diameter was often similar to the predicted values. 

The average hydrodynamic diameter was measured by PCS. The results are listed in table 

4.1. In all cases, the synthesis resulted in dispersions with a low polydispersity, or spread 

of particle sizes, and was measured by PCS, as defined in the British standard (3). A 

perfectly monodisperse dispersion has a polydispersity of zero. In this work, the 

polydispersity was typically less than 0.1. 

TEM micrographs were also taken of the particles, and were analysed to give an estimate 

of the bare particle diameter and the standard deviation. An example of a TEM micrograph 

(for sample Sil4) is shown in figure 4.1 below. 
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Figure 4.1.71--ýM micrograph ()l \iii( a (ii. ýj1)ersion Si14 

From such a micrograph. the average particle diameter and standard deviation were 

measured using an image analysis program. The results are listed in table 4.1. In general, 

the diameter as measured bý TEM xNas approximatelý 85% ofthe diameter measured by 

p('S. it, TEM. it Is believed that when the particles are dried in vacuuni thcý shrink in size. 

Also, PCS measures the hydrodynamic diameter of the particles in dispersion, and thus 

includes the added thickness of any solvent bound to the silica surface. TEM micrographs 

were also taken ofthe grafted particles dried do\vn from toluene. In these cases, it was not 

possible to vie\, \ the grafied polymer la\ers directlv. and the micrographs were essentially 

the same as for the ungrafled particles. 

4.2.2 Properties of St6her Silica Particles - Comparison with Literature 

As discussed in section 3.1.1. Rogush et al. rerx)rted that silica particles prepared by the 

Stbtvr synthesis arc generally spherical and monodispersc. Furthermore. the polydispersity 

decreases I'm increasing particle diameter (above approximately 100 rim) and also 

decreasing temperature. This has been confirmed in this ýNork. The particles in dispersions 

SO 1, SiB and SH4 were all initialk prepared to give a diameter of 60 ± 10 nm. For these 

small particles, it was found that the pol-vdispersity decreased ifthe reaction temperature 

was raised ftorn 25 to 55 'V. Also. in another investigation by Dr. Nigcl Wright at the 
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University of Bristol, larger particles with a diameter of 597 :L2 nm were prepared. The 

polydisperisty of this system was measured, yielding a very low value of 0.005. This was 

confirmed by TENL 

Van Helden, Jansen and Vrij (4) have performed a detail study of the properties of silica 

particles prepared by the St6ber method. They found from elemental analysis 

measurements that the final particles contained approximately 43% silicon, 0.75% 

hydrogen and 0.801/4 carbon by weight. Assuming that the carbon content was due to 

unhydrolysed ethoxy groups, this corresponds to a composition of approximately 92% 

silica, 5% water and 1% ethoxy groups, an appreciable amount of which are likely to be at 

the particle surface. The water and cthoxy groups are likely to remain after the initial 

synthesis. Van Ifelden et al. also performed nitrogen absorption measurements on silica 

particles, yielding a surface area of approximately 100 m2 g". Furthermore, it was shown 

that the morphology of the particles was porous, with a significant number of pores having 

a size less than 1.2 nm. 

In this work, it was necessary to determine the density and refractive index of the St6ber 

silica particles. Van Heiden et A measured the density in a dilution series with 

supernatant, and also the refi-active index. In general, it was found that the density varied 

with particle size. For particles near to 100 mn diameter, the density was approximately 1.9 

g cnfl, and this value has been used throughout. Similarly, the refractive index value used 

was 1.44. 

43 Polystyrene Synthesis and Characterisation 

As described in section 3.2, the end-functionalised polystyrene was synthesised by anionic 

polymerisation (5). The molecular weight and polydispersity (the ratio of the weight- 

average to the number-average molecular weight) of the polystyrene samples were 

measured using GPC. In the reaction, the actual molecular weight produced, controlled by 

the ratio of monomer to initiator, was often very close to the desired value (table 3.4). 

Typically, it was possible to synthesise the polystyrene with a molecular weight within 
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2000 g mor, of the desired value. However, for sample PS6 the final molecular weight was 

approximately three times the predicted value. This may have been due to an impure 

initiator. 

In all cases, the polydispersity of the polystyrene chains was less than 1.1. This very low 

polydispersity was due to the nature of the anionic polymerisation reaction which was 

performed in very clean and dry conditions. The presence of any impurities such as water 

would have increased both the molecular weight and also the polydispersity produced. 

The other technique used to characterise the polystyrene samples was NMFL An example 

of an NMR spectrum, sample PS2, is shown in figure 4.2 below. 

The sets of peaks relevant to the characterisation of polystyrene as indicated on the 

diagram are described in table 4.2. 
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Peak set number Approximate Frequency 
PPM 

Group of It atoms responsible-'-- 
forpeak 

A 7.0 5 ll atoms in ii phenyl rlnýý 
B 6.5 5 1-1 atoms inn 

_phenyl 
rlnýs split 

C 2.9-3.5 Si(OMe)2Cl 13 cnd gr ma 
D 2.3 solvent (D-chlorolbrin) 
E 1.8 n -Cl I- groups 
F 1.4 n -Cl 

12- groups 
G 0.6 9 11 atoms in sec-butylend group 
H 0.0 tetrameth Isilane relýrence 

Tuble 4.2. NMR Uharaderisation ol polystyrene sample I-,. S2 

NMR spectra were taken for all the polystyrene samples. In each case, the fiequcncy ofthe 

peaks was the same, but the relative intensities changed depending on the molecular 

weight. In general, the integrated area under the curve due to the repeating group along the 

polystyrene chain increased relative to the areas due to the two end-groups tor higher 

molecular weight samples. From such an analysis, an attempt was made to calculate the 

molecular weight ofthe sample. The ratio of the integrated area under the peaks is given 

by the ratio ofthe number of H atoms causing tile peaks. For example, a comparison ofthe 

5n II atoms in the phenyl rings to the 9 11 atoms in the sec-butyl end group yields: 

9 areab.,, l 
5n area phen. vl 

(4.1) 

F'rorn this equation. n may be determined and therefore also the molecular weight-, tile 

rclative mass of the repeating group is 104 g niol-1. I lowevcr, it was not possible to obtain 

consistent results for the polystyrene samples in this work, especially I-or the higher 

molecular weight samples where the area due to the phenyl groups was much larger than 

that due to the end groups. The molecular weights were therefore determined by OPC. 

Although this is not an absolute method of' determining the Molecular weight, the 

calculated values are reliable since the analysis compares the results to polystyrene 

standards. 
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4.4 Synthesis and Characterisation of Polystyrene-Crafted Silica Dispersions 

The polystyrene-grafted silica dispersions were synthesised as described in section 3.3. 

The surkice coverages ofthese dispersions were calculated, as listed in table 4.1, firom the 

elemental analysis results. The measured percentages ofcarbon, nitrogen and hydrogen are 

surnmarised in table 4.3 below for the bare and gralled dispersions. 

System Bare 
Carbon 

%- 

Grafted 
Nitrogen 

-% 

Bare 
Hydrogen 

---% 

G ra fted 
Carbon 

% 

Bare 
Nitrogen 

% 

Grafted 
Hydrogen 

0 
SilIPS2 3.8 1.5 1.5 

___ _____4.0 
1.6 IA 

Sil3PS2 4.1 1.0 1.2 5.9 1.3 1.3 
Sil3PS42 3.5 1.1 1.2 9.2 1.2 1.7 
S is! '-5 2 ' 

4 7 1.2 1.3 12 1.2 1. 2 = 
2 Sil4PS6 ': 
j ý 

4.4ýý 1.2 1.3 24 1.2 
.8 

ý 

.8 
I'OhIc 4.3.1-Jemental analysis resulls. lor the lingrqlled and grqfled dispersions 

Frorn the elemental analysis results it is clear that the polystyrene successfully gralled to 

the silica surface since the carbon content significantly increased firom the ungralled to 

grafted case. Also, for the dispersions synthesised with a single reflux in DMF, the 

increase in the content of nitrogen is attributed to DMF adsorbing at the surlace of the 

particle. 

initially, the surface coverage produced (sample SH3PS2) was rather low, at a value of 

mg m -2 n12 -1) fo 0.37 (4.5 n chain or the low molecular weight 1000 g rnol-' polystyrene 

grafled to 80 nm silica. In this dispersion, the polystyrene stcric layer stabilised the 

particles in toluene, but they were not stable in cyclohexanc at any teniperat tire. The 

general stability behaviour of the polystyrene-grallcd silica systems will be described in 

more detail in section 6. In order to determine the cffýct of' surface coverage on particle 

stability. a lower coverage dispersion was formed (Si II PS2). ']'his was achievcd by using a 

lower ratio of polystyrene to silica, and also refluxing fior a shorter period oftinic (refer to 

table 3.5). This dispersion was stable in neither cyclohexane nor toluene. In comparison 

with the work ofEdwards et al. (5), the adsorbed amount was plotted as a flunction oftime 
for the grafling of PS2 to 100 nni silica in DMF'. ']'he graph Is shown in ligure 4.3 below. 
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Grafting polystyrene (iolo g mor') 
to silica (100 nm diameter) 

0.4- 
0.35 - 

0 0.3 - 
0.25 - 

0 0.2- 40 
PO 0.15 - 
40 

0.1 - 
PC 0.05 - 

0 
0 20 40 60 80 

Time (hrs) 

Figure 4.3. Grafting polystyrene to silica as afunction of time 

The graph clearly shows that the grafted amount increases as a function of reflux time, and 
the work of Vincent (6) has shown that this eventually reaches a plateau when no more 

polystyrene adsorbs. Sil IPS2 was formed by refluxing for only 25 hours, compared to 144 

hours for sample Sil3PS2. 

In an attempt to obtain stability in cyclohexane, it became clear that it was necessary to 

graft a thicker steric layer with a high surface coverage of polymer chains. Therefore, high 

molecular weight 25,100 g morl polystyrene was grafted firstly in DMF and then 

subsequently in toluene. It was found that the concentration of silica and the ratio of 

polystyrene to silica in both the DXT and toluene refluxes were very important parameters 

on the final surface coverage, as shown in tables 3.5 and 3.6. In all cases, a high volume 
fraction of silica was used - approximately 3% in the DMF reflux and 2% in the toluene 

reflux. 

In the first case, sample Sil3PS42, the dispersion was stable in toluene, but again unstable 
in cyclohexane at any temperature. The surface coverage achieved was 1.6 mg In72 (26 nm2 
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chain7l). In sample Sil4PS52, the ratio of polystyrene to silica was therefore increased to 1 

:I for the DMF reflux and 2.6 :I for the toluene reflux, resulting in a 'soup' of silica 

particles dispersed in a very high concentration solution of polystyrene. In this case, the 

reflux progressed for a similar amount of time, and the molecular weight of polystyrene 

was comparable at 26,600 g mor', but the synthesis resulted in a higher surface coverage 

of 2.3 mg rrf2 (19 nm2 chairf 1). This dispersion was again stable in toluene, but now also in 

cyclohexane above approximately 35 T. 

The majority of the phase behaviour experiments in cyclohexane, the marginal solvent for 

polystyrene, was performed with sample Sil4PS52. These will be described in detail in 

chapter 5. 

Finally, in sample Sil4PS62, the ratio of polystyrene to silica was increased even further in 

both refluxes, and was as much as 4: I for the grafting in toluene. The molecular weight of 

polystyrene was also much higher at 71,200 g mor'. The surface coverage achieved from 

this synthesis was 8.0 mg m72 (15 ntr? chain7l). This dispersion was again stable in 

cyclohexane at elevated temperatures. 

In conclusion, it is clear that a high surface coverage of polystyrene was necessary to 
impart stability close-to-theta conditions, in a solvent such as cyclohexane. This was 

achieved by grafting for long periods of time, in toluene and DMF, at a high concentration 

of silica and also with a high ratio of polystyrene to silica. A possible reason for this is that 

a high flux of polystyrene over the silica surface is necessary so that the probability of the 

functionalised end-groups reacting with the surface silanol groups is increased. 

4.5 Surface Coverage and hydrodynamic thickness - de Gennes Scaling Theory 

There are many theoretical models which predict the thickness of a grafted steric layer 

extending from the surface of a particle (7). The thickness depends on both the molecular 

weight of the polymer chains and also the grafting density. This dependence changes 

according to the environment of the chains on the particle surface. For example, if the 
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chains are grafted to a low surface coverage, an increase in either the molecular weight or 

grafting density will cause a large increase in the layer thickness, since the added steric 

hinderance between chains will result in their stretching into solution. If however they are 

grafted at a high surface coverage, where the chains are tightly packed together, the 

dependence on the surface coverage will not be as strong. For this "brush" regime, de 

Gennes formulated the scaling law as given in equation 4.2, which is independent of the 

nature of the solvent. 

8 oc Na 
Y3 

(4.2) 

where 8 is the layer thickness, N the number of chain-equivalent segments and a the 

surface coverage in chain nm72. These fundamental properties of polystyrene are calculated 

in appendix A for samples Sil4PS52 and Sil4PS62. 

PCS was used to measure the hydrodynamic thickness of the polystyrene layer for samples 

Sil4PS52 and Sil4PS62. For both systems, the bare (ungrafted) particle diameter was 88 

nm. For the grafted dispersions in cyclohexane, this increased to III mn for Sil4PS52 and 

138 mn for Sil4PS62. In toluene, the values were 119 mn and 196 nrn, respectively. For 

Sil4PS52, the PCS measurements resulted in thicknesses of 12 nm in cyclohexane and 16 

ran in toluene, and for Sil4PS62 the values were 25 nm and 54 nrn, respectively. 

It should be noted, however, that it was not possible to obtain reliable estimates of the 

hydrodynamic diameters in toluene using PCS. The measured values fluctuated greatly, up 

to as much as 20 nm, and were significantly larger than the theoretical values. This was not 

the case for the particles dispersed in cyclohexane. In cyclohexane, the measurements were 

repeated to within an accuracy of ± 2nm. The reason for these observations is not 

understood, but a possible explanation may be due to the close refractive-index matching 

of toluene and silica at the wavelength of the red laser used in the PCS equipment. This 

matching may have caused the greater error in the measured valuesi. 

The thickness may be measured by a number of different experimental techniques. For 

example, PCS measures the hydrodynamic diameter, 5h, WhilSt Small Angle Neutron 
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Scattering yields the root-mean square thickness, 8,,,. Fleer, Cohen Stuart, Scheutiens, 

Cosgrove and Vincent (7) have compiled the hydrodynamic thicknesses for various 

polystyrene-grafted silica samples and plotted the values against Ncr 1/3 to test the de 

Gennes Scaling law. Most of the values were measured for particles redispersed in toluene, 

although the scaling law holds for all solvents. This did indeed result in a linear 

dependence, supporting the scaling prediction, as shown in figure 4.4 below. 

80 -- 
y=0.46x 70 -- 0.96 

60 
0 Data complied by Fleer et al. 50 0E 

Sil4PS52 in Cyclohexane 
40 A Sil4PS52 in Toluene 

0x Sil4PS62 in Cyclohexane '0 30-- 
* Sil 4PS62 in Toluene 

20 0 -Best fit to Data Compiled by Fleer et al. 
10 

0- 1. IIi. 
I... 

iIIIIiI 

0 50 100 150 

Ncr 1/3 / nM-2/3 

Figure 4.4. De Gennes scaling lawfor polystyrene-grafted silica dispersions 

In the graph, the data compiled by Fleer et al. have been plotted along with the 

experimental thicknesses measured for samples Sil4PS52 and Sil4PS62 in cyclohexane 

and toluene. For Sil4PS52, the surface coverage was measured as 0.052 chain jjmý (table 

4.1) and the value of N was calculated as 54.0 (appendix A) for the 26,600 g mor, 

polymer. For Sil4PS62, the molecular weight of which was 71,200 9 mor', these values 

were 0.068 chain nnf2 and 144, respectively. The fit assumes that the polymer is in the 

I brush' regime. 

The experimental hydrodynamic thicknesses in cyclohexane agree well with the data 

compiled by Fleer et al. This good agreement supports the data obtained by PCS for the 
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cyclohexane dispersions. It is clear, however, that the toluene values do not confiorm so 

well, for the reasons outlined atx)ve. 

It is also useful to compare the experimental hydrodynamic diameters to the theoretical 

chain lengths in different conditions. In appendix A, the radius ot'gyration offirce polymer 

in solution has been calculated by two means, in good and near-theta conditions. as ýkcll as 

the 'fully extended' contour length for sample Si14PS52. The results fior (his sample are 

surnmarised in table 4.4 below. 

Property Equation / Method Thickness n m 
Root-mean square end-to- R,,,,, ý(N 12) 11 - 

end length of free polymer 
Radius of gyration of 12 Re = ý(N /6) 

- ----- 
4.4 

dissolved free polymer 
Radius of gyration in near- RI! - aM 4.6 

theta conditions 
Contour length or 'fully- CLýNl 79 

extended' length 
Predicted brush thickness 6h = 0.46. Ncr"3 92 

from de Gennes scaling 
Measured hydrodynamic 13CS 12 2 
thickness in cyclohexane 
Measured hydrodynamic ITS 16 5 

thickness in toluene 
Table 4.4.1 heorclical antl experimental chain dimensions o/ sample PS5 (26,600 g mol-1) 

where the molecular weight A4 is 26,600 g niol-', and the surface coverage (T is 19 1111,2 

chain-'. 

Again, the experimentally measured thickness for polystyrene (PS5) gralled to silica (Sil4) 

compares well with the theoretical values. The smallest length, approximately 4.5 11111, is 

for the radius of gyration of free polymer in solution. The theoretical root-mean square 
ctid-to-end distance is II nin. I Jsing the sealing law ofdc Oetwes determined fironi (lie data 

of' Fleer et aL, it is predicted that the thickness of' polymer extending ftom the particle 

surfýce is 9+2 nm for Sil4lIS52. which compares well with the theoretical cnd-to-cnd 

length. This suggests that the thickness ofthe polymer layer on the gralled particles does 

not significantly expand from the lice state. This may be duc to a rclativcly low surl'ace 
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coverage, even through the 'brush' regime is assumed. Furthermore, the measured 

hydrodynamic thickness in cyclohexane, 12 ±2 nm, compares well to (lie other 

experimental data collected in the de Gennes scaling graph, and also to the thcocrctical 

value of II nm. However, the value in toluene is larger at 16 ±5 nm. Thc theoretical value 

of the contour length, 79 tim, is much larger, representing the I'Lilly extended chain length. 

4.6 Summary 

The poly styrene-gra fled silica dispersions synthesised may be summarlsed into live 

categories, as shown in table 4.5 below. 

System "Cate gory" 
SHIPS2 Low molecular weight - Low surflicc coverage 
Sil3PS2 Low molecular weight - High surkice covera ve 
Sil3PS42 High molecular weight - Low surlace coverage 
Sil4PS52 I ligh molecular weight - I ligh surtace coverage 
Sil4PS62 Very high molecular weight - Very high surike coverage 

7'able 4.5. Summat-v o/ polyvtyrene-grqlled silica dispersions by calegorl, 

The molecular weight of polystyrene and surface coverage of polystyrene on silica For each 

dispersion is listed in table 4.1. 
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laser, because the refractive index is a fitriction of the wavelength of light. However, the values obtained were 
as inconsistent as with the red laser. 

78 



5. Experimental - Stability, Phase Behaviour and Aggregation Behaviour 

of Polystyrene-Grafted Silica Dispersions 

5.1 General Stability in Pure and Mixed Solvents 

5.1.1 Stability in Toluene (Good Solvent for Polystyrene) 

The stability and phase behaviour of dispersions SHIPS2, Sil3PS2, Sil3PS42, Sil4PS52 

and Sil4PS62 (table 4.1) were investigated using various techniques. In the first instance, 

their general stability was determined in toluene, a good solvent for polystyrene, and also 

in cyclohexane, a marginal solvent. The method for transferring the particles into these 

solvents was described in section 3.3.4. 

In the case of toluene, the particles were successfiffly redispersed by repeated 

centrifugation and redispersal cycles for all of the dispersions, with the exception of 

SiIjPS2. This dispersion contained particles with low molecular weight polystyrene 

grafted to a low surface coverage and was stable in neither toluene nor cyclohexane. The 

stability of the other systems was investigated by PCS, since if there were any aggregation 

present, the PCS measurements would have shown a significant increase in the average 

particle diameter. The long-term stability was monitored in the same way, for up to 

approximately one year. 

The other method adopted to investigate the general stability behaviour was by examining 

the sedimentation behaviour of the particles. Theory states that for dilute dispersions, the 

sedimentation of stable particles should be relatively slow, whilst particles with attractive 

inter-particle forces sediment more quickly (1). In this case the unstable particles 

sedimented to the bottom of the container very rapidly (typically over the period of hours), 

whilst for the stable dispersions minimal sedimentation occurred over the period of 

months. 
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5.1.2 Stability in Cyclohexane (Marginal Solvent for Polystyrene) 

The stability behaviour of dispersions Sil4PS52 and Sil4PS62 was investigated in 

cyclohexane between approximately 25 OC and 40 T. The particles in these systems had 

high molecular weight polystyrene grafted to a high surface coverage, and were 

redispersed by repeated aggregation, sedimentation and redispersal cycles, as described in 

section 3.3.4. The dispersions were then heated to 45 ±I OC in a hot cupboard and 

maintained at this temperature. Their stability was monitored using PCS and sedimentation 
for up to approximately one year, in the same manner as for the toluene dispersions. At all 

times, it was ensured that the particles did not remain in an unstable state during 

experiments performed at lower temperatures, lest they irreversibly aggregated and would 

not redisperse. 

All of the phase behaviour studies in cyclohexane were performed on dispersion Sil4PS52. 

5.1.3 Stability in Toluene-Cyclohexane Mixtures 

For dispersions Sil3PS2 and Sil4PS52, the stability was investigated in mixtures of 

toluene and cyclohexane. In the case of dispersion Sil3PS2, which contained particles with 
low molecular weight polystyrene grafted to a high surface coverage, the particles were 

stable in toluene but unstable in pure cyclohexane. In order to prepare the toluene- 

cyclohexane mixtures, the required mass of cyclohexane was added to a pure toluene 

dispersion. The stability was then investigated by PCS, as previously described. 

For Sil4PS52, the high molecular weight-high surface coverage system, the particles were 

stable in pure cyclohexane at 45 *C but unstable below approximately 34 "C. In this case, 

the toluene-cyclohexane mixtures were prepared by adding the required mass of toluene to 

cyclohexane dispersions at 45 T. These were then quenched to 25 T, and the stability was 

again investigated by PCS. 
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5.1.4 Electrostatic Effects - Phase Analysis Light Scattering 

Phase Analysis Light Scattering (PALS) was performed by Robin Mogford at the 

University of Bristol in order to investigate the significance of charges on the surface of 

the polystyrene-grafted silica particles in the non-aqueous media. The mobility was 

determined using this technique, from which the zeta-potential could be calculated. The 

theory of electrostatic repulsion and PALS was given in section 2.3.2. 

PALS measurements were performed on three dispersions -a sample of bare silica in 

water, Sil4PS52 in toluene and Sil3PS2 in toluene. For each dispersion a comparison was 

made of the measured mobility and zeta-potential. 

5.2 Small Angle Light Scattering (SALS) Apparatus for Phase Behaviour and 

Aggregation Measurements 

A small angle light scattering (SALS) apparatus, recently set-up by Dr. Jeroen van 

DuiJneveldt at the University of Bristol, was used to investigate the aggregation and phase 

behaviour of dispersion Sil4PS52. This apparatus is shown in figure 5.1 below, which was 

adapted from the diagram in the thesis of van DuiJneveldt (2). It should be noted that the 

angle of the camera to the incident beam on the projection screen was only very slight 

(approximately 10). 
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Figure 5.1. Small Angle Light. Ncattering Apparatus 

With the exception of the camera, all of the optical equipment was supplied by Melles 

Griot', and assembled on an optical bench. The camera was a "Lynxx2" Peltier-cooled unit, 

supplied by SpectraSource Instruments", and captured images of 165 x 192 pixels with 16- 

bit accuracy. 

In a typical aggregation experiment, a5 rnW, 632.8 mn Helium-Neon laser was focused 

through the sample, in an optical quartz cell, onto a projection screen. The projection 

screen consisted of a flat piece of white paper with a central hole through which the 

undeflected laser signal could pass. The sample was maintained at a constant temperature 

by housing in a metal block, thermostatted by a water bath. Another identical cell, 

containing pure cyclohexane, was also placed in the metal block, and a thermocouple was 

inserted into this cell to obtain an estimate for the sample temperature over time. In order 

to capture the projected pattern of scattered laser light, the camera was focused onto the 

screen, at a small angle to the main beam direction. The image was fed to the computer and 

radially-averaged to give the intensity of scattered light as a function of the wavevector. 

For all scattering patterns, the intensity was normalised by dividing by the transmitted 

intensity, which was measured by a photodiode directly behind the central hole in the 
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screen. Again, this signal was fed to the computer. This procedure has also been described 

by van Duijneveldt (2) and a good review of small angle light scattering is given by Poon 

and Haw (3). A more detailed description of the SALS technique used in this work 

(including both the testing of the equipment and the experimental operating procedure) will 

be described later in section 5.4.1. 

In some phase behaviour experiments, it was only necessary to measure the turbidity of the 

aggregating sample as a function of time. The turbidity is defmed generally in equation 

5.1: 

In (5.1) 

where 4, is the transmitted intensity, I,, is the incident intensity, and 1 is the path length. 

In such an experiment, the transmitted intensity was measured by the photodiode behind 

the screen as before. In this case, however, it was also necessary to reduce the effect of 
fluctuations in the laser light. The laser signal was therefore normalised by dividing by the 

incident intensity. This was achieved by placing a piece of glass at 45' in the incoming 

beam so that the beam was split. This split signal was measured by a photodiode and fed to 

the computer. 

5.3 Phase Behaviour of High Molecular Weight - High Surface Coverage 

polystyrene-G rafted Silica System (Si14PS52) in Cyclohexane 

5.3.1 Introduction 

The particle volume fraction - temperature phase behaviour of sample Sil 4PS52 (the "high 

molecular weight - high surface coverage" dispersion) was investigated in cyclohexane 

over the volume fraction range 0.04% to 8% and from approximately 25 OC to 40 OC. The 

regions of stability were determined using various techniques, depending on the particle 

concentration. It should be noted that the volume fraction was calculated as an "effective" 
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volume fraction from the experimentally-determined weight fractions, taking into 

consideration the width of the polystyrene layer. This will be discussed further in section 

6.2.1, but it is useful to note that the calculated effective volume fractions are 

approximately 80% of the measured weight fractions, over a wide concentration range. 

At low particle volume fractions (less than approximately 0.1%) PCS was used to 

determine both the onset of instability, where the aggregation process is very slow, and 

also the limit of rapid aggregation, which is lower in temperature. In the stable region, the 

average hydrodynamic diameter as measured by PCS did not increase over time. The onset 

of aggregation was taken as the first temperature at which the diameter began to increase 

very slowly. The rate of aggregation increased on lowering the temperature further, and the 

temperature of the limit of rapid aggregation was then determined by extrapolating the rate 

as a function of the quench temperature to the fastest value. This process will be discussed 

further in section 5.3.3. 

At intermediate particle volume fractions (approximately 0.2% to 4%) the onset of 

aggregation and limit of rapid aggregation were determined by monitoring the turbidity as 

a function of time. The general procedure was similar to the PCS method outlined above; 

in this case, the turbidity increased as the particles aggregated in the unstable region. 

Over the concentration range where the PCs and turbidity techniques were used, it was 

also attempted to determine the onset of aggregation by direct observation. The general 

method was to slowly lower the temperature until macroscopic aggregation was observed - 

either by a noticeable increase in the turbidity of the sample, or by the rapid formation of a 

sediment of aggregated particles. 

At higher concentrations (approximately 2% to 8% by volume) the aggregation process led 

to the formation of a gel phase. Near 2%, the particles again began to aggregate at the 

onset of instability, which was successfully determined by monitoring the change in 

turbidity as before. However, on lowering the temperature finiher, it was not possible to 

reach the limit of rapid aggregation, since a gel phase was observed to form. The onset of 

gelation was determined using the small angle light scattering apparatus (figure 5-1) by 
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projecting the scattered laser light passing through the sample onto the screen. Above the 

gel-transition temperature, the light "speckled" due to the thermal motion of the particles, 

whilst below this temperature the speckles rapidly arrested and remained stationary over 

time due to the formation of a fixed space-filling network (section 2.6). 

A schematic diagram is given in figure 5.2 below to summarise the particle concentration 

regions in which the various techniques were used. 

5.3.2 Onset of Aggregation - Direct Observation 

The initial method used to determine the first point of instability, as described above, was 
by slowly cooling samples of different concentrations and observing the onset of 

aggregation. From a 6.0% w/w stock dispersion of Sil4PS52 in toluene, the grafted 

particles were redispersed in cyclohexane. These were then placed in a water bath, in small 

phials, and equilibrated for approximately 12 hours at 45 T. At this temperature, the 

samples were stable. The temperature was then lowered slowly, at a rate of approximately 

0.1 *C every hour, to ensure that the dispersions had reached thermal equilibrium. At every 
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stage the samples were examined, by eye, for signs of aggregation, and in particular for a 

thin layer of aggregated sediment at the bottom of the phial. The criterion used to locate 

the onset of aggregation was when the particles formed a sediment over the period of one 

hour. 

5.3.3 Aggregation at Low Concentrations - PCS 

As described above, PCS was also used to locate the onset of aggregation at low particle 

concentrations. PCS is a more accurate technique than direct observation since it is 

possible to detect a small increase in the average particle diameter with a greater sensitivity 

than by eye. 

From the stock dispersion in toluene, the particles were redispersed in cyclohexane. It was 

only possible to use very low particle concentrations with PCS, because multiple scattering 

problems would arise, as described in section 3.1.3. In a typical experiment, the sample 

was equilibrated at 45 T for approximately 12 hours and then rapidly quenched in the PCS 

cell, approximately I *C below the estimated initial point of instability. The sample was 

left for 2 minutes to reach thermal equilibrium. PCS measurements were then taken as a 

function of time by beginning a single set of 4 1-minute runs approximately every 10 

minutes. The average hydrodynamic diameter was determined from each set of runs. The 

start time, t--O s, was taken immediately after the initial 2 minute equilibrium, and 

subsequent times for the determination of the average diameter were taken at the beginning 

of each set of 4 1- minute runs. In this way, reliable estimates of the "effective" average 

hydrodynamic diameter were obtained as the particles aggregated"'. This process was 

repeated at several lower quench temperatures until the rate of aggregation became too fast 

to measure. 

The observed increase in the average hydrodynamic diameter was attributed to the particles 

starting to aggregate into doublets and triplets. For each final quench temperature, the 

"effective" hydrodynamic diameter was plotted as a function of time, typically showing a 

linear increase up to approximately 200 minutes. In general, the rate of increase became 

larger for lower quench temperatures. This rate was plotted as a function of final quench 
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temperature, and values of I/rate were extrapolated to yield the limit of very fast rate of 

aggregation. This is summarised in figure 5.3 below. 

The onset of aggregation was determined by slowly increasing the temperature, in steps of 
0.2 *C, until there was no observable increase in the measured diameter over time. At this 

point, a stable dispersion was assumed. 

Limit of Rapid Onset of 
Aggregation Aggregation 

Rate 

PCs Lower Final 
Diameter Quench Temperature 

Final Quench 

Gradient 
Temperature 

Rate 
Stable 
Diameter,,, Extrapolate to yield I/Rate lower limit of rapid 

Time 
aggregation 

Final Quench 
Temperature 

Figure 5.3. Data analysis jor the aelermination oj the phase behaviour oj- Sij4PS52 in 
cyclohexane by PCS 
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5.3.4 Aggregation at Intermediate Concentrations - Turbidity 

Following the work of Verduin (4), turbidity measurements were used to locate the onset 

of aggregation and limit of rapid aggregation for particle concentrations in the range 0.5% 

to 5% w/w (0.4% to 4% v/v). 

The principle of the turbidity method used to investigate the region of instability was 

similar to that of the PCS technique described above. In this case, the SALS apparatus 

(figure 5.1) was used to measure the turbidity as a function of time when the samples were 

quenched from 45 *C to temperatures where the particle were unstable. The dispersions 

were injected into optical glass cells, either 2 mm or 5 mm in path length depending on the 

particle concentration. In a typical experiment, the sample was then quenched from 45 "C 

by rapidly placing the cell in the metal block, thermostatted at a temperature just below the 

initial point of instability. The transmitted intensity, I,, was measured as a function of time 

by collecting the photodiode signal from behind the screen, as indicated in figure 5.1. 

Typically, the intensity decreased over time as the turbidity increased due to aggregation of 

the particles. It was also necessary to simultaneously measure the incident signal, 10, in 

order to normalise the transmitted intensity as described in section 5.2. This process was 

then repeated for several lower quench temperatures, until a very fast rate of aggregation 

was observed. Finally, the dispersion was replaced with pure solvent and the transmitted 

intensity from the solvent, Isoi,, was also measured. From the data, the turbidity was 

calculated using equation 5.2 below. 

0,1ý 

I solv 

In 
ýZI, 

Iwp (5.2) 

where I, was measured independently for the solvent and sample in order to compensate 

for fluctuations in the laser intensity (which were of the order of 5% of the mean signal). 

This turbidity increase was plotted as a function of time for each final quench temperature. 

The initial limiting rate for short times was plotted against the quench temperature, and 
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values of I/rate were extrapolated to yield the limit of very fast rate of aggregation, in a 

manner similar to the data analysis for the PCS experiments. The onset of aggregation was 

located by slowly increasing the temperature, in steps of 0.5 T, until there was no 

observable decrease in the measured intensity over time. 

5.3.5 Gelation at High Concentration - Arrest of the Laser Speckle Pattern 

Following the work of Verduin (4), the gel point of the dispersions was determined by 

observing the arrest of the laser speckle pattern, as previously described. The dispersions 

were injected into cells of either I mm or 2 mm. path length, depending on the 

concentration. In a typical experiment, the sample was first equilibrated at a stable 

temperature of 45 T. The cell was then quenched by rapidly placing in the metal block in 

the SALS apparatus, as indicated in figure 5.1; the temperature of the block was initially 

set approximately IT above the gel-transition temperature. The laser light passing 

through the turbid sample was scattered onto the projection screen. The gel-transition 

temperature was determined by decreasing the temperature in steps of 0.5 T until the 

arrest of the speckle pattern was observed to form in less than 30 minutes. 

in the gelation process, a "scattering ring" was sometimes also observed to form on the 

projection screen, particularly for the higher concentration samples. This consisted of a 

band of bright intensity, with lower intensities at both smaller and higher angles. This will 

be discussed more fully in the results section 6.3.2. For quenches to just below the gel- 

transition temperature, the spekcles typically took longer to arrest. This was usually 

accompanied by a subsequent sedimentation of the sample. The arrest was much more 

rapid for deeper quenches, and usually resulted in a ffixed gel which did not flow under 

shear. These were, however, only general observations used to locate the gel-transition 

temperature. The primary criterion was the arrest of the speckle pattern. 
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5.4 Aggregation and Gelation Mechanism 

5.4.1 Low Concentration - Fractal Aggregation with SALS 

SALS was used to investigate the aggregation behaviour of low concentration samples of 
Sil4PS52 in cyclohexane. A detailed theory of SALS is given in section 2.7.2. The general 

procedure was to shine the laser through the sample, quenched in the metal block, and take 

pictures of the resultant scattering pattern as the dispersion aggregated. These pictures 

were stored on the computer, and radially-averaged in order to determine how the scattered 
intensity varied with the wavevector. It was also necessary to capture an image of the 

dispersion in a stable state. In the data analysis, this stable "background" image was 

subtracted from the measured scattering patterns to yield the curves for the fractal flocs as 

they formed. The corrected curves were then analysed to obtain such parameters as the 

fractal dimension of the aggregating particles, the theory for which is described in section 
2.6.2. 

The SALS apparatus was calibrated using two methods. In the first case, the camera was 

used to take a picture of a "bullseye" pattern, which was then subtracted from a blank 

image. The pattern which was radially-avemged is shown in figure 5.4 below. 

Figure 5.4. "BullseYe " Pattern - calibration of&ILS apparatus 
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The calibration was performed by radially-averaging the image, and checking that the 

resultant plot of intensity versus wavevector contained a series of peaks and troughs of 

approximately the same height. 

The other method used to confirm that the alignment of the optics and camera in the SALS 

apparatus was to perform a standard well-characterised experiment. For this purpose, an 
initial scattering experiment was performed on a low concentration dispersion 

(approximately 5xlO9 particles CnI73) of deuterated polystyrene latex particles in water 

aggregated with a high concentration of salt (approximately IM). The aggregation 

mechanism for this system is now well characterised, the precise results for which will be 

described further in section 6.3.1. 

In preparation for the aggregation experiments, the apparatus was set-up by focusing the 

camera onto the screen, and checking that the aperture was set so that the camera would 

not be over-exposed when capturing an image. An 80 line mnf 1 diffraction grating was 

then placed in the sample position. The laser was shone through the grating, and pictures of 

the resultant diffraction pattern (consisting of a line of equally-spaced spots) was taken by 

the camera and stored on the computer. The computer program for radially-averaging the 

fractal images was then used to measure the spot separation. The calibration parameters 
inputted into the program were the line separation of the diffraction grating, the spot 

separation, and also the sample-to-screen distance and the refractive index of the solvent. 

The aggregation behaviour of samples of low particle concentration was investigated by 

SALS. Optical glass cells with a path length of either 5 mm or 2 mm. were used. It was 
essential to ensure that the system was free of dust at all time. To this extent, dust was 
removed from the samples prior to experimentation by allowing the dust to settle to the 

bottom of the container, and then removing and injecting the clean dispersion into the glass 

cell. The cell faces were also cleaned with a 1: 1 mixture of water to isopropyl-alcohol. 

In a typical experiment, the water bath was firstly set at the desired quench temperature. In 

the quartz cell, the sample was then taken from the hot-cupboard at 45 T and rapidly 
inserted into the metal block. The entire experiment was performed in the dark. 
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Immediately after the quench, the camera was set to take pictures of the scattering pattern 

at desired time intervals with a shutter speed of 100 ms. The first picture was taken as 

quickly as possible, before the aggregation process had begun, to ensure that a picture of 

the stable dispersion was obtained. As previously described, this was necessary to calculate 

the background intensity. After the experiment, the samples were re-equilibrated at 45 *C 

in order to re-stabilise the particles. 

After the series of pictures had been taken, the scattering curves were calculated by 

radially averaging the normalised data, with respect to the transmitted intensity. These 

were then analysed by scaling with a single value of the fractal dimension (dt) and with the 

position of the wavevector corresponding to the maximum intensity (Q. ) for each curve. 
The curves only coincided for one value of the fractal dimension, as described in section 

2.7.2. In this way, the fractal dimension was determined for each experiment. Examples of 

the non-scaled and scaled scattering curves are given in figure 5.5 below. The graphs on 

the left are the non-scaled curves, and the graphs on the right are the scaled curves. 
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5.4.2 High Concentration - Gelation and Sedimentation with SALS and Direct 

Observation 

Direct observation and SALS were used to investigate the gelation behaviour of samples of 
Si14PS52 in cyclohexane at high particle concentration. 

The dispersions were first injected into I mm or 2 mm quartz cells, depending on the 

particle concentration. In a typical experiment, the sample was quenched in a water bath at 

a temperature where the dispersion gelled, as confirmed by the arrest of the laser speckle 

pattern. Depending on the depth of the temperature quench, the gel would then begin to 

sediment in a certain manner over time. Pictures of the sedimentation profile of the gel 

were taken using a camera, and analysed by an image analysis program. The sediment 
height and structure of the gel were examined, and analysed to give some insight into the 

gelation and subsequent sedimentation processes. 
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For one sample, SALS was also used to probe the structure of the sedimenting gel. In this 

case, the experiment was performed in a manner similar to -the fractal aggregation 

experiments at lower concentrations. However, it was not possible to obtain quantitative 
data in this case, since the turbidity of the gelled samples was too high indicating multiple 

scattering. 

5.5 Aggregation Kinetics: PCS, Turbidity and SALS 

The data obtained from the experiments outlined above were also used to investigate the 

aggregation kinetics of both the low and high concentration samples. In the case of the 

PCS and turbidity experiments, the rates of aggregation were determined simply from the 

rate of increase of the hydrodynamic diameter and turbidity at different quench 

temperatures. 

A qualitative description of the aggregation kinetics was also obtained from the SALS 

data, the theory for which is given in section 2.6.3. The average radius of gyration of the 

flocs was determined by fitting the Fisher-Burford function to the non-scaled curves. In 

this analysis, curve-fitting software was used to determine the fitted curves with three 

parameters - the fractal dimension, the limiting intensity at zero wavevector, and the 

average radius of gyration of the flocs. Although it was not possible to obtain reliable 

estimates of the fractal dimension using this process, because a large change in the 

predicted value made only a small difference to the quality of the fit, this was not the case 
for the radius of gyration. Instead, the predicted value depended only to a small extent on 

the precise values of the other two parameters. 

The other method used to analyse the aggregation kinetics was to investigate the change in 

the wavevector corresponding to the point at which the intensity had dropped to half of the 

maximum value (QI/2) over time. The values of Qjf2 were calculated by the software used 

to radially-average the scattering curves. As described in section 2.6.3, the value of QJ/2 is 

proportional to the reciprocal of the average radius of gyration, so as the radius of gyration 
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ofthe flocs grew over time, the determined values Ibr QI/2 decreased. The meaning ofthe 

results will be discussed further in section 6.4. 

5.6 Summary of Experiments 

A summary of the experiments performed to investigate the stability of' the variOLIS 

po lystyrene-gra fled silica dispersions in toluene and cyclohcxane is given in tahle 5.1 

lyclow. 

Dispersion Stability in pure toluene and 
cyc ohexane solvents 

Stability in toluene-cyclohexane 
mi_xtures 

SMPS2 V/ ___ x 
Si13PS2 I/ Iw/ 
Si13PS42 x 
Si14PS52 I/ 

__Sil4_PS62 
x 

I'tible -5.1. Summary (? / experiments to invesligale theslabilify in foluene and cyclohexane 

The aggregation and phase behaviour in cyclohexane were investigated flurther for sample 
Sil4PS52 as a ffinction of temperature and concentration. Thcsc cxpcrimcnts arc 

summarised in table 5.2. 
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Experiment Concentration Temperature 
I W/W % (V/V %) 

Onset of Aggregation I. (). I I ((). ()9) Temperature lowered firorn 
by Direct Observation 2.0.51 (0.40) -45 ('(' to binodal point 

3.1.0(0.79) 
Aggregation Limits 1.0.05(0.04) Ternperat Lire quenclicd In 
by PCS 2.0.10 (0.09) rwnjýe - 34('(' to 30 "(' 
Aggregation Limits - 1.0.25(0.20) Temperature quenched In 
by turbidity 2.0.50(0.40) range - 34 "(' to 30 'V 

3.1.0 (0.79) 
4.2.0(1.6) 
5.4.9(3.9) 

Gelation I. 2.0(1.6) Tcnipci-atUrc lowered firorn 
by Arrest of Laser Speckle Pattern 2.4.9(4.0) -36 T to gel point 

3.6.3(5.0) 
Aggregation Mechanism 1.0.05 (0.04) 1.15.0 
by SALS 2.0.10 (0.08) 1 25.0-T, 30.0 T, 32.5 ('(' 

. Gelation Behaviour 1.4.9(3.8) 1.26.0 "C', 22.5 T, 20.0 "C 
by Direct Observation 2.6.3 (5.0) 2.2 9.2 T 

Gelation Behaviour 1.6.3 (5.0) 1.3 1.0 T, 2 6.0 
SALS 

lable J. 2. EXPeril"c"Islo invesligale Me aggregation andphase hehaviour ql-Sil4lS52 in 
cyclohexane 
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6. Results - Stability, Phase Behaviour and Aggregation Behaviour of 

Polystyrene-Grafted Silica Dispersions 

6.1 General Stability in Pure and Mixed Solvents 

6.1.1 Effect of Molecular Weight and Surface Coverage in Pure Solvents 

The stability of the five polystyrene-grafted silica dispersions, summarised in tables 4.1 

and 4.5, was investigated in both pure and mixed solvents. The solvents used were toluene 

and cyclohexane. 

Toluene is a good solvent for polystyrene since the X-parameter of polystyrene in toluene 

is approximately 0.4 between 20 OC and 50 OC (1). Cyclohexane, however, is a marginal 

solvent for polystyrene; the theta temperature of polystyrene in cyclohexane is 

approximately 35 T. Below this temperature, the solvency condition is poor because the 

X-parameter is greater than 0.5. At 45 *C, the solvency improves, but cyclohexane only just 

becomes a good solvent since the X-parameter is then only 0.49. In early work on the 

stabilisation of colloidal particles, summarised in the book of Napper (2), it was shown that 

sterically stabilised particles flocculated close to the theta temperature in marginal solvents 

when high molecular weight stabilising moieties were grafted at high surface coverage. 

This was termed "incipient flocculatiorf' in which an attraction is produced between the 

grafted polymer chains in poor solvency conditions, as described in section 2.2. From this 

reasoning, it may therefore be expected that silica particles grafted with a thick and dense 

layer of polystyrene, should be stable in toluene at all temperatures, and in cyclohexane 

above approximately 35 'C. Furthermore, the particles should become unstable when 

cooled below the theta tempemture in cyclohexane. 

The results for the stability of the polystyrene-grafted silica dispersions in pure 

cyclohexane and toluene are summarised in table 6.1 below. 
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System Classification ah/ M. F Stability Stabilit 
nm 9 nm 

2 in in 
MOO chain-' toluene cyclohexi 

SillPS2 Low M,, - 90 1M 7.7 1 Instable, all tI nstahle. 
Low IF teniperaturcs lcnipcrati, 

Sil3l"S2 LOW Mn - 80 1010 4.5 Stable, all t Jnstable, 
I ligh F temperatures temperalt., 

Sil3PS42 High M,, - 80 25,100 26 Stable, all Unstable, 
Low F tcriipcraturcs tenipcratt. 

Sil4PS52 High Mn - 88 26,600 19 Stable, all Stable ab( 
High F 

_ 
terripcrattires - 34')( 

Sil4PS62 Very high M,, - 88 71,200 15 Stable, all Stable ab4 
Very high IF tenipcratures 30 

V 

-III 
res 
all 
res 
all 
res 
We 

we 

Table 6.1. General stability oj'polystyrene-grqlied silica dispersions in pure foluene and 
cyclohexane 

where M, is the number average molecular weight of the polystyrene chains, /' is the 

surface coverage. and ah is the hydrodynamic radius ofthe bare silica particles as measured 

by IICS. The temperature range investigated was approximately 25 "C to 40 "('. 

It is clear from table 6.1 that it was necessary to grall high molecular weight polystyrene 

chains to a high surface coverage to confer stability in cyclohcxane. I"or the low surface 

coverage samples, it was not possible to stabilisc the particles in cyclohexane at any 

temperature in the range studied, and the low molecular weight dispersion was iiot cvcn 

stable in toluene. However, samples Sil4PS52 and Sil4PS62 were stable in cyclohcxanc at 

elevated temperatures. The flocculation temperatures for these dispersions were 

approximately 34 T, and 30 T, respectively, although thcrc was a slight dependence oil 

the particle concentration. These results will be presented later in section 6.2. 

in general, the flocculation temperatures in cyclohexane were indeed close to the theta 

temperature, as suggested by Napper, for particles with high molecular weight chains 

grafted to a high density. In this case, the particles were even stable in slightly worse-than- 

theta conditions, particularly for system Si14PS62. 

The stability of the dispersions in toluene and in cyclohexane was monitored by PCS. In all 

cases, the measured hydrodynamic diameter of' particles which were stable in dispersion 

yielded values slightly larger than that ofthe bare particles, due to the added thickness of 
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the polymer layer. For the toluene dispersions, and the cyclohexane dispersions kept stable 

at 45 T, these diameters had not significantly changed after approximately one year. 

6.1.2 Good Solvent - Marginal Solvent Mixtures 

The stability of samples Sil3PS2 and Sil4PS52 was also investigated in mixtures of 

toluene and cyclohexane. In these experiments, only semi-quantitative observations were 

made, in order to obtain information on the solvency conditions required for stability. In 

the case of Sil3PS2, the particles were first redispersed in toluene, and then the amount of 

added cyclohexane needed to destabilise the dispersions was determined. From 

approximately 0.5% w/w to 5% w/w, the particles were not stable in pure cyclohexane at 

any temperature. 

In general, it was found that the polystyrene-grafted silica particles in sample Sil3PS2 

were only stable when the solvent mixture contained more than approximately 50% 

toluene. The experiments were performed at approximately 1% w/w silica concentration, 

and there was no observed temperature dependence on the amount of additional 

cyclohexane needed to destabilise the system. 

In contrast, the particles in system Sil4PS52 were stable in pure cyclohexane above 

approximately 34 T. When the stable dispersion was cooled to 25 T, the particles rapidly 

aggregated (over the time scale of minutes) and sedimented to form a dense layer at the 

bottom of the container. However, it was possible to stabilise the particles at 25 OC by 

adding a proportion of toluene to the cyclohexane dispersion. In general, it was found that 

the dispersion mixture only had to possess greater than approximately 2% toluene to 

stabilise the system. This observation is significantly different from the 50% toluene 

required to confer stability for the lower molecular weight system. 

In summary, these general observations support the initial indications that the high 

molecular weight system is much more stable in cyclohexane than the lower molecular 

weight dispersion. 
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All of the investigations into the phase behaviour and aggregation mechanism of the 

polystyrene-grafted silica particles were performed on system Sil4PS52 in pure 

cyclohexane, since the stability of the particles in this medium could be altered with 

temperature. In this way, it was possible to avoid the use of toluene / cyclohexane 

mixtures, which would have complicated the investigations with, for example, the 

preferential adsorption of toluene in the polystyrene layer at the silica surface. The detailed 

results of these investigations are presented in sections 6.2 to 6.4. 

6.1.3 Long-Term Stability and Reversibility of Aggregation 

As previously described, PCS was used to monitor the long-term stability of dispersion 

Sil4PS52 in cyclohexane, maintained at a stable temperature of 45 T. The results indicate 

that the particles did not aggregate over time, since the hydrodynamic diameter remained 

essentially constant. This was not the case, however, when the particles were aggregated 

by lowering the temperature, and subsequently redispersed by heating. For low 

concentration samples (less than approximately 1% by weight) the particles were initially 

stable over time at 45 T. The general observation was made that after several cooling / 

redispersal cycles, some of the particles appeared to remain in an aggregated state. It was 

observed that some particles then sedimented more rapidly, over the time scale of 

approximately one day, forming a dense layer at the bottom of the container. This indicates 

that a proportion of the particles would not completely redisperse on heating. Furthermore, 

it was not possible to improve the redispersion with mechanical shaking or 

ultrasonification. 

The irreversible aggregation was even more pronounced for higher concentration samples, 

greater than approximately 2.0% w/w. On cooling such high concentration samples into 

the unstable region, the dispersions were observed to gel, rather than form distinct 

aggregates. In this case, after several gelation / redispersal. cycles, the particles would not 

redisperse at all on heating. Instead, they rapidly settled to the bottom of the container over 

the time scale of minutes. 
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The observations outlined above were made when the samples were immediately re-heated 

after aggregation. The effects due to the irreversible aggregation of the particles became 

even more distinct when the samples were left in an aggregated state fior an extended 

period of time. For example, it was not possible to completely redispcrse the particles, at 

any concentration. if they remained aggregated lor more than approxiniatcly onc day. 

Therefore, for the reasons given above, care was taken to always rcdisperse the particles as 

rapidly as possible after aggregation measurements, and also to limit the number oftimes a 

sample was used. 

6.1.4 Electrostatic Effects 

in the investigations of Kiraly et al. (3) into the stability of stearyl-aicohol gralled silica 

particles, it became evident that the stability was significantly ai'fcctcd by the presence of' 

trace amounts of water in the dispersion mcdium. Therefore, they limi-id it necessary to 

perl'orm their investigations under extremely dry conditions. The presence of' water may 

have induced surlace charges on the silica surface, resulting in additional, un-quantified, 

electrostatic effects. 

In order to investigate the importance of such electrostatic c11'ects lor the polystyrene- 

grafted silica dispersions, phase analysis light scattering (PALS) was perforined by Robin 

Mogford in this laboratory. In this technique, the electrophoretic mobility was measured 
for samples Sil4PS52 and Sil3PS2 in toluene. The results were compared to values for a 

bare sample of' silica in water, which was prepared by Dr. Theresa Wade, also in this 

laboratory. From the mobility, the zeta-potential was also determined. The electrophoretic 

mobility and zeta-potential are defined in section 2.5.2. 

The results for the three dispersions are surnmarised in table 6.2 below. 

Sample Solvent M2/VS ý/mv 

Bare Silica Water (pI 1 8.1) 2.9 x I 0-' -5 6 
Si14PS52 Toluene 1.3 x 10 TF - - 5.2 
Sil3PS2 Toluene 5.1 x Iff'' 2.0 

Rible 6.2. Lieciropnoretic monility ana zeta-potential ol hare and poýyNjyrene-gra je(I 

, vilica dispervions 

I (Y) 



The results clearly show that the mobility and zeta-potential of the polystyrene-grafted 

dispersions in toluene is much lower in magnitude than for the bare silica dispersion in 

water. The bare silica particles possess negative surface charges due to the proton 

exchange of the surface silanol groups with polar molecules such as water. However, in 

non-polar solvents such as toluene, this does not occur, and so the bare particles are 

unstable. In this work, it is therefore believed that electrostatic effects do not have a great 

impact on the stability of the polystyrene-grafted silica dispersions in non-aqueous media. 

Any electrostatic effects are negligible compared to forces arising from the steric layer on 

the surface of the particles. 

6.2 Stability and Phase Behaviour of Si14PS52 

6.2.1 Particle Concentration -Weight and Volume Percentages 

In the investigations into the stability of sample Sil4PS52 in cyclohexane, estimates of the 

weight percentage of the grafted particles were made experimentally from dry weight 

analyses of the stable particles in dispersion. In this analysis, the solvent from a known 

mass of dispersion is evaporated to leave a certain mass of particles. However, it is often 

useful to also compare the volume fraction of particles in dispersion. This parameter was 

calculated as an "effective" volume percentage, which takes into consideration the 

thickness of the grafted polymer layer, represented by the hydrodynamic layer thickness. 

The calculations used to determine the volume percentage are presented in appendix D. in 

order to compare the effective volume and weight percentages, it is useful to note that the 

effective volume percentage is of the order of 80% of the weight percentage over a particle 

concentration range spanning from approximately 0.1% to 10%. In subsequent descriptions 

of the particle concentration, the weight percentage is given first and the volume 

percentage in parentheses. 
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6.2.2 Sil4l'S52 - PCS Measurements for Ungrafted and Crafted Particles in Toluene 

and Cyclohexane 

PCS was used to determine the hydrodynamic thickness of the steric layer fior the 

polystyrene-grafted silica particles in sample Sil4PS52. The results are summariscd in 

table 6.3 below. 

Sample Hydrodynamic Diameter 
/nm 

Layer Thickness 
/nm 

Bare Si14 in ethanol 89 +2 
Sil4PS52 in cyclohexane III ±2 12 1 

Si14PS52 in toluene 119+5 16+3 
Table 0.3. PCS measuremenisjorSi I 4PS52 in cyclohexane and loluene 

The results presented in table 6.3 indicate that the polystyrene layer is more collapsed in 

cyclohexanc than in toluene. Although this may be expected since cyclollexane is only a 

marginal solvent for polystyrene, it is unlikely that the measured value in toluene is 

rcliabic. As discusscd in scction 4.5, it was not possibic to obtain rcliable cstinlates oftlie 

hydrodynamic diameters in toluene due to large fluctuations in the measured values. The 

error in the layer thickness was estimated ftom a series ot'different measurements to be ±3 

nm, which was approximately 20% of the average value. The measurements were 

performed at 25 T for the bare silica dispersion in ethanol, between 25 "C and 40 `C tior 

the grafted particles in toluene, and between 35 OC and 40 "C in cyclohexane. For all the 

measurements in cyclohexane, the hydrodynamic diameter did not significantly change as 

a flunction ofteniperature. 

6.2.3 Low Concentration - Aggregation as a Function of Temperature and 

Concentration 

As described in section 5.3, the onset of aggregation and the finlit of rapid aggregation 

were determined for particles at low concentration by direct observation, PCS and 

turbidity. As an example fior the measurements at low particle concentration, the PCS data 

collected for a 0.10% w/w (0.08% v/v) sample are presented in I igure 6.1 be low. 
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Figure 6.1. Aggregation of 0.10% w/w (0.08% vlv) dispersion qI'Si I 4PS52 in cyclohexane 
monitored by P(,,, 5 - hydrodynamic diameter as a ffinction (? I'Iime fiv dýlftrent quench 
temperatures 

The hydrodynamic diameter, as measured by PCS, increased steadily over time when the 

sample was quenched to temperatures just inside the unstable region. Within the time 

period studied, the particles began to aggregate by forming doublets and triplets. 

Furthermore, this rate of aggregation increased for deeper temperature quenches. The rate 

of increase was plotted as a function of the quench temperature in figure 6.2: 
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Figure 6.2. Aggregation of a 0.10% w/w (0.08% v/v) dispersion oj' Sij4PS52 in 
cyclohexane monitored by PCS - initial rate of aggregation as a function of the quench 
temperature. The solid line is to guide the eye 

The dotted line represents the lower boundary corresponding to an "infinite" rate of 

aggregation. This was estimated by plotting I/rate against the quench temperature and then 

extrapolating to zero (N. B. there is no theory underlying this construction): 

Quench from 40 OC 
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Figure 6.3. Aggregation of a 0.10% w1w (0.08% v/v) dispersion (? f Si14PS52 in 
cyclohexane monitored by PcS - 11(rate Of aggregation) as a function qf'lhe quench 
temperature. The solid line is a linear. fif to the data 
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In this case, the extrapolated value of the lower limit is 29.8 ± 0.3 OC. 

The temperature corresponding to the onset of aggregation was determined by quenching 

the dispersion to progressively higher temperatures until no increase was observed for the 

hydrodynamic diameter over a few hours. For the 0.10% w/w dispersion, the upper 

boundary temperature was estimated as 33.0 ± 0.3 T. 

At higher particle concentrations, turbidity was monitored as a function of time for the 

aggregating dispersions, rather than the hydrodynamic diameter from PCS. The turbidity 

increased slowly for quenches to just inside the unstable region, but much more rapidly for 

deeper quenches. The rate was also observed to increase for higher particle concentrations. 

Examples of the turbidity plots for a 0.50% w/w (0.38% v/v) sample are given in figure 6.4 

below. 
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Figure 6.4. Aggregation of a 0.10% w/w (0.08% vlv) dispersion of Sil4PS52 in 
cyclohexane measured by turbidity - lurbidily as a function I'lime fi)r dýf e . 

)ý, renl qu nch 
temperatures 

As the graph shows, the initial rate of increase was reasonably well defined for the shallow 

quench, for example to 33.7 T. However, for the deeper quench to 31.6 T, the rate of 
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turbidity increased much more rapidly. In this case it was more difficult to detine the initial 

rate of increase, but an attempt was made to extrapolate, by eye, the gradient at early times. 

It should be noted that the rate of change of turbidity was seen to increase as a function of 

time, as shown in figure 6.4. A possible reason for this increase may be that the turbidity of 
the aggregating sample was measured close to the bottom of the sample. During a typical 

experiment, there was often significant sedimentation of the particles which may have 

caused an increase in the measured turbidity. There was, however, negligible 

sedimentation at early times, when the initial rate of increase was measured. Within 

experimental accuracy, there appeared to be little variation of the initial turbidity with 

temperature. 

The onset of aggregation and limit of fast aggregation were determined in a manner similar 

to the PCS measurements. An example of this analysis is given in figure 6.5 below. 
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Quench Temperature / "C 

Figure 6.5. Aggregation of a 0.50% w1w (0.38% vlv) dispersion of* Sil4PS52 in 
cyclohexane measured by turbidity - initial rate of turbidity increase dýftereni quench 
temperatures 
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In this case, the onset of aggregation was estimated as 34.0 ± 0.3 T. Finally, the limiting 

rate of rapid aggregation was extrapolated as shown in figure 6.6 below. 

Quench from 40 OC 
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0- 
29.0 29.5 30.0 30.5 31.0 

Quench Temperature /'C 

31.5 32.0 

Figure 6.6. Aggregation (? /' a 0.50% w/w (0.38% vlv) dispersion Sil4PS52 in 
cyclohexane measured by turbidity - 11(rate of aggregation) as a function of the quench 
temperature 

From this extrapolation, which was performed by a linear regression analysis, the 

estimated limit was 29.8 ± 0.3 T. The procedure was repeated for samples of varying 

concentration; the major difference was that the dispersions aggregated more rapidly for 

higher particle concentrations. 

As described in section 5.3.2, direct observation was also used to estimate the onset of 

aggregation. However, it proved difficult to accurately determine the temperature at which 

the instability first occurred due to the very slow increase in, for example, the turbidity or 

amount of sedimentation. 

6.2.4 High Concentration - Gelation 

As described in section 5.3.5, sample Sil4PS52 gelled in cyclohexane at particle 

concentrations greater than approximately 2.0% w/w (1.5% v/v) when quenched to 

temperatures in the unstable region. This gel transition was determined by quenching a 

sample of known concentration, to consecutively lower temperatures, in steps of 0.5 OC, 
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until the speckles in the pattern of scattered light from a laser bearn passing through the 

sample were observed to arrest. I lowever, this temperature was ofien difficult to determine 

because close to the gel transition temperature, the speckles would often take up to as 

much as 45 minutes to arrest. 

6.2.5 Phase Diagram of Sil4PS52 in Cyclohexane 

The final results of the PCS, turbidity, direct observation and gel measurements are given 
in table 6.4 below. 

Particle 
conc. 
W/W% 

Particle 
conc. 
v/v% 

Method Onset of 
aggregation 

T±0.3 T 

Rapid limit 
/ OC 
0.3 OC 

GO Point 
/ 0C 
0.3')C 

0.050 0.038 ITS 31.0 - 
0.10 0.076 13CS 33.0 29.8 
0.11 0.076 Direct 

observation 
32.2 - 

0.25 0.19 Turbidity 33.5 29.8 
0.50 0.38 Turbidity 34.0 29.9 
0.51 0.39 Direct 

observation 
32.3 - 

1.0 0.76 Turbidity 33.8 
1.0 0.76 Direct 

observation 
32.3 

2.0 1.5 Turbidity 35.8 32.8 
4.9 3.8 Turbidity 33.8 31.8 
63 5.0 Turbidity 34.3 32.3 
10.0 8.1 Turbidity 34.3 33.8 

7ýjblc 6.4. Rcgion,, ý qI. viahitily. lor Si]41-', S52 in cyclohexane as delermined h, v PCS, direo 
oh, vervalion and lurhidit. v (including arresi ofvpeckle palfernfi)r gel poinrv) 

From the results in table 6.4. it can be seen that the temperatures I'm tile onset of 

aggregation as measured by direct observation (fior the 0.11%, 0.5 1% and LOIY, w/w 

samples) are lower than for those measured by PCS and turbidity (for the 0.1 O(VO, 0.50% 

and 1.0% w/w samples). This is likely to be due to the greater sciisitivitv ofthe lattcr two 

techniques. With the PCS and turbidity measurements, it was possible to detel-Illille tile 

onset of aggregation with a high degree of accuracy - when the average hydrodynamic 

diameter or turbidity just began to increase. Therefore, the values measured by direct 

observation were not used to construct tile phase diagrani, as show,, ill figure 6.7 below. 
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Instead of denoting this a phase diagram, it might be more appropriate to speak of a 

"stability map" since only the aggregation kinetics at low particle concentration were 

measured, and true phase equilibria were never observed. This will be discussed in more 

detail in section 9.1.1.5. In the diagram, the effective volume fraction, which is equal to the 

volume percentage divided by 100, is plotted on a logarithmic scale, to cover the wide 

range of particle concentrations investigated. 
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6.3 Aggregation and Gelation Mechanism 

6.3.1 Low Concentration - Fractal Aggregation with SALS 

As described in section 5.4.1, the SALS apparatus was calibrated by performing an 

aggregation experiment which yielded a well-characterised fractal dimension. For this 

purpose, a very low concentration dispersion (approximately 5x 10-4 % v/v) of polystyrene 
latex particles in water was aggregated with a high concentration of NaCl salt 

(approximately IM). It is now well established (4,5) that such strong aggregation 

corresponds to a diffusion-limited process, in which the flocs possess a fractal dimension 

of 1.80. The hydrodynamic diameter of the latex particles was small (approximately 130 

run) so that the flocs did not significantly sediment over the period of the experiment. The 

experiment was performed with the aid of Alberto Fernandez de las Nieves. As described 

in section 2.7.2, the fractal dimension may be determined from the asymptotic gradient of 

the intensitywwavevector curve plotted in double logarithmic form. The scattering curves 
from the calibration are given in figure 6.8 below, yielding a fractal dimension of 1.77 

± 0.05, which is in very good agreement with the expected value. It should be noted that in 

this case, the background intensity (as described in section 2.7.2) was taken as that of the 

pure solvent, rather than of the stable dispersion. In this case, the two approaches produced 

noticeably different results. However, this was not the case for the aggregation of the 

polystyrene-grafted silica dispersions, and the subtraction of the stable dispersion was used 

for ease of experimentation. 
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Gradient = Fractal Dimension = 1.8 

100 Time range for curves is 
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to 2 hours 

10 
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Figure 6.8SALS curves. for aggregation oj'a 5x 10-4 vlv% dispersion (? fpolysývrene latex 
particles in water by added salt (approximately I M) 

Having validated the SALS apparatus, aggregation studies were then performed on 
Si14PS52 in cyclohexane, quenched to various temperatures. For this system, the fractal 

dimensions were, however. not determined from the asymptotic gradient. Instead, they 

were estimated by scaling the curves onto one master curve. This is described in more 
detail later. 

Examples of the non-scaled and scaled curves, for a 0.05% w/w (0.04% v/v) dispersion 

quenched to 25.0 OC, are shown in logarithmic and non-logarithmic form in figure 6.9 

below. 
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A summary of the experiments performed, including the fractal dimensions determined 

from the scaling process in each run, is given in table 6.5 below. 

Experiment Concentration 
/w/w % 

Concentration 
v/v% 

Temperature 
/ OC 

Fractal 
Dimension 

A 0.050 0.04 25.0 1.70+0.05 
B 0.050 0.04 25.0 1.75 ± 0.05 
C 0.10 0.08 25.0 1.70 ± 0.05 
D 0.10 0.08 30.0 1.92 ± 0.05 
E 0.10 0.08 32.5 

Table 6.3. Summary of results for the fractal dimension during the aggregation (? f 
Sil4PS52 in cyclohexane. for various quench temperatures andparlicle concentrations 

The 0.05% w/w (0.04% v/v) sample was quenched to 25.0 T, deep in the unstable region. 

The 0.10% w/w (0.08% v/v) sample was quenched to three different temperatures - 25.0 

T, 30.0 T and 32.5 T. Respectively, these represent quenches to temperatures which are 

deep in the unstable region, just above the limit of rapid aggregation and just below the 

onset of aggregation, as shown in figure 6.7. For each quench, the SALS apparatus was 

used to take pictures of the scattering patterns over time. These images were then analysed 

to yield plots of the intensity as a function of the wavevector, and scaled to form one 

master curve (section 2.7.2). It was not possible to determine a fractal dimension for 

experiment E due to problems of sedimentation. 

As previously described, it is also possible to determine the fractal dimension of the 

aggregates from the non-scaled curves, as given in figure 6.9(a). This may be achieved by 

extrapolating the asymptotic gradient of the log-log plots at high wavevector (Q). The 

magnitude of the gradient is then equal to the fractal dimension. However, in the case of 

the aggregating polystyrene-grafted silica dispersions monitored by the SALS apparatus as 

illustrated in figure 5.1, it was not possible to obtain a sufficiently wide Q-range over 

which the asymptotic slope could be measured. Also, in the experiments in which it was 

necessary to investigate the aggregation behaviour over long periods of time, problems 

arose due to sedimentation of the particles. This resulted in an increase in the final gradient 

of the curves, so that subsequent curves dropped below earlier ones. An example for this 

behaviour is given in figure 6.10 below, for experiment E, in which it was not possible to 
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calculate a fractal dimension at any time, since there was always significant sedimentation 

when the scattered intensity became large enough to measure. 

2.5 
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-0.5 

-151800s 
138360s 

-124920s 
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Figure 6.10. Experiment E-0.10% w/w (0.08% v1v) dispersion of Sil4PS52 in 
cyclohexane quenched to 32.5 OC- example of sedimentation ejjýcts in small angle light 

scattering curves 

The problems arising from sedimentation were not significant at short times in experiments 

A to D. For these experiments, the ftactal dimension was calculated by scaling the curves 

to all fit on one master curve. In this way, it was possible to determine the fractal 

dimension by analysing the data over the entire Q-range, and hence obtain a statistically 

more reliable value. 

In general, the shape of the SALS curves obtained for all the experiments showed a slight 

maximum in intensity at low wavevector, followed by a gradual decrease at larger angles. 

The position of the wavevector corresponding to the maximum intensity, and the roll-off 

point (the position where there is a change in curvature to the asymptotic straight line in 

the log-log plots), are both related to the typical length scales present in the aggregating 

dispersion. This will be discussed more fully in section 9.2.3. 
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The primary method used to detect if problems due to sedimentation were likely to exist in 

the data, was by directly observing the scattering patterns captured by the camera. In 

general, the image of a fractal scattering pattern was completely symmetrical when there 

were no sedimentation effects present. In this case, there was a slight maximum in the 

intensity at low Q, which then gradually decayed at larger angles. An example of such an 

image is given in figure 6.11. All of the SALS experiments were performed with 

essentially the same alignment. In the pictures, the wavevector extends from zero at the 

centre to approximately 1400 mm-' at the edges, with an observable angle range of 

approximately 0.16' to 5.7'. 

Figure 6 11.1 aggregates 

The "false colour" bar at the top of the picture indicates the magnitude of the scattered 
intensity, in a linear scale. White represents the highest intensity, and black the lowest. The 

pattern is symmetrical and clearly shows the decay in intensity to high Q. 
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However, when there was significant sedimentation of the particles, the circular scattering 

pattern became eliptical in shape. An example of this shape distortion due to sedimentation 

is given in figure 6.12 below. 

Figure 6.12. E'X] ns (? f sedimentation 

Finally, it is also important to comment on the validity of the SALS experiments. As 

discussed in section 2.7.2, the experiments should be performed when there is a high 

transmitted intensity. In the case of experiments A to E, the particle concentration was 

never greater than 0.10% w/w, which is equivalent to a volurne fraction of 8x 10-4. The 

lowest particle concentration which could be used was set by the refractive index 

difference between the grafted particles and the cyclohexane solvent; since the refractive 

index of cyclohexane (1.43) is reasonably close to that of silica (1.48), it was necessary to 

use relatively high particle concentrations so that the light was sufficiently scattered that it 

could be detected. However, the transmitted light was also monitored over time, and for all 

the experiments, this was never lower than approximately 85% of the incident intensity. In 

this way, it is believed that problems due to multiple scattering were insignificant. 
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6.3.2 High Concentration - Gelation and Sedimentation with Direct Observation and 
SALS 

During the experiments to locate the gel transition temperature, laser light was shone 

through the sample and projected onto a screen. This was performed for dispersions of 
high particle concentration, for example at 2.0% w/w (1.5% v/v) and 4.9% w/w (3.8% v/v). 

For stable dispersions, the laser pattern consisted of an array of speckles which were 

observed to move in a very fast, random manner over the entire screen. This was 

particularly evident at large angles. When, however, the temperature was lowered 

sufficiently so that the dispersion gelled, the speckles were observed to rapidly freeze. For 

temperatures just below the gel transition temperature, the freezing of the speckles initially 

occurred mainly at small angles. This resulted in a region of bright intensity near the centre 

of the screen. The arrest then slowly spread to Luger angles until the speckles were frozen 

over the entire area. Accompanied with this, the gel was often also observed to sediment 

over time. This could be observed visually, and also in the projected scattering pattern: the 

sedimentation resulted in the region of bright intensity near the centre of the screen 

spreading in a horizontal direction. For quenches deep into the gel region, the speckles 

were observed to arrest much more rapidly, and the samples were more resistant to 

sedimentation. 

A further observation was made for a higher concentration 6.3% w/w (5.0% v/y) sample. 

When this sample was quenched into the gel region, the characteristics described above for 

the gelation process were again observed, but were also accompanied with the formation of 

a bright "scattering ring". 

Depending on the depth of the temperature quench into the unstable region, the gels would 

either remain fixed or steadily settle over time. This settling behaviour was investigated by 

taking pictures of the gel profile at certain time intervals, which were then analysed with an 
image analysis program. A summary of the gel experiments performed by direct 

observation is given in table 6.6 below. 
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Experiment Title Concentration 
W/W% 

Concentration 
v/v% 

Quench 
Temperature 

/ Oc 
F 4.9 3.8 20.0 
G 4.9 3.8 22.5 
H 4.9 3.8 26.0 
1 6.3 5.0 29.2 

- - 1 2.0 1.5 32 .5 
Table 6.6. Summaty qf gel and sedimentation experiments (by direct observalion) . 

1br 
Si I 4PS52 in cyclohexane 

In the case of experiment F, the dispersion rapidly gelled and stayed fixed over time. This 

was likely to be due to the deep quench forming a strong, rigid network. Conversely. 

weaker gels were produced on quenching to higher temperatures, since these were 

observed to subsequently settle over time. The sedimentation images for experiments G to 

I are given in figures 6.13 - 6.15 below. 
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-- ------------- 
Figure 6.13. Experimem G- sedimentalion (? I'a 3.8% v/v gel quenched lo 22.5 "c 
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6.14. Experiment H- sedimenlation qfa 3.8% v/v gel quenched to 26.0 "C' 
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6.15, Experiment I- sedimentation qfa 5.0% vA, gel quenched to 29.2 ('C-- 
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As shown in figures 6.13 - 6.15, the settling behaviour exhibited by the gels at high particle 

concentration appears to be a complex process. In general, quenches to lower temperatures 

resulted in stronger gels, which sediment less rapidly over time. This appears to be true for 

experiments G to 1. In experiment H, in which the 4.9% w/w (3.8% v/v) dispersion was 

quenched to a temperature just below the gel-transition temperature, a weak gel formed 

which settled rapidly and evenly over time. However, the curvature effects and the more 

opaque region at the top of the gel phase can be explained less readily for experiments G 

and 1. In the case of experiment G, it appears that the curvature at the top of the gel arises 
from the contraction of the top surface from the meniscus as the gel settles. This is 

accompanied by the formation of a more opaque region, also at the top of the gel, which 

steadily grows. This phenomenon is even more pronounced in experiment I in which it 

appears that the more opaque region grows from the top downwards, "consuming" the less 

opaque area underneath. Furthermore, when the upper region hits the bottom of the 

container, it is observed that the gel then remains fixed over time. Possible reasons for this 

behaviour will be discussed in section 9.3. 

In the case of experiment J, the 2.0% W/W (1.5% v/v) dispersion, the particles also gelled 

on quenching to unstable temperatures. However, the settling behaviour for this 

experiment is significantly different from experiments G to 1, in that the sedimentation was 

accompanied with a break up of the gel. This is shown in figure 6.16 below. it should be 

noted that the points for the onset of aggregation and the gel-transition temperature for this 

sample appear to be anomalous on the phase diagram (figure 6.7). A possible reason for 

this may be that the phase behaviour experiments were performed aller the sedimentation 

experiment. After this time, it is possible that irreversible aggregates had formed, which 

would not redisperse on heating. 
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Figure 6. /0. Lxperiment i- seaimentaiion (? I a j.. )7o v1v get in cYcionexane, 
quenched lo 32.5 ('C 

One further observation made for the sedimentation ofall of the gel samples was that it, 

every instance they steadily settled, with no initial latency period. Moreover, Ifthere were 

a latency period, it may have been very short due to the relatively high density ofthe silica 

particle. This is in contrast to the work ot'Poon and Starrs (6) in which the phenomenon of 

"transient gelation" was observed. An example of the observed settling behaviour. l'or 

experiment H (in which the settling behaviour was reasonably homogeneous), is given in 

figure 6.17 below. It should be noted that the time t=O s is not accurately defined, since it is 

estimated that in this case the gel itself took approximately 5 minutes to form. It is possible 

that this is the explanation for the apparent slow decrease at early times. The total sediment 

height was 34 mm, and the cuvette width was 10 mm. 
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Figure 6.17. Experiment H- sedimentation profile Jbr a 4.9% w1w (3.8% v/v) dispersion qf 
Si 1 411S52 in cyclohexane, quenched to 26 0 'C 

An attempt was also made to investigate the settling behaviour with SALS. Two 

experiments were performed on the 6.3% w/w (5.0% v/v) sample, and arc suniniarlsed in 

table 6.7 below. In both cases, the turbidity of the samples was very high, resulting in a 

low transmitted intensity (approximately 10% of the incident signal). It was therefore not 

possible to quantitatively analyse the scattering patterns in terms of parameters such as the 

fractal dimension. 

Experiment Title Concentration Concentration Quench 
/w/w% v/v% Temperature 

/ Oc 
K 6.3 5.0 26.0 
L 6.3 5.0 :: 

.0 
=341 ýOý 

Table 6.7. Summary (? I'gel experimenis (by SALY)fior Si I 4PS52 in cyclohexan-e 
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In the case of experiment K, a strong gel formed which did not sediment over time. 

However, for the higher temperature used in experiment L, a weaker gel formed which did 

slowly settle. For both experiments, the SALS apparatus was used to take pictures of the 

scattering pattern from the lower half of the gels. Although it was not possible to 

quantitatively analyse the images, the form of the scattering patterns did yield interesting 

results. In experiment K, the fixed gel, the pattern rapidly formed and then essentially 

remained constant over time. This pattern is shown in figure 6.18. 

FijLyure 6.18. Experin 

'36. 

neni K- scattering pattern for afixed gel qf Si, 

at 6.3% w/w (5.0% vlv) concentration, quenched to 26 0 "C 
14PS52 in cyclohexane, 

The scattering pattern clearly shows the presence of a "scattering ring", which represents 

the "typical" length scale of the gelled system. For experiment I., a similar scattering 

pattern initially formed, producing the scattering ring, but due to the subsequent 

sedimentation of the gel, a different final pattern was produced, as shown in figure 6.19. 

The scattering ring was observed to effectively "fill up", but not collapse to smaller angles, 

to form the final pattern. 
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Figure 6.19. Experiment L- scattering pattern. for a sedimenting gel (? f Sil4P,, y52 in 
cyclohexane, at 6.3 % w1w (5.0% vlv) concentration, quenched to 3 1.0 Oc 

The explanation for this "butterfly" or "bow-tie" type scattering pattern is not clear, 

although it is likely to be due to the effects of sedimentation. Again, possible reasons will 
be discussed in section 9.3. 

6.4. Aggregation Kinetics 

The PCS and turbidity results outlined above were also used to obtain information on the 
kinetics of the aggregation processes. From the phase behaviour experiments, it is evident 

that the general trend was that the rate of aggregation increased with a reduction in the 

quench temperature. At the temperature corresponding to the onset of aggregation, the rate 

was essentially zero, and this rapidly increased, typically over a2T interval, on 

quenching to deeper temperatures towards the rapid limit of aggregation. This general 
trend was characterised in both the PCS and turbidity experiments by an increase in the 

average hydrodynamic diameter and the turbidity, respectively, as shown in figures 6.2 and 
6.5. 
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A qualitative description of the aggregation kinetics was also obtained from the SALS 

data. For experiment B (as denoted in table 6.5) the average radius of gyration of the flocs 

was firstly determined by fitting the Fisher-Burford function to the non-scaled curves, as 

described in section 5.5. The graph showing how the average radius of gyration of the flocs 

grew over time, during the aggregation process, is shown in figure 6.20 below. The time- 

scale was set by the duration of the SALS experiment. 

2200 

Figure 6.20. Experiment B- kinetics of the growth of the radius (? I'gyration oj'. 17ocs during 
the aggregation (? f a 0.05% w/w (0.04% vlv) dispersion (? fSil4PS52 in cyclohexane, 
quenched to 25.0 T 

The other method used to analyse the aggregation kinetics was to investigate the change in 

the wavevector corresponding to the point at which the intensity had dropped to half of the 

maximum value (QI/2) over time. Analyses were performed for experiments B, C and D. 

The graphs for the experiments are given in figure 6.21 below. In section 9.4, the trends 

will be analysed, and compared to the values of the tractal dimension to give information 

on the aggregation mechanism. 
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Figure 6.21. Experiments H, C and D- kinetics of aggregation monitored by the decrease 

of Q112 as a function of time for Sil 4PS52 at dýfferenl particle concentrations, and. for 
dýfferenf quench temperatures 
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7. Theoretical - Predictions for the Stability of Polystyre ne-G rafted Silica 

Dispersions 

7.1 Calculations of the van der Waals Attractive Forces 

7.1.1 Introduction 

Attractive van der Waals forces act between all atoms, molecules and colloidal particles. 

For non-polar species, these forces arise due to the instantaneous fluctuations of the 

electron clouds, inducing transient dipole - dipole attractions. For atomic or molecular 

species, the attraction may be approximated by the London formula, as described in section 

2.3.1, which follows an inverse power law with an exponent of 6 (1). 

It was also described that the form of the attractive part of the van der Waals forces for 

colloidal systems may be determined by summing the attractions from all the individual 

atoms or molecules in the particles. For homogeneous, spherical particles, the power law 

exponent becomes -1 at short distances. 

However, this only holds for homogeneous particles. Vold has considered "core-shell" 

systems (2). However, it is believed in our case that the Hamaker constant for the layer is 

essentially the same as for the solvent. Therefore, only the interactions between the cores 

will be considered. This is due to significant penetration of the solvent into the polymer 
layer, which will be discussed ftirther in the following section. Estimates for the overall 

van der Waals attraction will also be given. 

The emphasis of this section is on the calculation of the van der Waals attractions for 

systems Sil4PS52 and Sil3PS2. In section 7.2 a simple mean-field theory will be used in 

conjunction with these results to describe the experimental stability and phase behaviour in 

toluene and cyclohexane by predicting the inter-particle potentials. 
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7.1.2 Calculations 

The properties of samples Sil4PS52 and Si I 3PS2 are summarised in table 7.1 bc low. 

System Bare silica Polystyrene Surface Layer 
particle molecular coverage thickness in 

diameter weight / Mr -2 
'M cyclohexane 

-n 
m g mol-I (n M2 chain-) /nm 

SHVS52 26,600 
___2.3 

( 19) 12111CS) 
SH3PS2 90 1010 0.37(4.5) 
Table 7.1. Characlerislic properties q/ systems Si 1 4PS52 and Si / 3PS2 

Layer 
thickness in 

toluene 
/ nm 

16 (1'('S) 
2 (estimatc) 

The layer thicknesses for Sil4PS52 were determined by PCS, as previously described. 

llowcver, thiswasnot possible forSHMS2 because the 1010 g moi-' polymer forms a thin 

steric layer, the thickness of which is likely to be within the error margin of' the lICS 

apparatus (±2 nm). However, tor the purpose of' the discussion the thickness has been 

estimated to be of the order of approximately 2 nm in toluene. This estimate was taken 

from mean-field calculations to determine the layer thickness ofthc gralled polymer layer, 

and will be described in detail in section 7.2. No value WaS used for Sil3PS2 ill 

cyclohexanc since the particles were unstable in this dispersion. 

In order to estimate the contribution of the polystyrene sheath towards the van der Waals 

forces, the effective "density" ofthe layer was calculated by taking the ratio ofthc volume 

of'polystyrene to the total layer volurne, as shown in equation 7.1 below. The polvstvrelle 

layer is taken to be of' uniform density. The particle radiLIS is assumed to be much greater 

than the layer thickness. 

(5h 
(7.1) 

where PS is polystyrene, gh is the hydrodynamic layer thickness in in, /- is tile surf"Ice 

coverage in ing rn-I , and pps is the bulk densitY ofpolystyrene in ing in -1 . 

For example, Ibr Si14PS52. using a value of 1.05 x 10" nig M-3 for the bulk density of' 

polystyrene. it has been calculated from equation 7.1, using the values in table 7.1, that 
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approximately 81% of the polystyrene layer consists of solvent. The value in toluene is 

even higher at approximately 86%. Therefore, because most of the layer is comprised of 

solvent, only the van der Waals interactions between the silica cores are considered. 

In the mean-field theory described in section 7.2, the result of the calculations, in very poor 

solvency conditions, is that the maximum attraction due to the polymer interactions is 

obtained when the surface-to-surface separation is approximately equal to one layer 

thickness, 8h. On closer approach, the potential becomes steeply repulsive, due to elastic 

compression of the polymer chains. In very good solvency conditions, the potential begins 

to increase at approximately twice the layer thickness, when the polymer chains start to 

overlap. 

The attractive potential was calculated for both Sil4PS52 (in toluene and cyclohexane) and 

Sil 3PS2 (in just toluene) as a function of the centre-centre separation, using equations 2.18 

and 2.19. The plots are shown in figures 7.1 and 7.2 below. In the calculations 

Ah(CYClohexane) = 5.2 x 10-20 J, Ah(toluene) ý 5.0 x 10-20 J and Ah(silica) ý 6.4 x1 0-20 J 

(3). The potential is given in units of kT, where T was taken as 300 K. 

r/nm 

88 
0.0 --- 

-0.5 

- 1.5 

-2.0 

Figure 7.1. van der Waals potentials Qf Si 14PS52 in cyclohexane and toluene 
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Figure 7.2. Van der Waals potential qf Si I 3PS2 in toluene 

For both systems, the potential was evaluated at a separation of r= 2a+81,. when the 

surfaces are a single layer thickness apart, and the potential becomes very steeply 

repulsive. This corresponds to the minimum possible separation, although it should be 

noted that in good solvency conditions this is likely to occur nearer to twice the separation. 
The results are summarised in table 7.2 below. 

Maximum attraction in 
cyclohexane / kT 

Maximum attraction in 
toluene / kT 

Si14PS52 -0.02 -(). ( )] 
Si13PS2 - -0.3 

Tahle 1.2. maximum alfraclion aue to van der Waals 
, 
jorces. jor Ni I 4PS52 and Si 13PS2 in 

cyclohexane and toluene 

7.1.3 Conclusion - Significance of van der Waals Forces 

From the analysis presented above, it is assumed for dispersion Sil4PS52 that the 

contribution of the van der Waals forces is insignificant to the aggregation process. At the 

minimum possible particle separation, the potential is at most -0.02 kT. Therefore, the 

theories used to describe the stability of this dispersion will only be concerned with the 

forces arising from the solvency of the steric layers on the particle surfaces. 
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However, the attraction is much greater for sample Sil3PS2 since the steric layer is much 

shorter and so it less effectively screens against the van der Waals attraction. In this case, 

the van der Waals, forces are not insignificant, and the attraction (-0.3 kT) is relatively 

strong even in a good solvent such as toluene, which may explain the observed instability 

in a poorer solvent such as cyclohexane. 

In the next section, these results will be compared to the forces arising from the solvency 

of the steric layer in the dispersion medium 

7.2 Inter-particle Potentials from Mean-Field Theory 

The mean-field theory used to calculate the inter-particle potentials in this work was 

formulated by Russel and co-workers, as previously described in section 2.4.1 (4,5). In this 

theory, experimentally determined values of the surface coverage and molecular weight of 

polymer on the silica surface are used, together with literature values for the X. -parameters. 
In our work, it was then possible to estimate both the inter-particle potential and the layer 

thickness, L, which was compared to experimental hydrodynamic thicknesses obtained by 

pCS. it should be noted that the theory is not directly applicable for spherical particles, 

since the analysis assumes two flat surfaces. However, the theory was used in this work to 

obtain approximations for the potential and layer thickness between the polystyrene- 

grafted particles. 

For system Sil4PS52, a summary of the calculations performed is given in table 7.3 below. 

In the table, calculations A and D were performed by inputting the experimental values of 

the layer thickness, as determined by PCS, resulting in "effective" X-parameters which 

were fitted to the experimental data. Conversely, for calculations B, C and E, literature 

values of the X-parameter were used, in order to output values of the layer thickness. In 

calculation F, an arbitrarily high X-parameter was used, to obtain an attraction of 

approximately -1 kT. The values inputted in the calculations are given in italics. 
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Calcu 

-lation 

Description X- 
parameter 

L/nm 

A- Experiment : Cyclohexane in good solvency conditions 0.49 11.5 
B Theory Cyclohexane in good solvency conditions 0.49 11.4 
C Theory Cyclohexane in poor solvency conditions 0.55 10.9 
D Experiment : Toluene in good solvency conditions -0.081 15.5 
E Theory : Toluene in good solvency conditions 0.40 12.2 
F Theory : Poor solvency conditions 0.64 10.0 

field calculations'lor dispersion Si 4PS52 in va ing solvency con Table 7.3. Mean- I ry dilions. 
As described in the text, the values given in italics represent the values inputted into the 
calculations. "Experiment" denotes the use (? f experimentally-delermined layer 
thicknesses, and "theory" denotes the use of literature X-values 

It should be noted that the literature values for the X-parameters were obtained primarily 

from the Polymer Handbook (6). However, it was not clear what the precise value was Ibr 

poor solvency conditions in cyclohexane. The value of 0.55 was therefore estimated as the 

"worst" possible case. 

A plot of the curves corresponding to each of the calculations is given in figure 7.3 below. 

The potential is plotted in units of kT, and was calculated as the effective potential per 

grafted chain. The surface-surface separation is denoted h. 

10 A 
9 
8 B 

7 C 
6 
5 D 

4 F 
3 
2 F 

0 

-1 05 15 20 25 30 35 

h/nm 

Figure 7.3. Interaction polenlials. for Sil4PS52ftom mean- . 
field theory 
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It is evident tiorn figure 7.3, in curve F, that the potential indeed bccornes stccplý repulsive 

when the surface separation is approximately equal to the layer thickness. In the theory. 

this is due to either full inter-penetration of the polymer chains, or because the layers arc 

most compressed. The curves also clearly show that the interaction potential is more 

strongly repulsive in toluene (curves D and E) than in cyclolicxanc (Curves A, 11 and C), 

corresponding to a thicker steric layer. In general, the better the solvency conditions, the 

thicker the polymer layer. In a good solvent, the chains are more solvated and stretch 

further in the dispersion medium, whilst they collapse back towards the surf, ace in a poor 

solvent. There is good agreement between the experimental and theoretical data 

(comparing calculations A and 11) Im the laycr thickncss in good solvcilcy conditions in 

cyclohexane. However, the thickness of the layer in toluene, as nicasurcd by PCS, is 

greater than the predicted value. This observation has previously been discussed in section 
6.2.2. 

It is also evident from the data that the form ofthe potential depends sensitively on the 

thickness ofthe steric layer. Whereas the potential is purely repulsive f'or 1,10.9 rim, an 

attractive minimum is present for 1, = 10.0 rim. This corresponds to a change in the 

effective Z-parameter fToni 0.55 to 0.64. It should be noted that stabilit\ is dicrel'ore 

predicted in worse-than-theta conditions, I-or XA. 55. These results will be discussed in 

more detail in section 9.1.2. 

The mean-field calculations were also performed lor dispersion Sil3PS2. A suniniarv of, 

the calculations for this system is given in table 7.4 below. In the table, the calculitions 

were performed entirely using literature values ol'thc X-paramcter. 

Calcu 

-lation 

Description X- 

--- 
parameter 

nm 

C Theory : Cyclohexane in good solvency conditions 1) 2.1 
Theory : Cyclohexane in poor solvency conditions 0. j. 5 2.1 

Theory : Toluene in poor solvency conditions 0. ý-o 2-. l 
hible 7.4. Nfeall-lit'lil C'Ih 'Willioll. s. lor dispervioll 

The plot of the interaction potential curves corresponding to each ofthese calculat lolls is 

given in figure 7.4 bclow. 
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Figure 7.4. Interaction potenlialsforSil3PS2ftom mean- field theory 

it is clear from the curves that the theory predicts only a slight dependence of the potential 

and layer thickness on the general solvency conditions. However, it is evident by 

comparison with figure 7.3 that the steric repulsion is much shorter range than for the 

longer molecular weight system. Furthermore, the potential does not sharply increase when 

the layers begin to overlap, at approximately twice the layer thickness, which may indicate 

that the particles are on the borderline of stability. Coupled with the stronger van der Waals 

forces, these observations may explain the instability in cyclohexane. 

One set of calculations was also kindly performed for dispersion Sil4PS52 by Dr. 

Leermakers at the University of Wageningen using the Scheutjens-F leer mean-field model. 

A brief description of the theory for this model was given in section 2.4.2. The model is 

generally accepted to give reproducible estimates of both the interaction potential and 

volume fraction profile of polymer from the particle surface (7). The calculations for the 

potential were performed for grafted polymer layers between two flat surfaces, and the 

volume fraction profile was determined for large inter-particle separations. The results are 
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presented in figures 7.5 and 7.6 below. The units of separation used by the model are given 

in lattice layers, z, which are simply proportional to the "true" inter-particle separation. 
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Figure 7.6. Volumeftaction of graftedpolymer in Sil4PS52. /romScheuljens-Fleer lheory 

The interaction potentials shown in figure 7.5 may be compared to curves B, C and E in 

figure 7.3. There appears to be a slightly weaker dependence of the shape of the curves on 
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the X-parameter as determined by the Scheutjens-Fleer theory, but the overall trend is 

indeed similar. Furthermore, it is clear from figure 7.6 that the layer thickness is again 

greater in better solvency conditions, corresponding to the curves stretching further from 

the surface. 

In conclusion, the theoretical models described in this chapter have been used to predict 

the instability of the polystyrene-grafted silica dispersions only to a qualitative degree of 

accuracy. More quantitative agreement was obtained for the predicted layer thickness in 

stable conditions. The results will be discussed in more detail in section 9.1.2. 
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S. Polydimethylsiloxane - Grafted Silica Dispersions 

8.1 Introduction 

In conjunction with the research into the polystyrene-grafted silica particles, recent 

investigations by fmal-year project students at the University of Bristol have been 

concerned with the stability of polydimethylsiloxane (PDMS)-grafted silica dispersions. 

Initial work was performed by Dolsingh, and then investigated further by Seymour (1,2), 

both under the supervision of myself, Dr. van Duijneveldt and Prof Vincent. In this 

chapter, the results of Seymour will be primarily discussed. 

For the purpose of grafting to colloidal silica, monodisperse PDMS chains were purchased 

with a reactive end-group which could chemically react with the silica surface. The grafted 

polymers provided steric stabilisation, so that the particles were Stable in various non- 

aqueous solvents including heptane, and heptane / ethanol mixtures. Heptane is a good 

solvent and ethanol a poor solvent for PDMS. 

The stability of the PDMS-grafted dispersions was investigated and compared to the 

polystyrene-grafted samples. PDMS is a more flexible polymer than polystyrene, which 

may affect the stability, phase behaviour and aggregation kinetics of the grafted particles in 

dispersion. The structures of PDMS and polystyrene are compared in figure 8.1 below. 

--CHi-- CH-- 
I 

n 

polystyrene 

CH3 

L'-n3 

polydimethylsiloxane 

FigUre 8.1. PolydiMethylsitoxane anapolystyrene 
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The phenyl group on the polystyrene backbone adds stiffness to the polymer chain. PDMS 

is more flexible since the Si-O bonds are able to rotate more freely. 

Vincent (3) first investigated the grafting procedure, which involved the reflux of stable 

dispersions of the silica particles with dissolved PDMS in mixed solvents. The PDMS was 

prepared by anionic polymerisation, resulting in monodisperse chains with two hydroxy 

end groups able to graft to the silica surface. This process was later modified by Auroy et 

al. (4) and Castaing et al. (5) who performed the reflux in a single solvent. The reaction 

was then ftirther improved by Nommensen et al. (6). In the work performed at the 

University of Bristol, the method of Nommensen was followed for the preparation of the 

PDMS-grafted particles. 

In this chapter, the synthesis and characterisation of the PDMS-grafted dispersions are 

firstly described, followed by a general overview of the observed stability in various non- 

aqueous media. In section 9.5, these results will be discussed and compared to those for the 

polystyrene-grafted dispersions. 

8.2 Synthesis and Characterisation - Grafting PDMS to Silica 

The silica dispersions were prepared in the same manner as for the polystyrene-grafted 

particles, using the synthesis used by St6ber et al. The PDMS was supplied by 

Fluorochem'. The polymer was terminated with two reactive hydroxy groups, which could 

graft to silanol groups on the surface of the silica particles in a simple condensation 

reaction. The molecular weight of the PDMS used was approximately 90,000 g mor', as 

confirmed by GPC and viscometry measurements, although it should be noted that the 

polydispersity was reasonably high, with a value of MW/M" of approximately 1.8. In the 

work of Seymour, the PDMS was grafted to the silica particles in a single dispersion. The 

average hydrodynamic diameter of the particles was approximately 100 rim, as measured 

by PCS. 
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For the grafting reaction, the silica and PDMS were refluxed together, in two separate 

cycles, in diethylketone (DEK). The silica particles were transferred froni ethanol to DFK 

by repeated centrifugation and redispersal cycles. Diisoethylamine (1)11-. A) was also added 

to the reaction mixture. to increase the nucleophilicity ol'thc silica surface. This enhanced 

the grafting of the PDMS, by aiding the condensation with silanol grOLIPS. 

In the grafting procedure (performed by Seymour), the concentrations ol'the reagents in the 

first reflux were approximately 2.5% w/w silica and 2% w/w DIFA in DFK. To this, 

approximately 120 g of PDMS was added to I'Orm it 10% w/w solution. Thc reaction 

mixture was heated to approximately 135 "C and refluxed Ibr 19 hours. 

Following the procedure of Nommcnsen, more I'DIAS was then dissolved in the reaction 

mixture to form a concentrated 25% w/w dispersion. This solution was refluxed 16r a 

further 16 hours. Following the refluxes, the grafted particles were transt'erred into 

heptane, a good solvent for PDMS, by repeated centrifugation and redispersal cycles. the 

final grafted particles were stable in heptane. ]'he surface coverage of PDMS was 

estimated by elemental analysis, in a manner similar to the polystyrcne-graltcd particles, 

and yielded a value of 4.6 mg m -2 . The properties ol'this III)MS-gralled silica dispersion, 

Sil)DMS Lare surnmarised in table 8.1 below. 

The majority of the stability experiments tbr SiI1j)MSI were perl6rined in mixtures of 

heptane and ethanol. In each case, the required amount ofethanol was added to the stablc 

heptane dispersion and the stability was investigated bv eve. For it particular solvent 

composition, the temperature was slowly lowered, and any instability was Investigated by 

simply observing when the particles rapidly sedimented to the bottom of' the container, 

typically over a period of minutes. 
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PCS measurements on dispersion SiPDMSI yielded an increase in the particle diameter 

from 102 nm to 233 nm. This represents a layer thickness of approximately 66 nm. 

8.3 Results - Stability in Mixed Solvents 

The sample SiPDMS I was stable in heptane, but unstable in ethano I for all temperatures in 

the range 20 - 45 OC. 

For a 1.0% w/w (0-80% v/v) dispersion of SiPDMSI, the stability behaviour was 

investigated in heptane / ethanol mixtures around 50: 50 w/w heptane : ethanol. In general, 

it was discovered that the dispersion flocculated on quenching below a particular 

temperature (the "flocculation temperature") which depended on the relative 

concentrations of the two solvents. 

In general, as the amount of heptane (good solvent) was increased, the flocculation 

temperature decreased. The grafted particles were stable at 23 T for approximately 56% 

w/W heptane. Conversely, for 48% heptane, the dispersion was not stable below 

approximately 41 *C. In this way, the solvent mixture formed an effective marginal 

solvent, in which the solvency varied with the amount of heptane in this temperature range. 

A plot of the flocculation temperature as a function of solvent composition is given in 

figure 8.2 below. 
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Figure 8.2. Slahility of SiPDMS] in heptane / elhanol mixiures 

As previously described, the dispersions were deemed to be unstable when the particles 

aggregated and rapidly sedimented to the bottom of the container. This is clearly visible in 

figure 8.3 below, which shows a series of samples of SiPDMSI in heptane / ethanol 

mixtures left for approximately one day at 25 T. This was taken from the work of 
Dolsingh. Although the silica diameter and PDMS surface coverage were slightly difterent 

from the investigations performed by Seymour, the overall trend is similar. The ethanol 

composition increases from left to right, and varies in a range similar to the plot given in 

figure 8.2. For low concentrations of ethanol, the stable dispersions show no signs of 

sedimentation. However, for higher concentrations, dense sediments, which did not flow 

under shear, were observed on the bottom of the phials. 
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Figure 8.3. Stabilily (? f PDMS-grqlied silica as a. ffinction q1'solvent composition 

The results presented in this chapter will be discussed and compared to those Ibi- the 

po lystyrene-gra tied silica dispersions in section 9.5. 

Experiments were also performed on higher concentration samples -- approximately 11% 

w/w (9.3% v/v) and 4.0% w/w (3.3% v/v). These dispersions were stabillsed if] 58 : 42 

w/w heptane : ethanol mixtures at approximately 40 `C, and then quenclicd to VariOUS 

temperatures below 25 T. In these experiments, the dispersions wcrc obscrved to gcl. as 
for the polystyrene-grafted dispersions at similarly high particle concentrations. Thcy were 

also observed to subsequently settle over time, and showed no evidcricc of' tile 

phenomenon of transient sedimentation, in which there is an initial latency time, as 

reported by Poon ct al. (7). 

Finally, it was also attempted to stabilise the PDMS-gralled particles in a single marginal 

solvent in which it was then possible to induce instability by lowering the tcnipcraturc. For 

example. the theta temperature of PDMS in butanone is 20.0 "C', so it \\, Is 111tic, ), Lt I 'Ile I hat 

when redispersed into this solvent, the dispersion may hccomc unst, 11)1c hcl()"N, 

approximately 20 T. Although PCS measurements did indicate a reduction in the 

thickness of the PDMS layer from heptane (40 nm compared to 66 11111), the dispersion 

was, however, stable in butanone at all temperatures. Again, this apparent enhanced 

stability will be discussed further in section 9.5. 

149 



8.4 References 

(1) S. Dolsingh, 
Unpublished Results 1998. 

(2) P. Seymour, 
Unpubisihed Results 1999. 

(3) B. Vincent, 
"The Preparation of Colloidal Particles Having (Post-Grafted) Term inally-Attached Polymer-Chains", 
Chemical Engineering Science 1 "3,48,42943 6. 

(4) P. Auroy, L. Auvray, L. Leger, 
"Silica Particles Stabilized By Long Grafted Polymer-Chains - From Electrostatic to Steric Repulsion", 
journal of Colloid and Inter 

. 
face Science 1992,150,187-194. 

(5) J. C. Castaing, C. Allain, P. Auroy, L. Auvray, A. Pouchelon, 
"Nanosized hairy grains: A model system to understand the reinforcement", 
Europhysics Letters 1996,36,153-15 8. 

(6) P. A. Nommensen, M. H. G. Duits, D. van den Ende, J. Mellema, 
"Steady shear behavior of polymerically stabilized suspensions: Experiments and lubrication based 
modeling", 
physical Review E 1999,59,3147-3154. 

(7) W. C. K Poon, L. Starrs, S. P. Meeker, A. Moussaid, R. M. L. Evans, P. N. Pusey, M. M. Robins, 
"Delayed sedimentation of transient gels in colloid-polymer mixtures: dark-field observation, rheology and 
dynamic light scattering studies", 
Faraday Discussions 1999,143-154. 

'Flurochem Limited, Wesley Street, Old Glossop, Derbyshire, SK13 7RY, UK 

ISO 



9. Interpretation and Discussion of Results 

9.1 General Stability and Phase Behaviour 

9.1.1 Experimental Stability and Phase Behaviour 

9.1.1.1 Effect of Molecular Weight and Surface Coverage 

In this section, the experimental results for the general stability and phase behaviour of the 

polystyrene-grafted silica dispersions, as described in section 6.1, will be discussed. The 

discussion will be particularly concerned with the effect of the solvent quality, which was 

varied by redispersing the particles in toluene, cyclohexane or toluene / cyclohexane 

mixtures. Toluene is a good solvent for polystyrene whilst cyclohexane is a marginal 

solvent with a theta temperature of approximately 35 T. The X-parameter of polystyrene 

in cyclohexane is less than 0.5 (good solvent) above the theta temperature, and greater than 

0.5 below it (poor solvent) (1). 

Table 6.1 shows the effect of molecular weight and surface coverage Of Polystyrene on the 

stability in the pure solvents. Polar media such as water or ethanol induce surface charges 

on the surface of colloidal silica particles. This is due to the de-protonation of a proportion 

of the surface silanol groups resulting in an overall negative charge. In this way, the 

particles may be stabilised by an electrostatic repulsion (2). Conversely, bare silica 

particles are unstable in non-polar solvents such as toluene and cyclohexane, since there is 

no repulsion against the attractive van der Waals forces. In the case of the polystyrene- 

grafted particles, however, colloidal silica may be stabilised by the steric repulsion 

provided by the attached polymer chains. It is clear from table 6.1 that this is most 

effective when high molecular weight chains are grafted at high surface coverage. In the 

case of dispersion SillPS2, in which low molecular weight (1010 9 mor) polystyrene was 

grafted to a low density (7.7 nmý chain7l), the particles were stable in neither toluene nor 

cyclohexane at any temperature. However, when the density was increased to 4.5 nmý 
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chain7l in dispersion Sil3PS2, the particles were stable in toluene, but still unstable in 

cyclohexane. 

it is likely that this instability is simply due to the solvent quality. In the case of dispersions 

Sil IPS2 and Sil3PS2, the steric layer is very thin, which may mean that the polystyrene 

chains should be as well solvated, and as extended as possible, to stabilise the particles. 

The X-parameter of polystyrene in cyclohexane is only 0.49 at 40 OC, compared to 0.40 in 

toluene. It is therefore possible that in these solvency conditions, and particularly when the 

surface coverage is low, the polystyrene chains are less extended in cyclohexane than in 

toluene, and hence do not effectively screen against the attractive van der Waals forces. 

In order to examine the effect of the molecular weight of the polystyrene chains on the 

stability, higher molecular weight polystyrene (approximately 25,000 g morl) was grafled 

to silica particles of approximately the same diameter (80 nrn). In the case of dispersion 

Sil3PS42, a grafting density of 26 nmý chain7l was achieved, but again the silica particles 

were only stable in toluene. However, when the grafting density was increased to 19 nrr? 

chain7l in dispersion Sil4PS52, stability was also conferred in cyclohexane above 

approximately 34 'C, at particle volume fractions of the order 10-3 . This temperature is 

close to the theta temperature (35 OC) of polystyrene in cyclohexane. This would support 

the observations made by Napper (3) that, in general, particles with high molecular weight 

chains grafted at a high surface coverage, are stable above approximately the theta 

temperature. Above the theta temperature, the chains are well solvated, extend into the 

dispersion medium and hence provide an effective steric repulsion against aggregation. 

Below the theta temperature, Napper denoted the onset of aggregation as "incipient 

flocculation7. This aggregation is induced because the polymer chains collapse back 

towards the particle surface and also preferentially intermingle with each other, rather than 

the solvent. 

In the case of dispersion Sil4PS62, in which polystyrene of an even higher molecular 

weight (approximately 70,000 g mor') was grafted to a high coverage, the particles were 

stable under slightly worse-than-theta conditions. It is possible that this enhanced stability 
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may be explained in terms of free volume effects, as will be discussed in terms of the 

theoretical models outlined in section 9.1.2. 

9.1.1.2 Good-Solvent Theta Solvent Mixtures 

The stability of dispersions Sil3PS2 and Sil4PS52 was also investigated in mixtures of 
toluene and cyclohexane. As was described in section 6.1.2, sample Sil3PS2 was stable at 
25 T with approximately 50% toluene in the solvent mixture. However, for Sil4PS52 the 

mixture only had to possess greater than approximately 2% toluene to stabilise the system. 
Furthermore, there was no observed temperature-dependence of the amount of toluene 

needed to stabilise the particles. Again, these results indicate that the particles grafted with 
high molecular weight polystyrene chains at high surface coverage, are generally more 

stable in the non-aqueous media than the those grafted with lower molecular weight chains. 

For this reason, the phase behaviour of the polystyrene-grafted silica dispersions in 

cyclohexane was investigated primarily for sample Sil4PS52. In this way, it was possible 

to investigate the aggregation mechanism and kinetics by simply lowering the temperature 

so that the dispersions became unstable. The use of toluene / cyclohexane mixtures to 

change the solvency was therefore avoided. In that case, complications would arise 
because of preferential adsorption of toluene in the polymer layer at the silica surface. 

9.1.1.3 Long-Term Stability and Reversibility of Aggregation 

It is important to note that it was not always possible to completely redisperse the particles 
in sample Sil4PS52 after quenching to lower temperatures in cyclohexane. For low 

concentration samples, it was not possible to effectively redisperse all the particles after 

several cooling / redispersal cycles. For these dispersions, the instability became even more 
distinct when the particles were left in an aggregated state for long periods of time, or for 

higher concentration samples that gelled on cooling. It is believed that this may be due to 

entanglement of the polymer chains. On flocculating by worsening the solvency in the 

dispersion medium the chains preferentially mix with each other, rather than with the 

solvent. it is believed that the extent of entanglement may increase over time, or with more 
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aggregation cycles. In effect, the chains become "stuck! ' in the aggregated state, and can 

not be separated by reheating or even by mechanical shaking or ultrasonification. This 

phenomenon will be relevant in explaining the general stability and aggregation 

mechanism of the sterically-stabilised particles, which will be proposed in section 9.6. 

9.1.1.4 Electrostatic Effects 

As described above, bare colloidal silica is stable in water due to electrostatic repulsions. 

In the case of sterically-stabilised particles in non-aqueous media, the presence of trace 

amounts of water in the non-aqueous solvents may result in additional, unquantified, 

electrostatic effects, and hence affect the general stability and aggregation mechanism. 

PALS was therefore used to determine the importance of such effects by measuring the 

mobility and zeta-potential of the stable dispersions in toluene. High values would 

represent high surface charges, and thus a significant electrostatic repulsion. 

As shown in table 6.2, the results indicate that the zeta-potentials are very low 

(approximately 2-5 mV) in toluene, as compared to -56 rnV in water. It is therefore 

believed that any electrostatic repulsion arising from charges on the particle surfaces is 

negligible in comparison with the steric repulsion due to the grafted polymer layer. It is 

also interesting to note that the zeta-potential is negative in water, but positive in toluene. 

The reason for this difference is not understood, but may be due to the presence of a 

strongly bound layer of dimethylformamide (DMF) in the polystyrene layer at the particle 

surface. After the grafting reactions, it has been shown that DMF strongly adsorbs to the 

silica surface and does not entirely leave after redispersal in other solvents (4). The polar 

nature of DMF may not only change the shape of the steric layer, but also induce positive 

charges on the particle surface. 

9.1.1.5 Phase Behaviour 

Using the PCS, turbidity and light scattering techniques as described in section 6.2, the 

phase diagram of Sil4PS52 in cyclohexane was constructed. This is shown in figure 6.7. In 

general, there are four different regions related to the stability of the particles. Above 
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approximately 34 T, the particles are completely stable, showing no signs of aggregation 

over time. On cooling into the "meta-stable" region at low particle concentration, the 

particles begin to slowly aggregate. For this reason, the boundary has been termed the 

"onset of aggregation". The rate of aggregation increases for deeper quenches in the meta- 

stable region, until the fastest rate is achieved at the "limit of rapid aggregatioW'. At higher 

particle concentrations, the particles also form gel phases. The particles would always 

aggregate first on quenching to just below the onset of aggregation, and then enter the gel 

phase if quenched to lower temperatures. However, if the onset of aggregation and gel 

lines are extrapolated to even higher concentrations, above approximately 10% by volume, 

it is evident that the particles are likely to only gel on quenching the temperature, with no 

possibility of first entering a meta-stable region. It was not possible to prepare such high 

concentration samples for Sil4PS52 in cyclohexane due to redispersal problems. 

The entire temperature range over which the various types of behaviour were observed in 

this work is only 4 *C, ranging from approximately 30 T to 34 T. It was also necessary to 

use sensitive techniques like PCS and turbidity to accurately obtain estimates for the 

boundaries to the different regions. In general, the onset of aggregation boundary shows 

little variation with volume fraction, with only a slight increase from very low volume 

fraction (approximately 0.04% v/v) up to much higher concentrations (approximately 10% 

v/v). Furthermore, the limit of rapid aggregation shows no dependence at all on the particle 

concentration. Conversely, the gel line is strongly dependent on the particle volume 

fraction, with a sharp increase in temperature at high particle concentrations. 

It is proposed that the observed stability may be explained in terms of the aggregation 

kinetics of the particles, rather than their equilibrium, or phase, behaviour. This is central 

to the proposed description of the stability, phase behaviour and aggregation mechanism. 

The PCS data given in figure 6.1 show a slow, gradual increase in the average particle 

diameter on cooling into the meta-stable region. However, just above the binodal 

temperature for a phase transition, an equilibrium amount of doublets has been observed to 

form. The time scale for this process is of the order of the time for a collision between two 

particles. However, this is not observed in the case presented here. Instead, the time taken 

for the average particle diameter to reach approximately 1.3 times the original value (the 
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estimated time to form a doublet) is of the order of hours. An "irreversible", slow 

aggregation process therefore appears to be taking place. Although in a classical gas-liquid 

phase transition, the kinetics of phase separation do also speed up on quenching deeper 

into the unstable region, the description of the separation is in tenns of the nucleation of 

liquid droplets. However, in our case fairly amorphous aggregates are produced which also 

casts doubt that on the occurrence of a true phase-transition. 

It should be noted though that this distinction between the "onset of aggregatiolf' and the 

"binodal" is not entirely clear. The discussion presented here will, however, be in terms of 

the aggregation behaviour of the particles, and the corresponding kinetics, rather than their 

phase behaviour. In the stable region, the particles possess enough kinetic energy to 

overcome any attractions. At the onset of aggregation, attractions between the polymer 

chains are increased, and the probability that the particles stick on collision is enough to 

slowly start their aggregation. On quenching deeper into the unstable region, the attraction 

increases further, and hence also the number of effective collisions leading to aggregation. 

This, together with the dependence of the temperature at which aggregation starts on the 

particle concentration, will be described in more detail in section 9.6. 

In the work of Verduin (5), who examined the phase behaviour of stearyl-alcohol grafted 

silica particles in marginal solvents, the boundaries were termed the "binodal" and 

66spinodar' curves. This, however, would imply true phase transitions, as described in 

section 2.6. In this work, the corresponding stability boundaries (the "binodal" and 

1; 4spinodar' temperatures) have therefore been termed more generally, as the ""onset of 

aggregation7 and "limit of rapid aggregation7'. The phase behaviour for the stearyl alcohol- 

grafted particles does show similarities with that for the polystyrene-grafted particles in 

cyclohexane. In both cases, the interparticle attraction is likely to be relatively short-range. 

Again, a more detailed comparison will be made in section 9.6. The phase diagram 

constructed by Verduin is given in figure 9.1 below (5). 
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In the phase diagram, the binodal curve (open triangles) was determined by direct 

observation, and the spinodal curve (plusses and filled circles) was determined mainly by 

observing the change in turbidity during the aggregation process. The gel line (open 

squares and filled triangles) was determined mainly by observing the arrest of the laser 

speckle pattem 

It has been decided nevertheless to use the nomenclature "Phase diagram" in this work, 

since this describes the different possible states of the particles. An alternative would be 

,, Stability map". It should also be noted that the criterion used to determine the limit of 

rapid aggregation is different from the method used by Verduin to estimate the spinodal 

curve. The method adopted in this work was to estimate the temperature at which the rate 

of aggregation reached infinity. However, in the method used by Verduin, the temperature 

was instead taken as the point where the rate began to rapidly change, and was determined 

by interpolation rather than extrapolation, as shown in figure 9.2 below. 
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Turbidit, Turbidity 

spinodal 

Temperature 

This work: Limit of rapid aggregation 
determined by extrapolating I/rate to 
zero, to yield the temperature 
corresponding to an "infinite" rate of 
change of turbidity. 

Verduin : Limit of rapid aggregation 
determined by interpolation to yield 
the temperature corresponding to the 
point of curvature, as shown in the 
figure. 

Rkure 9.2 Methods used to determine of rapid aggregation Ohis work) and I 
spinodal (Verduin) 

Verduin observed the spinodal. temperature to increase with particle volume fraction, as 

shown in figure 9.2, because the Point of curvature was dependent on the particle 

concentration. However, in the case of the polystyrene-grafted silica particles, the limit of 

rapid aggregation is independent of particle concentration. 

Finally, it can also be seen on the phase diagram for the polystyrene-grafted silica particles 
in cyclohexane that there is an anomalous point in the onset of aggregation and gel lines, 

where the logarithm of the effective volume fraction is approximately -1.8, corresponding 

to a volume fraction of 1.6%. It is evident that the points are significantly higher in 

temperature than predicted by the general trend. This may be due to the history of this 

particular sample, which was quenched into the gel region before determining the two 

boundaries. In this process, it is likely that a proportion of the particles irreversibly 

aggregated together, which is supported by the fact that there was significant sedimentation 

in the sample after just one day. 
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9.1.2 Theoretical Predictions for the Stability of Polystyrene-Grafted Silica 

dispersions 

The results from the mean-field calculations to predict the stability of the polystyrene- 

grafted silica dispersions Sil3PS2 and Sil4PS52 were presented in chapter 7. Sil3PS2 

contains particles with low molecular weight polystyrene grafted to a low surface 

coverage, and Sil4PS52 has high molecular weight polystyrene at a high surface coverage. 

it was shown in chapter 7 that attractive van der Waals forces are insignificant for 

Sil4PS52 in which the thick steric layer effectively shields against the attraction, but are 

significant for Sil3PS2 due to the very thin polymer layer. In the analysis, the assumption 

was made that the van der Waals forces arising from the polymer layer are negligible 

compared to the attraction due to the silica cores. Most (approximately 80%) of the layer is 

comprised of solvent, and the Hamaker constants are similar for both solvent and 

polystyrene. 

0 Considering first the mean-field results as predicted by the theory of Russel (6,7) fr 

Sil4PS52, it is evident from table 7.3 that the experimental value of the polystyrene layer 

thickness (11.5 mn) compares well to the theoretical value (11.4 nm), for the stable 

particles in cyclohexane. These layer thicknesses correspond to X-values of 0.48, and 0.49, 

respectively. For these results, the predicted inter-particle potentials are indeed repulsive, 

as shown in figure 7.3. In poor solvency conditions (below 35 'C) the value of the X- 

parameter of polystyrene in cyclohexane was taken as 0.55, and used to predict the 

interaction potential. For this X-parameter, the potential was not attractive, but did show a 

less steep repulsion at short distances. Experiments showed, however, that the particles 

were unstable at 25 *C. It is possible that this discrepancy is due to the precise value of the 

X-parameter used. For example, an increase to 0.64 produced an attractive potential with a 

minimum of approximately -1 kT per chain. The layer thicknesses corresponding to the X- 

values are 10.9 mn (X = 0.55) and 10.0 tun Q=0.64). Furthermore, there is some variation 

in the X-parameters quoted in the literature, and it should be noted that the X-parameter is 

itself dependent on the concentration of polymer, and is also determined for very high 

molecular weights. It is therefore perhaps better to consider the x-parameter as an 
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eG effective" parameter, which may be used to fit the experimental data. Nommensen (8) 

also found that, to describe his data, different theories require different X-values. 

The theoretical data did not agree so well with the experimental results for the stable 

particles in toluene. The literature value of the X-parameter of polystyrene in toluene 

(which is approximately constant at 0.40 over the range 20 T to 50 'C) did yield a strongly 

repulsive potential, corresponding to a layer thickness of 12.2 Mn. However, the 

experimental value (15.5 run) was significantly greater, and corresponded to an even more 

repulsive potential with a X-parameter of -0.08. This may be due to inaccuracy in the PCS 

measurement for the layer thickness in toluene (as previously been described in section 

6.2.1), although it should of course be noted that the theory is only an approximation. 

Calculations were also performed on dispersions of Sil3PS2, in toluene and in 

cyclohexane. The same values of the X-Parameter were used as for Sil4PS52 - 0.49 and 

0.55 in cyclohexane above and below the theta temperature, respectively, and 0.40 in 

toluene. In this case, the predicted layer thickness and interaction potential had a much 

weaker dependence on the X-parameter, as shown in figures 7.4 - 7.6. For all X values, the 

layer thickness was constant at 2.1 nm, and the interaction potentials showed negligible 

variation in shape. Of course, this alone cannot explain why the particles were stable in 

toluene, but unstable in cyclohexane. However, the shape of the potential curves is flat at 

large distances after the sharp repulsion, which may indicate that the particles are on the 

borderline of stability. It is possible that, coupled with the attractive van der Waals forces, 

the considerably poorer solvency conditions in cyclohexane than in toluene may be enough 

to destabilise the particles. 

It should be noted that the mean-field potentials determined by the theory of Russel are 

only approximations, in that the forces are just a simple combination Of compressive and 

penetrative forces experienced by the polymer chains as they approach at small distances. 

This combination in turn results in artefacts in the shape of the potential curves. For 

example, the kink in the centre of the curve may be due to an abrupt change between inter- 

penetration and compression of the polymer chains. For this reason, a more rigorous 

approach was used to compare the general trends obtained using this method. One set of 
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calculations was performed by Dr. Leermakers using the Scheutjens-Fleer model (9) for 

dispersion Sil4PS52. This resulted in interaction potentials which did indeed follow 

similar trends as for the theory of Russel. The main difference was a weaker dependence 

on the shape of the potential curves, but stability was again predicted in worse-than-theta 

conditions, for a X-parameter of 0.55, when experiment showed that the particles were in 

fact unstable. 

In both the Russel and Scheutiens-Fleer theories, the interactions were calculated between 

two flat surfaces. It may be possible to obtain more quantitative agreement if the potential 
is corrected to act between two spheres. However, if the calculated flat plate potential is 

repulsive, stability should still be expected, neglecting van der Waals forces. 

Finally, the volume fraction profile of polymer from the surface was also obtained from the 

Scheutjens-Fleer method. It has been shown that the hydrodynamic layer thickness, as 

measured by PCS, corresponds to the distance at approximately 80 - 90% of the area under 

the profile (9). As can be seen from figure 7.6, this distance is again of the order 10- 13 nm, 

with a smaller value in cyclohexane (X=0.49) than in toluene (X=0.40), and so compares 

well with the values determined from the method of Russel. 

in conclusion, the mean-field methods used to interpret the stability of the polystyrene- 

grafted dispersions did predict the correct trends with respect to the solvency conditions. 

Also, there was evidence for quantitative agreement with experiment for the layer 

thickness of the polystyrene layer in Sil4PS52, dispersed in cyclohexane above the theta 

temperature. However, the experimental value in toluene was larger than that predicted by 

theory. The models were less successful in accurately predicting the observed instability 

for both Sil4PS52 and Si13PS2 in cyclohexane. However, in the latter case, the potential 

curve was not steeply repulsive, suggesting that the particles were on the borderline of 

stabflity. 
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9.2 Fractal Aggregation at Low Particle Concentration 

9.2.1 Aggregation Mechanism - Fractal Dimension as a Function of Concentration 

and Temperature 

The fractal dimension results of the aggregation studies for Sil4PS52 in cyclohexane, as a 
function of temperature and particle concentration, are summarised in table 6.5. The 

experiments were performed at two different concentrations - 0.04% and 0.08% by 

volume. In experiments A, B and C, the dispersions were quenched to 25.0 T, deep in the 

unstable region. Experiments A and B were for the 0.04% v/v dispersion and C for the 
0.08% v/v dispersion, resulting in fractal dimensions of approximately 1.70,1.75 and 1.70 

± 0.05, respectively. In this way, there appeared to be negligible difference between the 

values for the two concentrations. However, in experiment D, the 0.08% v/v dispersion 

was quenched to 30.0 OC, which is in the meta-stable region in the phase diagram, just 

above the limit of rapid aggregation. In this case, the measured fractal dimension was 1.92 

± 0.05. it was not possible to obtain reliable estimates for the fractal dimension in 

experiment E, in which the 0.08% v/v dispersion was quenched to 32.5 T, just below the 

onset of aggregation. This was due to sedimentation effects, which will be discussed 

further in section 9.2.2. 

SALS was used to obtain values of the fractal dimension by scaling the scattering curves 

over the entire range of wavevectors, which extends to approximately 1400 mm". Both 

theory and experiment have shown that the value of the fractal dimension gives an 
indication of the nature of the aggregation process. In the case of the quenches to deep in 

the unstable region, values of approximately 1.7 were obtained, which compare well to the 

theoretical value of 1.8, as predicted by theory for diffusion-limited cluster aggregation 

(DLCA). Experimental and theoretical evidence was presented by Lin et al. (10) and 

references therein. In the DLCA process, there is a strong enough attraction between the 

particles so that they stick on contact, without any prior rearrangement. This in turn forms 

open floc structures, with a low fractal dimensionality. Conversely, for the quench into the 

meta-stable region, in which the rate of aggregation was much slower, a higher value of 1.9 

was obtained for the fractal dimension. The theoretical value of reaction-] imited cluster 
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aggregation (RLCA) is 2.1. In this case, the particles are able to first rearrange and diffuse 

around one another, before finally aggregating together. This produces more compact floc 

structures, with a higher dimensiomlity. It is possible that the experimental value of 1.9 

represents an intermediate process between the two limits. By this logic, if it were possible 

to measure the fractal dimension at just below the onset of aggregation, a value close to 2.1 

may have been obtained. The aggregation processes are summarised in figure 9.3 below. 

(ý) 0 CO % 

(: gj cpo 
60 - 99 

0 

Reaction Limited Aggregation Diffusion Limited Aggregation 
Fractal Dimension = 2.1 Fractal Dimension= 1.8 

Shallow temperature quenches Deep temperature quenches into 
to near the onset of amireization the unstable region 

Figure 9.3. Summary of the aggregation mechanisms of colloidal particles. In the RLCA 
process a particle canfirst move around and explore different sites hefore sticking. In the 
DLCA mechanism the particle sticks immediately on contact 

9.2.2 Effects of Particle Concentration and Sedimentation 

The comparison of the results described above for the fractal dimension with the 

theoretical limiting values of 1.8 and 2.1, may be complicated by effects due to the 

sedimentation and the concentration of the particles. The effects of sedimentation on the 

SALS curves have previously been described. For a dispersion in which there is negligible 

sedimentation of the particles, the scattering pattern is completely symmetrical, as shown 

in figure 6.11. However, this circular pattern is distorted to form an eliptical shape when 

there is sedimentation present, as shown in figure 6.12. When radially-averaged, this 

results in scattering curves which progressively become steeper at high wavevector as the 

particles sediment more over time. This is illustrated in figure 6.10. In such an experiment, 

it was not possible to accurately scale the curves, and therefore obtain reliable values for 

the fractal dimension. Such problems have also previously been reported by Carpineti et al. 

(11). 
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Previous work has shown that the measured value Ibr the firactal dimension Is also 

dependent on tile concentration ofthe particles. For example, ill the "ork ofCarpilieti ct 

al.. polystyrene latex particles dispersed in water were aggregated bý the addition of'salt. 

For high salt concentrations, the particles rapidly aggregated ill the DLCA regime. For 

very low particle volume ftactions (ofthe order Ix Iff") the theoretical value of' 1.8 was 

obtained. However, an increase in the volume f1raction to only 6x IV resulted ill a 

decrease in the measured value ofthe fractal dimension to 1.6. in comparison, the lo\kcst 

volume fraction used in this work was 4x 10-4. Ill this way, it is important to ilote that the 

value ot'l. 7 as determined by experiment may be lower than the predicted value of' 1.8 for 

the DLCA mechanism due to the finitc particle concentrations used. 

This trend ofa decrease in the fractal dimension with increasing particle Volume fraction 

may be seen more clearly in tile results obtained firoin a variety ot'differcnt studies. Lin ct 

asurcd lor a particular aggregation al. (10) have described that the liactal dimension me, 

regime, in the limit of low particle concentration, is indcpcndcnt of the precise systcill 

studied. In table 9.1 below, the results firoin several separate investigations have been listed 

and compared to the values obtained from this work. 

Reference System Method of Volume Fractal 
AggregpAtion Fraction Dimension 

- ------ l"Xperillicilts SPOIS In cinperattire 4\ 10 
A and 11 cycl hexane 

Fxpern-nent Si-g-PS in Lire 8x 10-1 1.7 
_5 

C cvclohexanc 
Carpincti et al. PS latex In Sall 6x HC 1.01 

0 1) water 
Carpineti et al. PS latex ill Salt Ix 10-1, 1.83 

(II) water 
Lin et al. Gold sol, silica Pyridine, sa It, IxI ()-1' 1.96 

(w) PS latex and salt 
Asnaghi PS latex in Salt 6x 10-' 1.70 

(12) water 
Georgalis Lysozyrne Salt 3xI 0-ý 1.50 

(13) 
__proteins Table 9.1. Summ ary oflyllile. v Of l heftuaal ifintensi . 

1jjtj(, jiojl j) on us 11 j. (), / /)ill 
fi-aclion, in the D LCA 1'egitne, oblai ne(I býý variolls resc al-chel.. v 
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When the fractal dimension is plotted as a function of volume fraction on a single graph, 

the trend is evident, although there is significant scatter in the results obtained from the 

different investigations. This is shown in figure 9.4 below. 

Fractal Dimensions in the DLA Regime 

2.0 

1.9 

1.8 

1.7 

1.6 
LIE« 

1.5 

1.4 

- 7.0 -6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0 

Loglo(Volume Fraction) 

Figure 9.4. Graph qffiraclal dimension as a. 11unclion ql* particle volume. 1raction in the 
DLA regime. The red squares arc, results obtaineciftom this work, and the blue dialnondv 
are. 1br the other rýferences given in table 9.1 

This phenomenon, for which no direct explanation is given. therefibre casts doubt on the 

aggregation method assumed from the experimentally measured fractal dimension. This 

observation is further supported by analyses of the kinetics of the aggregation processes, 

which will be discussed in section 9.4. However, the values of the fractal dimension 

obtained in this work do indicate at least a variation in the aggregation mechanism. with 

respect to the depth of the temperature quench. In general, the fractal dimension is 

observed to decrease for deeper quenches into the unstable region, indicating a more open 
floc structure, and hence a stronger aggregation process. 
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9.2.3 Length Scales 

In the aggregation processes investigated by SALS, it was possible to fit the scattering 

curves with the Fisher-Burford function, as described in section 2.7.2, from which the 

average radius of gyration of the flocs could be determined. Typically, this was of the 

order of 2- 10 pm, growing over time, as the aggregation progressed. 

The growth in the average radius of gyration of the flocs could be observed directly by 

examination of the non-scaled scattering curves as a function of time. In general, the shape 

of the SALS curves showed a slight maximum in intensity at low wavevector, followed by 

a gradual decrease at larger angles. The position of the wavevector corresponding to the 

maximum intensity (Q. ) is related to the reciprocal of the characteristic length scale of the 

aggregates in dispersion. As shown in figure 6.8 (a), it is evident that the position of Q. 

moves to lower values during the aggregation process, representing an increase in the 

average dimensions of the structures under investigation. Usually, 27r/Q. is defined to be 

the "characteristic length scale". 

In fact, as described in section 2.7.2, it is possible to use any characteristic point on the 

scattering curves as a measure of a typical scale in the system, because all the scattering 

curves exhibit dynamic scaling properties. In the work of Carpineti et al. (11), the position 

corresponding to the change in curvature to the asymptotic straight line in the log-log plots, 

known as the "roll-off' point, was used. The roll-off point was taken to be proportional to 

the reciprocal of the average radius of gyration of the flocs. In figure 6.8 (b), it is evident 

that the roll-off point moves to lower Q-values over time, indicating a steady growth in the 

size of the aggregates in dispersion. 

However, recent work by Huang et al. (14) has indicated that it may not be possible to 

relate Q, to a characteristic length scale. Instead, they argue that the peak is due to the 

combination of two different length scales in the aggregated dispersion. As the fractal 

clusters grow, the total structure factor depends on both the size of an individual cluster, 

but also on the distance between separate clusters. They argue that because both of these 

length scales evolve differently, the position of Q. does not scale simply. However, over 
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the time periods investigated, dynamic scaling is observed in this work, and so the 

aggregating systems do show a characteristic length scale. 

9.3 Gelation and Sedimentation Behaviour at High Particle Concentration 

Experiments were also performed for sample Sil4PS52 in cyclohexane at high particle 

concentration, when the system gelled on quenching into the unstable region. In section 

6.3.2, the gelation process was described in terms of the arrest of speckles produced by 

projecting onto a screen the laser light passing through a sample. As the dispersion gelled, 

the speckles were observed to arrest, first at small angles and subsequently at larger angles 

until the whole pattern was frozen. 

Poon and Haw (15) and Poon et al. (16) have described the formation of gels in terms of 

the aggregation of particles, which stick immediately on contact, to form larger clusters 

with a fractal dimension of 1.8. On the addition of more particles, the clusters slowly 

diffuse and grow to form tenuous structures until they touch other clusters and eventually 

remain locked over the entire sample. Although this phenomenon is usually observed for 

high particle concentrations, Poon and Haw have shown that more dilute dispersions would 

also eventually gel, were it not that sedimentation forces destroyed the networks. Stronger 

networks are likely to form for higher particle concentrations, in which there are more 

cluster-cluster contacts. 

The occurrence of speckles at all scattering angles is due to the thermal motion of particles, 

clusters and large aggregates in the sample. At small angles, the movement is dominated 

by the motion of large clusters of particles in the gelling dispersion. Due to their size, the 

large clusters freeze first as they form a space-filling network by joining with other 

clusters. This produced an area of bright intensity near the centre of the screen. However, 

at larger angles, the movement of the speckles is primarily caused by smaller clusters, or 

even single particles. These move faster, and also take longer to freeze before becoming 

locked in the network. 
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These observations were applicable for all three particle concentrations investigated - 
1.5% v/v, 3.8% v/v, and 5.0% v/v. A further observation was made for the high 

concentration 5.0% v/v sample. In this case, the arrest of the speckle pattern was 

accompanied with the formation of a "scattering ring", which consisted of a ring of bright 

intensity that decayed at smaller and larger angles. This phenomenon may be attributed to 

the formation of a characteristic length scale of the fractal clusters in the gel network, 

which produces a maximum in intensity between zero and 1400 mm71 wavevector. This 

behaviour was further investigated by SALS, and will be discussed later. 

A set of experiments was performed on the gel samples to investigate their subsequent 

sedimentation behaviour after gelling. These are summarised in table 6.6. Experiments F, 

G and H were performed on the 3.8% v/v sample at three different quench temperatures. In 

comparison, the settling behaviour was also investigated for the 5.0% v/v and 1.5% v/v 

samples, in experiments I and J, respectively. In the case of a sample which settled over 

time, the general observation was made that the speckle pattern did again initially freeze to 

produce a bright region near the centre, but then spread in a horizontal direction as the 

settling occurred. This reflected the development of anisotropic structures in the system. 

In the case of experiment F, which had the lowest quench temperature of 20.0 OC, the 

dispersion -rapidly gelled to form a strong, rigid network which did not sediment. 

Conversely, weaker networks were produced for the higher quench temperatures of 22.5 'C 

and 26.0 OC in experiments G an H, respectively, since these were observed to 

subsequently settle over time. In these experiments, this settling may be due to the break- 

up of the bonds between separate clusters, resulting in their rearrangement to form more 

compact structures. 

The settling behaviour for experiments G and H are shown in figures 6.13 and 6.14, 

respectively, and was described in detail in section 6.3.2. For the least deep quench in 

experiment H, to 26.0 T, a weak gel formed which rapidly settled over time. This is likely 

to be due to the rapid breakage of inter-cluster links and their subsequent rearrangement in 

sedimenting under gravity. This settling is, however, significantly different for experiment 

G in which the same concentration dispersion was quenched to a lower temperature of 22.5 
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T. As can be clearly seen in figure 6.13, as the gel begins to progress down the cLivctte, a 

significant curvature forms at the top of the sample. This is accompanied by a illore opaque 

region which appears to grow from the top downwards. Although no evidence has been 

found in previous work to explain these phenomena, the behaviour is rc iniscent ofthe 

syneresis of polymer gels (17). In this process, solvent is excluded from I contracting gel 

to leave a region of higher density. III this work, it is proposed that it IS not Just gravity 

which is forcing the gel to settle over time. Instead, due to tile low temperature quench, 

there are strong attractive forces between tile particles. A possible reason for the 

commencement ofthe contraction is an in-balance of lbrces on the top layer ofparticics, 

compared to those underneath. At positions lower down in tile gel. equal lorces act oil tile 

particles. The in-balance of 16rces firstly causes the particles to rearrange into denser 

structures, at the top of the gel. The contraction then propagates down tile sample. III other 

words, a region of gel with a denser structure tbrms. as observed by the more opaque area 
"growing" down the sample. A graphic interpretation is given in figure 9.5 below. As the 

gel begins to contract. the curvature may be formed by contraction away ftom the 

meniscus, due to the in-balance of lbrces. This is supported by the observation that tile 

change in curvature ceases after the separation ofthe gel from the meniscus. aiter which 

the whole sample settles down evenly over time. 

v ineniscus 

00 0 ,j 

o(e 0 0, 00 0, - 

to - '0 solvent ooo 000 
:: 6 C 0( 

Or) ro) 0 000 00000 part 1c les 0000 

The in-balance of fiorces 
causes the particles to 
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the meniscus and oil' the 
walls, fiorcing out the 
solvent upwards. 

Once separated liorn 
the meniscus. tile 
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down the sample and 
the whole dispersion 
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The final scd I Inclit 
consists o I' a high 
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particles. 
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This behaviour is even more pronounced for the higher concentration sample (5.0% v/v) 

used in experiment 1. In this case, the gel settled more quickly than for the 3.8% v/v 

sample. The rate of settling was also higher for less deep temperature quenches. In the case 

of experiment 1, it appears that the more opaque region again grows from the top 

downwards, "consuming" the less opaque area underneath. When the upper region hits the 

bottom of the container, it is observed that the gel then remains fixed over time. This 

observation supports the argument that a more dense gel structure is formed as the particles 

contract, since at this point the maximum density is obtained over the entire sample. 

Furthermore, the settling may be quicker in this case because the inter-particle forces are 

stronger. 

In the case of experiment J, the lower concentration 1.5% v/v sample, the dispersion also 

gelled, as confirmed by the arrest of the laser speckle pattern. However, in this case the gel 

rapidly took on a "curdly" appearance, and then separated into separate pieces. This is 

likely to be due simply to the fact that a weaker gel formed at low particle concentration. 
Due to the strong contraction forces, and perhaps to a lesser extent gravity, the gel was no 
longer able to support its structure, and hence rapidly broke up in the manner described. 

It should be noted that this settling behaviour is significantly different from that described 

by Poon et al. (16). In their gels, which were produced by adding free polymer to cause 
depletion flocculation of a hard-sphere dispersion of colloidal particles, the phenomenon of 

transient gelation was observed. In this process, there is a very different settling 

mechanism, in which separate clusters break apart after a certain period of time, causing 

the gel to settle. The time after which the break-up occurred is denoted the "latency 

period", when the gel is no longer able to support its network structure. This phenomenon 

was attributed to channels forming in the gel, from the surface downwards, which caused 

the break-up when they touched the bottom of the container. This latency period was, 
however, not observed for the polystyrene-grafted silica particles. Instead, the gel evenly 

settled over time, as shown in figure 6.17. 

Finally, preliminary SALS experiments were also performed on two samples of Sil4PS52 

in cyclohexane, at the high 5.0% v/v particle concentration. In the first case (experiment K 
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in table 6.7) the dispersion was quenched to a low temperature of 26.0 T. A strong gel 

formed which did not sediment. During the formation of the gel, a bright scattering ring 
formed, as illustrated in figure 6.18. Poon and Haw (15) described that this ring represents 

the low-angle maximum in intensity in the scattering pattern (Qm). This is due to the 

emergence of a characteristic length scale in the system, which is usually defined as 27r/Q.. 

In this way, the formation of the fixed gel, both in ternis of the speckle pattern described 

earlier and in the ring formation, is similar to the processes described by Poon and Haw. 

However, a difference was again evident in the SALS experiments from their observations 

for gels which subsequently settled over time. In experiment L, the same 5.0% v/v 

dispersion was quenched to a higher temperature of 3 1.0 T. During the gelation process, a 

bright scattering ring was again observed. However, as the gel settled, the ring then 

appeared to "fill up" in intensity from the centre to yield a "bow-tie" type scattering 

pattern, as shown in figure 6.19. There is no clear explanation for this behaviour, but it is 

again likely to be due to the complex rearrangements occurring as the gel contracts, 

forming anisotropic structures in the sample. 

9.4 Aggregation Kinetics 

9.4.1 PCS and Turbidity Measurements 

As described in section 6.4, the PCS and turbidity experiments performed to determine the 

onset of aggregation and limit of rapid aggregation could also be used to determine 

variations in the aggregation kinetics between these two temperatures. In general, it was 
found that at the temperature corresponding to the onset of aggregation, the particles began 

to very slowly aggregate over time. The rate of aggregation increased for deeper quenches 
into the meta-stable region, until a hypothetical "infinite" rate was achieved'at the rapid 
limit. The aggregation was observed either as an increase in the average particle diameter 

from PCS, or as a steady increase in the turbidity of the sample, as shown in figures 6.1 

and 6.4, respectively. 
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The description of the aggregation kinetics is central to the explanation for the stability, 

phase and aggregation behaviour of the polystyrene-grafted silica particles, which will be 

presented in section 9.6. For this reason, the PCS data in figure 6.1 were interpreted further 

to describe the time-scales of the aggregation processes in the meta-stable region. In 

general, in between the onset of aggregation and limit of rapid aggregation, there is only a 

very gradual increase in the average particle diameter, which does not reach a plateau 

(even after approximately one day) that would suggest an equilibrium distribution of 

particle sizes. It is hypothesised that the reason for this observation is due to the kinetics of 

the collisions between the polystyrene layers on difTerent particles. At temperatures close 

to the onset of aggregation, the particles do not stick immediately on contact. In this case, 

the attraction between the polystyrene chains, due to their poor solvency, is weak and so 

the chains are likely to still be well extended. In these conditions, the speed of approach in 

many of the collisions would mean that the polymer chains are not allowed enough time to 

interpenetrate and hence cause the particles to stick together. Instead, the particles merely 

bounce apart. However, as the quench temperature is lowered, the attraction between the 

polymer chains rapidly increases, causing their collapse back to the particle surface. in 

such conditions, a shorter time of contact would be needed for the polymer chains to 

intermingle, adhere, and hence form a doublet. Therefore, by this argument, the probability 

of a "successful" collision increases for deeper temperature quenches. 

At the limit of rapid aggregation, an "infinite" rate of aggregation is achieved. In this case, 

the probability of two particles sticking on contact is almost one. As described in section 
2.6.3, kinetics under these conditions may be described by the Smoluchowski theory of 

rapid aggregation (18). In general, the time taken for a doublet to form, tp, may be 

approximated by equation 9.1 below. 

=.; 
ri7a 

3 

p (pkB T 
(9.1) 

where q is the solvent viscosity, a is the particle radius, ý is the particle volume fraction, kB 

is Boltzmann's constant, T is the absolute temperature and W is the stability ratio which is 

defted as the actual rate of aggregation divided by the rapid limit. Therefore, in the rapid 
limit, W=I- 
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For Sil4PS52 in cyclohexane, il =8x 104 Pa s, a= 44 nm, ý=8x 104 and T= 303 K. 

Substituting these values into equation 9.1, tp is calculated as approximately 0.1 s. In figure 

6.1, -it is evident that for the deepest temperature quench (30.0 'Q, the time taken for the 

diameter to increase to 1.3 times the initial value (estimated as approximately the time to 

form a doublet), is approximately 90 minutes. This may be compared to approximately 30 

hours for the least deep temperature quench (32.0 'Q. Although the 90 minutes calculated 

for the quench to 30.0 T does not compare with the 0.1 s as predicted by Smoluchowski 

theory, it is indeed likely that at the limit of rapid aggregation (29.8 *Q the rates are 

comparable, due to the asymptotic behaviour in this temperature range. For this reason, it 

is useful to consider the limit of rapid aggregation as the "Smoluchowski limit". For 

quenches to higher temperatures, the rate of aggregation is much slower, and the stability 

ratio rapidly increases. 

9.4.2 SALS Measurements 

In the previous section, it was described how the PCS and turbidity measurements were 

used to obtain information on the rate of inter-particle collisions at short times. In this 

section, it will be discussed how the SALS measurements for the aggregating dispersions 

were interpreted to analyse the aggregation mechanism at longer times. 

In section 2.6.3, the theory was given for the analysis of the SALS curves to study the 

aggregation kinetics. Studies of the aggregation of colloidal particles at very low particle 

concentrations have shown that the fractal dimension of the flocs may be determined by 

plotting their average radius of gyration as a function of time. Furthermore, any 

characteristic wavevector may also be used due to the dynamic scaling properties, as 

previously described. In this work, the value of Q1/2 was plotted as a function of time for 

each of the temperature quenches, since this did not fluctuate greatly with respect to noise 

in the experimental data. For aggregation processes in-between the DLCA and RLCA 

regimes, the theory formulated from the dynamic scaling solution of the Smoluchowski 

equations following van Dongen and Ernst (19), yields the following relationship: 

I 
Rg -I -t 

df (I-A) (9.2) 
Q112 
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where Rg is the radius of gyration of the flocs, Q112 is the wavevector when the intensity 

has dropped to half of the original value, df is the fractal dimension as measured 

experimentally through the scaling process and t is the time after the temperature quench. A 

is a parameter used in the model to fit the kinetics, and is dependent on how particles, and 

clusters of particles, aggregate together. In general, a value of X=0 holds for a DLCA 

mechanism (corresponding to df = 1.8) and as X approaches 1, a mechanism in-between 

DLCA and RLCA (for which df = 2.1) is obtained. In the RLCA limit, it was also 
described in section 2.5.5 how the time-dependence then takes the form as given in 

equation 9.2: 

Rg -I -e Q112 

where a is a constant. 

(9.2) 

The radius of gyration was plotted as a function of time for the quench of a 0.04% v/v 
dispersion of Sil4PS52 in cyclohexane to 25 *C, deep in the unstable region. This is shown 
in figure 6.20. Over the period of approximately half an hour, after approximately 15 

minutes from the start of the aggregation process, the average radius of gyration of the 

flocs increased from approximately 2 [tm to 5 tim. However, these data were not analysed 
further to obtain detailed information of the aggregation mechanism. 

Instead, Q1/2 was plotted as a function of time for three experiments, as shown in figure 

6.21. These were plotted in double-logarithmic form, so that the value of X could be 

obtained from the gradient. An example of such a graph for the aggregation arising from 

the quench of a 0.04% v/v dispersion to 25 T is given in figure 9.6 below. 

174 



0.04% v/v, 25 OC 
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Figure 9.6. Double-logarithmic plot qf1he dependence Qf Ql,. 2 as ajunction (? I'Iime. 1i)r the 
aggregation qf a 0.04% v1v dispersion qI'Sil 4PS52 in cyclohexane to 25 ')C (experiment B) 

In this case. the value of the gradient is -1.37. From equation 9.1, using the experimental 

tractal dimension of 1.70, this yields a value of k of 0.55 ± 0.05. The final results tbr all 

the experiments are given in table 9.2. 

Experiment Concentration 
v/v% 

I Temperature 
/ OC 

df 
0.05 

B 0.04 25.0 1.75 0.5 5 71 : (0.0 5 
C 0.08 25.0 1.70 0.7,1 (0.1 
D 0.08 30.0 1.93 

Table 9.2. Summary oj analyses for the aggregation kinetics of the aggregation 
Sil4PS52 in cyclohexane I 

It should be noted that the error in the values of k were determined by estimating the 

uncertainty in the start time for the aggregation process, in particular when the temperature 

of the sample reached equilibrium (approximately 3 minutes). It was not possible to 

determine a value of X for experiment D, because in this case the double- logarithmic plot 

did not yield a straight line. Instead, log(QI/2) was plotted against time. as shown in figure 

9.7 below. 
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0.08% v/v, 30.0 OC 
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Fh, ure 9.7. Semi-logarithmic plot of the dependence QfQ1 2 as ajunclion (? I'Iime, li)r the 
aggregation of a 0.08% v1v dispersion of Si I 4PS52 in cyclohexane to 30 "C (experiment D) 

The values of X for experiments B and C, as tabulated in table 9.2, are somewhat 

surprising, considering the values for the fractal dimension, and the expected aggregation 

mechanism. As previously described, the low values of approximately 1.7 compare well to 

the theoretical value of 1.8 for the DLCA mechanism. However, the values of k for these 

experiments are not close to zero, as expected. Previous work on polystyrene latices by, for 

example, Zhu and Napper (20) and Zhou and Chu (2 1), have even neglected the etTect of a 

non-zero k in the DLCA regime, so that the fractal dimension could be calculated from the 

gradient and compared to the value determined from analysing the I(Q) plots. In these 

cases, very low particle volume fractions were used (of the order of Ix 10 -6 -Ix1 0-5 ) and 

the values of the fractal dimension compared well for both analyses. 

in recent work by Tirado-Miranda et al. (22) values of k have been determined in-between 

the DLCA and RLCA regimes using values of the tractal dimension obtained directly frorn 

the SALS curves. In this work, it was indeed shown that the value of k varies from 0 

(DLCA) to I (RLCA), corresponding to the theoretical values of 1.8 and 2.1 for the fractal 

dimensions, respectively, again for very low particle concentrations. However, this does 

not appear to be the case in this work. A possible reason for the values of ?, being greater 
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than zero may be due to the finite particle volume fractions used (of the order of WO -4 ). 

Although it is assumed that the aggregation mechanism is still in the DLCA regime due to 

the low values of the fractal dimension, theory suggests that values of X greater than zero 

imply that the aggregation is not homogeneous. Following the reasoning of Tirado- 

Miranda and of van Dongen and Ernst, when X is equal to zero, the probability that a large 

cluster of particles sticks to another large cluster is approximately equal to the reactions 

between small clusters. However, as X increases, the probability is greater for large cluster 

- large cluster interactions than for small cluster - small cluster interactions. In this way, 

the finite particle concentration appears to affect how the clusters interact, and hence also 

the aggregation kinetics, but it is still likely that both particles and clusters adhere 
immediately on contact. Furthermore, it is possible that these observations are linked to the 

apparent decrease in the fractal dimension from 1.8, as previously described. 

Finally, it is also interesting to note the time-dependence of QJ/2 for experiment D. In this 

case, a fractal dimension of 1.9 was obtained, which may be "artificially" low due to the 

finite particle concentration. A straight line was only obtained for the single logarithmic 

plot, which is described by equation 9.2. This is applicable for an RLCA aggregation, 

which supports the observed increase of the fractal dimension. 

9.5 Comparison of Polystyrene and PDMS-Grafted Silica Dispersions 

in this section, the preliminary results of the synthesis and characterisation of the PDMS- 

grafted silica dispersions are compared to those for the polystyrene-grafted particles. In 

general, it was not possible to destabilise the PDMS-grafted particles in sample SiPDMS I 

in a single marginal solvent, such as butanone. However, the polystyrene-grafted particles 

in samples Sil4PS52 and Sil4PS62 could be destabilised in pure cyclohexane, by cooling 

below approximately the theta temperature, 35 T. Although the grafting density of PDMS 

in SiPDMSI was relatively low (30.7 nmý chain7l), the measured layer thickness was high 

at approximately 40 nm, as compared to 66 nm in heptane. The enhanced stability may be 

explained by the thick steric layer, even though this result is surprising considering the low 

surface coverage and greater flexibility of the PDMS chains over the polystyrene chains. 
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The particles in SiPDMS1 could, however, be stabilised in mixtures of heptane and 

ethanol. Respectively, heptane and ethanol are good and poor solvents for PDMS. In a 

similar manner, the stability of the polystyrene-grafted particles was investigated in 

mixtures of toluene and cyclohexane. In the case of Sil4PS52, it was necessary to add only 

a small proportion (approximately 5%) of toluene to stabilise the particles at 25 T. 

Furthermore, as previously discussed, there was no observed temperature dependence on 

the amount of added toluene needed to stabilise the particles. In contrast, a dependency 

was observed for the amount of heptane required to stabilise the PDMS-grafted particles, 

as shown in figure 8.2. On increasing the percentage of heptane by only 8% by weight, 
from 48% to 56%, the temperature at which the particles flocculated decreased by 

approximately 18 T, from 41 T to 23 T. The explanation for this is likely to be the 

formation of a marginal solvent, over a narrow range of the relative amounts of heptane 

and ethanol in solution. The theta temperature in this temperature range is lowered on 
increasing the percentage of heptane. 

In the work of Seymour (23), the PDMS-grafted systems were also studied at high particle 

concentration (approximately 9% by volume). In a manner similar to the polystyrene- 

grafted particles, these dispersions gelled on quenching into the unstable region, and did 

not exhibit any signs of transient gelation, as observed by Poon et al. (16). For dispersions 

which sedimented after the initial gelation process, there was no observed latency period, 

since the gels steadily settled over time. In comparison, Castaing et al. (24) found that gels 

of small particles with thick polymer layers formed at very high particle concentrations 

even in heptane, which is a good solvent for PDMS. Their explanation was due to the 

bridging of PDMS from one particle to another at high concentrations to form an 
irreversible gel network. Although there is no direct evidence for this in our work, it is 

indeed possible that this also occurs for the polystyrene and PDMS-grafted particles. 

In conclusion, the studies with the PDMS-grafted particles have shown both similarities 

and differences with the Polystyrene-grafted particles. The effect of the solvent quality 

again appears to play an important role on the general stability in non-aqueous media. 

However, differences are evident in the precise phase behaviour in marginal solvents. 
presently, the reason for this is not well understood, although the explanation may be the 

178 



greater flexibility of the PDMS chains. The phase behaviour of PDMS-grafted particles is 

currently being investigated further at the University of Bristol. 

9.6 Proposed Explanation of Stability, Phase Behaviour and Aggregation Mechanism 

of Polystyrene-G rafted Silica Dispersions: Equilibrium versus Dynamic Effects 

In this section, the results discussed above will be sunimarised to propose a general 

explanation for the stability, phase behaviour and aggregation mechanism of the 

polystyrene-grafted silica dispersions. The explanation rests on the importance of non- 

equilibrium effects in the interaction between separate grafted particles. 

In general, the PCS and turbidity results showed that the particles steadily and slowly 

aggregated on quenching below the onset of aggregation into the meta-stable region. For 

deeper quenches, the rate of aggregation rapidly increased over a narrow temperature range 

(approximately 2-3 T) until becoming almost "infinite" at the limit of rapid aggregation. 

The rate of aggregation at this temperature, and at lower temperatures, was described in 

terms of the "Smoluchowski limit", where the stability ratio is equal to one. The stability 

ratio increased for lower temperature quenches in the meta-stable region, tending to 

infinity at the onset of aggregation. 

These observations were supported by SALS measurements, from which the fractal 

dimension of the flocs formed on quenching deep into the unstable region was found to be 

approximately 1.7, corresponding to a DLCA aggregation mechanism. In the DLCA 

process, the particles rapidly aggregate and stick on contact. Conversely, on quenching to 

just above the limit of rapid aggregation in the meta-stable region, the fractal dimension 

was observed to increase to approximately 1.9. It is likely that this corresponds to an 

aggregation mechanism intermediate to the DLCA and RLCA regimes. It was not possible 

to determine the mechanism at the onset of aggregation limit, but it is hypothesised that the 

fractal. dimension would have been 2.1, corresponding to the pure RLCA mechanism. In 

this process, the probability that the particles aggregate in a certain time interval is much 

lower, since they may experience many contacts with other particles before sticking. 
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Hence, the rate of aggregation is much slower. It should be noted, however, that there is 

some doubt as to the exact mechanism predicted by the fractal dimension as measured 

using SALS. Non-negligible particle concentrations appeared to cause a decrease in the 

experimentally determined fractal dimension, and also a change in the aggregation kinetics 

as predicted for the DLCA regime. 

it would seem that the kinetics appear to primarily control the aggregation process. on 

cooling from the stable region, the particles very slowly begin to aggregate at a certain 

temperature. This temperature was found to be close to the theta temperature, when the 

solvency of the stabilising chains becomes poor. At this point, the chains are likely to still 

be reasonably well extended, meaning that many inter-particle collisions are necessary 

before the chains intermingle, and the particles aggregate. However, on cooling, the 

solvency rapidly becomes poorer, and the chains collapse back towards the particle surface 

inducing a "sticky" attraction. Under these conditions, fewer collisions arc necessary for 

the particles to adhere and so the rate of aggregation is quicker. On quenching deeper into 

the unstable region, the probability of adhesion approaches one. 

it was observed that there was only a very weak temperature dependence of the particle 

concentration at the onset of aggregation and limit of rapid aggregation. This may be 

because it was observed that only the absolute rate of aggregation was affected by the 

particle concentration between the two temperatures. For example, in the turbidity 

measurements, the rate of increase in turbidity was seen to increase for higher particle 

concentrations, but also tend to zero at the onset of aggregation, and to infinity at the limit 

of rapid aggregation, at similar temperatures as for other concentrations. Again, it is 

possible that this was due to the control of the kinetics over the aggregation process. in 

particular, the inter-particle potential may be strongly dependent on the temperature, and 

hence dominate the behaviour. It should be noted that these observations are in contrast 

with previous work by Edwards et al. (25) into the stability of polystyrene-grafted silica 

particles in marginal solvents. In their work, a strong dependence of the stability on the 

particle volume fraction was reported. Furthermore, the range of interaction is not well 

characterised in the case of the polystyrene-grafted silica system. For example, both 
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similarities and differences are evident with the work of Verduin (5) in which a short-range 

attraction is present between the colloidal particles. 

A stronger dependence of the temperature on the particle concentration was observed for 

the gelation of the grafted particles. In general, it was observed that the entire gelation 

process was very complex, both in the formation and subsequent break-up of the gels. For 

example, the gels formed at high particle concentration were observed to consolidate when 
left at the same temperature after their initial formation. This may be due to the chains on 

separate particles interpenetrating to a greater extent under the effect of the strong inter- 

particle attractions. Furthermore, after remaining in this state for a period of time, the 

chains may in effect become locked together, which would explain the irreversible nature 

of the aggregation process in such circumstances. 

Finally, it should also be noted that it is inherently difficult to describe the aggregation 
behaviour of the polystyrene-grafted silica particles, due to the complex nature of the 

equilibrium potential between the particles. In particular, the attraction experienced by the 

particles depends on both the temperature, and also the extent of inter-penetration of the 

polymer chains. Previously, it was described that the explanation for the observed stability 
behaviour was due to the kinetically controlled aggregation mechanism, rather than true 

phase equilibria. The stability ratio varied between infinity and one, from the onset of 

aggregation to the limit of rapid aggregation, respectively. This type of variation is 

reminiscent of salt-induced aggregation, in which there is a maximum in the inter-particle 

pair potential. However, it has been shown using theoretical models in chapter 7, that this 

maximum does not exist in the equilibrium potentials for sterically-stabilised systems. 

Instead, the dynamics control the observed stability. At high temperatures, the inter- 

particle pair potential is less attractive and the probability is low that the polymer chains 
have enough time to rearrange in the time-scale of a collision. This probability is greater at 
lower temperatures, when the attraction due to the poor solvency in the dispersion medium 
is greater. 
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10. Conclusions and Future Work 

10.1 Conclusions 

10.1.1 Introduction 

In this work, colloidal silica particles were sterically-stabilised with a grafted layer of 

polystyrene chains. The stability, phase behaviour and aggregation mechanism and kinetics 

were investigated with respect to the temperature and particle concentration in toluene, a 

good solvent for polystyrene, and in cyclohexane, a marginal solvent. The observed 

stability and phase behaviour were compared to theoretical predictions and previous work. 

Stability was only conferred in cyclohexane for one system, Sil4PS52, in which high 

molecular weight polystyrene was grafted to the silica particles at a high surface coverage. 
The phase behaviour for this dispersion was determined using PCS and turbidity 

measurements. For temperature quenches into the unstable region, the aggregation 

mechanism was investigated using SALS, and the kinetics of aggregation were 
investigated using PCS, turbidity and SALS. Estimates were made for the inter-particle 

pair potential by using a simple mean-field theory to quantify the steric interactions. The 

results were compared to previous work on the phase behaviour of stearyl-alcohol grafted 

silica particles, and with current work at the University of Bristol on the steric stabilisation 

of colloidal silica particles with a grafted layer of PDMS chains. 

At low particle concentrations in sample Sil4PS52, the particles were stable above 

approximately the theta temperature. However, at high concentrations, the particles gelled 

on quenching into the unstable region. The formation and subsequent sedimentation of the 

gels were investigated by direct observation and SALS. 
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10.1.2 Synthesis of Polystyrene-G rafted Silica Dispersions 

Monodisperse polystyrene was synthesised by anionic polymerisation. The chains were 

terminated with a reactive end-group for the grafting to the surface of colloidal silica 

particles, which were prepared by the St6ber synthesis. Small silica particles were used, 

approximately 80 - 100 mn in diameter, and three molecular weights of polystyrene chains 

were grafted to the particles. The lowest molecular weight was approximately im g mor, 

(PS2), resulting in a very thin steric layer. Thicker steric layers were produced by grafting 

approximately 25,100 g mor', 26,600 g morl and 71,200 g morl polystyrene chains (PS4, 

PS5 and PS6, respectively). 

Five dispersions of polystyrene-grafted silica Particles were prepared. PS2 was grafted to 

silica particles at low and high surface coverage. The coverages obtained for PS2 were 
0.22 mg rn72 (7.7 nm2 chain7l) and 0.37 mg m72 (4.5 mn2 chain7l). PS4 and PS5 were grafted 

to low and high surface coverage, respectively. For PS4, the coverage was 1.6 mg m72 (26 

nrW chain7l) and this increased to 2.3 mg m72 (19 nrr? chain7l) for PS5. PS6 was also 

grafted to silica, at a high surface coverage. The grafting reactions were performed by first 

refluxing in DMF. It was possible to increase the surface coverage by increasing the ratio 

of polystyrene to silica in the reaction mixture, or the total time of reflux. For PS4, PS5 and 
PS6, a second reflux in toluene was also used, in order to further increase the coverage. 

10.1.3 Stability and Phase Behaviour in Toluene and Cyclohexane 

It was discovered that the stability of the polystyrene-grafted silica dispersions depended 

on both the molecular weight of grafted polystyrene chains, and on the surface coverage. 
Except forthe sample in which low molecular weight im g mor, polystyrene was grafted 
to a low surface coverage, all of the dispersions were stable in toluene. Toluene is a good 

solvent for polystyrene, which means that the polymer chains are extended into the 
dispersion mediun-4 and so provide an effective steric barrier against aggregation. 
However, it was only possible to stabilise, the particles in cyclohexane when high 

molecular weight (26,600 g morl and 71,200 g mor') polystyrene was grafted to a high 

surface coverage. For these dispersions, Sil4PS52 and Sil4PS62, the particles were stable 
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above approximately 34 'C and 30 T, respectively. Cyclohexane is a marginal solvent for 

polystyrene with a theta temperature of approximately 35 *C, which corresponds well with 

the flocculation temperature of Sil4PS52. This observation is in agreement with the 

predictions of Napper for the steric stabilisation of colloidal particles (1). 

Above 35 T, the thickness of the steric layer was measured by PCS. The thickness was 

less in cyclohexane than in toluene because the solvency of the polystyrene chains is 

poorer in cyclohexane. Under such conditions, the chains collapse back to the particle 

surface, causing a reduction in the stability of the particles. A simple mean-field theory 

was used to predict the stability in non-aqueous media. This resulted in quantitative 

agreement with experiment for the layer thickness in cyclohexanc, but only provided a 

qualitative insight into the observed stability with respect to temperature. 

The precise flocculation temperature in cyclohexane was 'dependent on the particle 

concentration. All of the phase behaviour and aggregation studies were performed for 

Sil4PS52 in cyclohcxanc. On quenching into the unstable region, the initial point of 

instability ("the onset of aggregation7) was attributed to a kinetic limit, when the attraction 

was strong enough between particles so that collisions would result in some particles 

aggregating to form doublets and triplets. The onset of aggregation showed only a slight 

dependence on particle concentration, increasing from approximately 30 T at 0.04 % v/v 

to approximately 35 T at 8% v/v. 

In comparison with the work of Verduin (2), on the stability of stearyl-alcohol grafted 

silica particles, it was also shown that the rate of aggregation increased for deeper 

quenches below the onset of aggregation, into the meta-stable region, until the rate became 

very fast at the "limit of rapid aggregation7. This was attributed to the temperature at 

which the probability that particles adhered on contact was almost one. However, in 

contrast with the work of Verduin, the limit of rapid aggregation showed no dependence on 

the particle concentratiom 
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10.1.4 Gelation at High Particle Concentration 

At high particle concentrations (approximately 4% to 8% v/v) system Sil4PS52 in 

cyclohexane was observed to gel on quenching deep into the unstable region. The gels 

rapidly formed. Then, depending on the depth of the temperature quench, the gel would 

remain fixed or slowly sediment over time. In general, deeper quenches produced stronger 

gel networks that were more resilient to sedimentation. For weaker networks, the 

sedimentation behaviour of the gels exhibited some fascinating trends. In particular, the 

disruption of the networks was attributed to an in-balance of forces causing curvature at the 

top of the sample and a region of higher density. However, it should be noted that the 

causes of these new phenomena are not well understood, and need to be investigated 

further. Also, for samples which sedimented over time, there was no observed latency 

period, in contrast to the work on transient gels by Poon et al. (3). 

10.1.5 Aggregation Mechanism and Kinetics in Cyclohexane 

The aggregation mechanism of Sil4PS52 in cyclohexane, on quenching into the unstable 

region, was investigated by SALS. Using this technique, it was possible to quantify the 

fractal structure of the flocs as they formed. For dispersions of low particle concentration 
(approximately 0.04% to 0.08% v/v) the fi-actal dimension was observed to decrease for 

deeper temperature quenches. On quenching deep into the unstable region, a fractal 

dimension of approximately 1.7 was measured. This value compares well with the 

theoretical value of 1.80, which is predicted for diffusion-limited cluster aggregation. In 

this process, strong inter-particle attractions cause the particles to stick on contact and form 

open floc structures. 

On quenching to higher temperatures, in the meta-stable region, the measured fractal 

dimension increased to approximately 1.9. The theoretical value for reaction-limited 

cluster aggregation is 2.1. In this process, there is a weaker attraction between the particles 

which means that they can first rearrange to form denser floc structures. It is likely that a 
fractal dimension of 1.9 suggests a mechanism intermediate to the diffusion-limited and 

reaction-limited regimes. 
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However, care should be taken in interpreting these results because, on comparison with 

previous work, it appears that the non-negligible particle concentrations used may cause an 
increase in the measured fractal dimension. 

It was also possible to examine the aggregation kinetics using the SALS, PCS and turbidity 

measurements. In general, the rate of aggregation, as measured by an increase in the 

average hydrodynamic diameter or turbidity over time, was observed to increase for deeper 

quenches into the meta-stable region. The SALS data were used to predict the growth of 

the average radius of gyration of the flocs, from which it was possible to obtain 

information on the aggregation mechanism. These results showed a trend from the 

reaction-limited to the diffusion-limited regime for deeper quenches, although the finite 

particle concentrations studied again appeared to affect the results. 

10.2 Further Work 

Although the work in this thesis has provided some explanation for the behaviour of 

sterically-stabilised silica dispersions in varying solvency conditions in non-aqueous 

media, it is evident that there is still much scope for further work in this area. In particular, 
for the polystyrene-grafted particles, it is not clear how long range the inter-particle forces 

were (even for the high molecular weight 26,600 g mor, chains) in relation to the observed 

stability. To this extent, an area of future work would be to use even thicker steric layers, 

to examine if attractions due to the poor solvency of the steric layer might produce a 
different behaviour. For example, enhanced stability in worse-than-theta conditions may be 

observed, or the formation of equilibrated colloidal phases. 

Currently, work is being performed at the University of Bristol into the stability of PDMS- 

grafted silica dispersions in non-aqueous media such as heptane and ethanol. Further work 

could also be performed on other grafted polymers in order to examine the effect of the 

structure and flexibility of the steric layer on the dispersion properties. Also, the area of 

research could be made more relevant to the study of the stability of impurity particles in 
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engine oil by using industrially-formulated polymers grafted to carbon black particles. 
Previous research by Cox (4) has already been performed in this area. 

it was discussed that the dynamic interactions between the polymer layers played an 
important role in the observed stability of the polystyrene-grafted silica particles. Future 

work could be performed to quantify these interactions, by, for example, using a surface 
force apparatus to measure the interaction potential for different speeds of approach of the 

grafted particles. 

Perhaps the most fascinating results to arise from this work were the formation, and 

subsequent sedimentation, of the gels formed at high particle concentration. Currently, 

there is much interest in this field of research. The results presented here could be 

investigated further, and compared to the behaviour of the "transient gels". For example, 

"dark-field microscopy" may be employed to examine the internal structure of the gel 
during sedimentation. 
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Appendix A- Characteristic Properties of Polystyrene 

in this appendix. the characteristic properties of polystyrene samples Sil4PS52 and 

Sil4PS62 are calculated according to the equations presented in section 2.1.2. The results 

of these calculations were discussed in chapter 4 in the de Gemics scaling theory. 

The basic parameters that are used in the calculations are listed in table Al below. 

"Skeletal link"' refers to average properties per carbon-carbon bond along the polystyrene 

chain. The empirical structure of polystyrene is -[CI12-CII(C6115)1-,,. The values were 

obtained from the book of Russel (1). 

Polymer Molecular 26.600 71,200 
Weight M/g mol-1 

Molecular Weight per 104 104 
Repeat Croup 41,, /g mol-1 

Molecular Weight per 52 52 
Skeletal Link m, /g mol-1 

C-haracteristic Ratio 9.48 9.48 
Coo 

Length per Skeletal Linkj 0.154 0.154 
nm 

I'tll)lc A 1. Basic properlic-s ()/ poly'slYrene poývmer, oblained. from lhe hook o/ Russel (1) 

From these values, n. the number of skeletal links per chain, and the statistical paranietcrs 

N (number of segments) and I (length ofa segment), were calCUIatcd thus: 

Parameter System Sil4PS52 Sil4PS62 
nMM,, 511-5 1369 
Nn Coo 54.0 144 

I Cool. 1.46 1.46 
Tahle,, L' ýý'litli. vlit'alpal-tinieferývol'l)oli-, vi. v, t-ene 

From these data. it is possible to calculate values corresponding to the length oI, tile chauls 

in solution. The root-mean square end-to-end length of* the Iree polymer, and the 

radius of gyratiom R., were calculated as l'ollows: 
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Parameter / System Sil4PS52 Sil4PS62 
Rrms f 4(N V) 10.7 17.5 
gjý= ANV/6) 4.38 7.15 

-i. i, owm. s (it tree poii-sti-rene c-nains in solution 

Finally. firom the book ofFleer et al. (2). the parameter a in equation 2.15. is taken to bc 

approxiniateIN 0.028 nni. Using this value, the radius of gyration as calculated by R" 
1/2 

aM . is equal to 4. % nrn for S114PS52 and 7.47 rim for Sil4PS62, which cornparc well 

with the values calculated in table A3. 
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Appendix B- Anionic Polymerisation of Polystyrene 

A detailed description of the production of polystyrene is given in this appendix. 

Reaction summary 

DAY] 

Clean 4x 500 ml rbf's and 3x 100 ml rbfs (containing magnetic stirrer bars) in base 
bath overnight. Fit with Young's tap connectors, subaseals and O-rings. 

DAY2 

2. Rinse flasks with de-ionised water and soak in acid bath for 20 mins. Steam for 5 hours. 
Dry in oven. 

3. Dry 2x g styrene over CaH2 in 100 ml rbf and stir overnight (x = desired mass of 
polymer). 

4. Dry 400 ml toluene over CaH2 in 500 ml rbf and stir overnight. 

DAY3 

5. Evacuate vacuum frame with rotary pump. 
6. Degas styrene 3 times. 
7. Distil 2x g styrene into 100 ml rbf containing CaH2. Minimal heating (<I). 
8. Cover styrene flask with foil and stir ovemight. 
9. Degas toluene 3 times. 
10. Distil 400 ml toluene into clean 500 ml rbf Heat: 1. 
11. Fill toluene flask with Ar. 
12. Prepurge syringe with Ar and inject -1 ml 1,1 -diphenylethene. 
13. Prepurge syringe with Ar and inject -2 n-d sec-BuLi. 
14. Stir toluene (red) overnight. 
15. Turn on diffusion pump (setting: 40) and bake out 500 ml reaction flask (heat: 3) 

overnight. 

DAY4 

16. Turnoff diffusion pump. 
17. Degas toluene 3 times. 
18. Distil 350 ml toluene into reaction flask. Heat: 1. 
19. Degas styrene 2 times. 
20. Distil xg styrene (pre-weigh styrene flask) into reaction flask. Minimal heating (<I). 
21. Remove reaction flask from vacuum fine and warm to room temperature, Stirring for 

-1/2 hour. 
22. Fill reaction flask with Ar. 
23. Inject required volume of sec-BuLi initiator (Prepurged). 
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24. Leave (orange solution) to polymerise overnight, under Ar in closed flask. 

DA Y .5 

25. Vent reaction flask to Argon line, with low gas pressure. 
26. Inject required volume of methyltrichlorosilane to terminate (pre-purge syringe). 
27. Leave to react for -20 minutes. 
28. Inject required volume of methanol (pre-purge syringe). 
29. Leave to react for -I hour. Beware gas release! 

Detailed reaction scheme 

Cleaning the glassware 

1-4. It is essential that the reaction flasks and magnetic stirrer bars are thoroughly 
cleaned and dry before use, since any impurities present may react with the initiator 
or terminate the polymerisation. The reaction flasks are therefore soaked in an 
ethanol / sodium hydroxide base bath overnight, followed by a concentrated nitric 
acid bath for 20 minutes. The styrene monomer and toluene solvent are stirred over 
a few grams of calcium hydride to remove any water present. 

Evacuating the frame with the rotary pump 

Tap TI 

Vacum line & 
Tap n 

Manifold 
r-I r-I Fj 

y,,. Point P2: Reaction 
flask with Young's Cold trap tap T5 

Cold trap Tap 17 Point P I: Reaction 
flask with Young's 

Diffitsion pump tap V. 

Rotary purnp 

5. Ensure that taps TI and T2 arc closed to the diffusion pump, but that TI is open to 
the vacuum line. Close tap T3 to the manifold. Place dewars containing liquid 
nitrogen around both cold-traps, but do not leave there for more than a couple of 
minutes without evacuating the system (to prevent condensation of liquid oxygen). 
Switch on the rotary pump. 

Attaching the flasks to the manifold 

6a. 
Ensure that tap T3 between the manifold and the rotary pump is closed. 
Grease the O-rings on the flasks, and attach them using two clips: 
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Attach at point PI the 100 ml flask containing the styrene (Young's tap T4 
closed). 
Attach at point P2 the 100 ml flask, containing CaH2, - 

into which the styrene is 
to be distilled (Young's tap TS closed). 

Degassing (freeze-thaw cycles) 

6b. 
" open taps T3 and T5 to evacuate the manifold and the empty flask. Close both 

taps. 
" Cool the styrene flask with a solid C02 / ethanol mixture. 
" Open tap T4 to the styrene flask. 

" Carefully open tap T3 to the manifold. The monomer should bubble, releasing 
any dissolved gas. Reduce vigorous bubbling by closing T3. 

" When no more bubbles are observed, close taps T3 and T4, remove the solid 
C02 / ethanol mixture and warm the flask to room temperature with a water 
bath. Some bubbles may be observed as gas is released into the vacuum above 
the liquid. 

" Repeat the cooling / warmffig process until no more gas release is observed. 
" Ensure that all taps are closed. Leave the styrene flask cold, ready for 

distillation. 

Distillation 

7. 
Place an ethanol / solid C02 bath under the empty 100 n-A flask, and a heater / 
stirrer under the styrene flask. Stir the styrene with minimal heating (<I) to 
prevent bumping. 
Evacuate the manifold and the empty flask by opening taps T3 and T5. Close 
tap T3 to the manifold to create a static vacuum. 
Wrap the line connecting the flasks with heating tape to prevent styrene 
condensation outside the flask. If this does occur, cautiously heat the manifold 
with a heat gun. 
Open the Young's taps to both flasks. As the liquid heats up, the styrene should 
distil from the warm. flask to the cold flask. Ensure that styrene does not 
crystallisc near the neck of the cold flask, preventing further distillation, by 
cautiously heating with a heat-gun. 
If the sample does not distil across, close tap T4 to the styrene and rc-cvacuatc 
the empty flask and the manifold. Close the tap to the manifold and rc-opcn the 
tap to the styrene flask. If still no condensation is observed, cautiously apply 
more heat. 
When complete, close Young's taps T4 and T5. Remove the flasks from the 
manifold. 

193 



8. Commercial styrene contains an inhibitor to prevent polymerisation due to light. 
Because this is removed on distillation, the flask containing the distilled styrene 
should be wrapped in fbil to shield the monomer from light. 

9. Degas the toluene using the same procedure as outlined above. 
10. Distil 400 n-A toluene as described above. 

Setting-up the argon /vacuum line 

To argon 
supply 

1--v 
Connection to 
toluene flask 

11. 

Pipette bubbler 
(connect to argon) 

Vacuum: to 
rotary pump 

" Set up the pre-purging and injecting apparatus as shown in the diagram above. 
Close all taps to argon and the vacuum. Attach the tubing to the toluene flask, 
with its Young's tap closed. Open the tap to the pressure-rcleasc bubbler to 
argon. Tum on the vacuum and argon supply. 

" Place a dewar of liquid nitrogen around the cold trap and switch on the rotary 
PUMP. 

" Open the argon gas-cylinder until a steady bubble rate is observed in the 
pressure-release bubbler. 

" Fill the tubing to the toluene flask and the syringe-purging tap with argon by 

evacuating, then opening to the argon supply. Repeat three times. In-bctwccn 
the evacuation and re-ffiling steps, a momentary pause in bubbling in the 
pressure-release bubbler should be observed as a temporary vacuum is formed. 

" With just the two line taps to the toluene flask and argon-bubbler open to argon, 
carefully open the Young's tap on the flask to fill it with argon. Leave with a 
constant gas pressure. 

Injecting pre-purged chemicals through subascals 

12-14. 
Pre-purge the syringe with argon by inserting the needle into the tubing with the 
closed tap at its end. Slowly pull out the plunger in order to fill the syringe with 
argon. Remove from the tubing and force out the gas. Repeat three times. 
Pour -5 ml 1,1, -diphenylethene (dpe) into a small container and bubble argon 
through the liquid. Do this by flowing argon through the pipette and inserting 
into the chemical. 
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" Suck -1 ml of dpe into the pre-purged syringe and quickly inject through the 
subaseal on the toluene flask (stir). 

" Pre-purge another syringe and suck up -2ml of sec-BuLi through the sure-scal 
top on the container. Quickly inject into the toluene flask. 

" The sec-BuLi will initially react with any impurities in the toluene, and then with 
the dpe to produce a red complex. Turn off the argon supply to the flask, close 
the Young's tap, and leave the red toluene stirring overnight. Vent the vacuum 
line, turn off the pump and remove the cold-trap. 

Baking out the reaction flask with the diffusion pump 

15. 
Close tap T3 to the manifold. Evacuate the column of the diffusion pump with 
the rotary pump by opening tap TI solely to the column. Leave tap T2 closed. 
When evacuated, open tap T2 towards the manifold. 
Apply heat to the pump (setting: 40) so that the oil rises to approximately 1/3 
the height of the column. 
Attach the reaction flask to the manifold at P1 and open its Young"s tap. Close 
off the vacant position (P2) with a stopper. Open tap T3 in order to pump on the 
reaction flask with the rotary pump and the difflusion pump. 
Heat the reaction flask with a heater / stirrer (heat: 3). Do not leave the magnetic 
stirrer bar on the bottom of the flask - hold at the top with a magnet. Leave 
overnight. 

16. Turn off the diffusion pump: turn off the heat; shut taps T2 and T3, and open TI to 
the vacuum line. 

17. Degas the red toluene as described in 6 above. 
18. Distil 350 ml of toluene into the reaction flask (heat: 1) as outlined in 7. 
19. Pre-weigh the styrene flask and degas using freeze-thaw cycles (6b). 
20. Distil xg styrene into the reaction flask (styrene crystals form on the liquid toluene 

surface). Use mininial heating (<I). Close both Young's taps. Accurately dctcrtifmc 
x by weighing the styrene flask after distillation. 

21. Remove the flasks from the manifold, and turn off the vacuum line, venting to air. 
Rýmove cold-traps. Leave the purified monomer and solvent to equilibrate to room 
temperature by stirring in a water bath for approximately 1/2 hour. 

Initiation 

22. Fifl the reaction flask with argon. as described above. Close the Young's tap on the 
reaction flask, but leave with a constant gas pressure on the tap to rnýinimise leaks. 

23. inject the foRowing amount of sec-BuLi through the subascal on the reaction flask 
using a prepurged syringe. Stir well to ensure homogeneous initiation. 

Vinitiator : -- 
100ox 

MxMn 
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x= mass monomer (g) M= molarity of initiator (M) 
NL = Desired polymer molecular weight (g mor') V= volume (cmý) 

24. Stir the orange solution, containing the negatively-charged polystyryl anion, 
overnight. Some white precipitate may form (lithium salts). 

Termination 

25. Open the Young's tap on the reaction flask to argon, in order to allow venting to the 
pressure-release bubbler. 

26. Straight from the bottle, suck up the following amount of methyltrichlorosilane 
(MTCS), a five molar excess, and inject through the subaseal on the reaction flask 
using a pre-purged syringe. The orange solution should turn pale yellow. Stir well. 
Leave the solution to react for approximately five minutes, and then inject the same 
amount again. Repeat (one more time) until the solution is clear and colouriess, 
indicating the death of the living anionic species. 

VMTCS = 
587.2x 

Mn 

27. Leave to terminate for approximately 20 minutes. 
28. Straight from the bottle, suck up the following amount of methanol (Meol I), an 80 

molar excess, and inject through the subaseal on the reaction flask using a prc- 
purged syringe. Stir well. HCI gas will be released from the colouricss solution and 
should be vented through the pressure-release bubbler. A cloudy emulsion may form 
of toluene and immiscible methoxy-silane products. 

3234.8x VMeOH = 
Mn 

29. Leave to react for approximately I hour. Leave the Young's tap open to allow cscapc 
of HCI gas. Disconnect from the line and obtain the polymer by prccipitation into 
methanol. 

Pur. irication 

1. Pour the toluene-polystyrene solution into a separating funnel and leave for 
approximately 2 hours to allow the two phases to separate. Remove the bottom 
methoxy-silane phase. 

2. Slowly drop -150 ml of the toluene-polystyrene solution into -3 L methanol. Stir 
vigorously. The polystyrene will precipitate as a white powder, possibly gelatinous due 
to mcthoxy-silane impurities. 
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3. Allow the polystyrene to settle and check that there is no solubilised polystyrene in the 
methanol by quenching an allquot into an excess of fresh methanol. 

4. Filter the polystyrene using a buchner flask /2 pieces of grade I filter paper and wash 
with methanol. 

5. Dry the polystyrene by sucking air through for approximately 12 hours. 
6. For the remaining -150 n-d toluene-polystyrene solution repeat the precipitation by 

dropping into a fresh 3L batch of methanol. 
7. Re-dissolve the polystyrene in a similar volume of toluene by stirring vigorously for 24 

hours. 
8. Re-precipitate the polystyrene into methanol as described above. 
9. Filter, wash and dry the polystyrene as described above. 
10. Dry all methanol from the polystyrene by drying in the vacuum oven at 45 T for 24 

hours. 
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Appendix C- Surface Coverage of Polystyrene Chains by Flemental 

Analysis 

In this appendix, the method used to determinc the surfacc covcragc of* the polystýrcnc 

chains on the surface of the silica particles is described. 

In general. the percentages of carbon, hydrogen and nitrogen in a dispersion of hare (un- 

grafted) silica particles, and in a dispersion of' the polystyrene-gralled particles %%ere 

determined using elemental analysis. In this technique, dried sampics arc hunit. and the 

products analysed to yield the relative aniounts of' the three chemicals. I'lic principle.,, 

behind the technique were described in section 3.3.3. 

The experimentally determined parameters used in the analysis are S11111111,11-ISCLI III UtHC 

C. I below. 

Symbol Descrilp 

Xc Mass fraction ofcarhoil i 
XN Mass firaction ofnitroýen 
X/I Mass fTaction ofhydnoýeil 

YC Mass fTaction ol'carboi 
N Mass liaction ofnitroýe 
H Mass fraction ot'llydrop 

ii tm-ýraflcd particIcs 
III ulll-ýrlhcd particics 

I ill ýrallcd particle", 
p-allcd pal-Ildc", 

oil particles 
Table ('. 1. 

. 
ýymholsjor mass. 1racl ions ol varhon, nitrogen and hydrogen /it IIII-V*011t'd tind 

-om elemenial anallsis 
, rqliedparticles, delermined. 1i 

The symbols for the mass fraction of the bare particles, before and after graffing. are x, and 

j7,,, respectively. Similarly, the mass Iýactions of' polystyrene chains are xpý and vj, I lie 

mass fraction of adsorbed DMF b0bre graffing is taken as zero. and after graffing is 

denoted yl)Atb,. The actual masses for each component arc denoted m. with the sanic 

suffixes. 

Thcretbre the mass fraction ot'DMF aller gralling is given hy- 
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YD&F -': - 
MDW 

(C. 1) 
MD&F + MPS + Mp 

Similarly, the mass fraction of bare particles after grafting is given by equation C2: 

yp ý-- 
mp 

(C. 2) MDAff7 + MPS + Mp 

The total mass is given by: 

mass,,,., = mDw + mps + mp (C. 3) 

The approach is to work on the basis of Ig of bare particles (rný, =I g), and to considcr 

only the change in carbon and nitrogen contents before and after grafling. The rmss 
fractions of carbon and nitrogen after grafting may then be related to the factions before 

grafting thus: 

yc = 
(x. x+ (nD31p x M(C, DMF» + (np, x M(C, PS» 

I+nD, 
ýFMDAF + npsMps (C. 4) 

YN = 
(x� x 1) + (nDA, ý, x M(N, DMF» + (nps x M(N, PS» 

1+nDx, 
FMD, A, IP + npsMps 

where nDmF and nps are the number of moles of DMF and polystyrene, respectively, in the 

grafted particles. MDmF is the molar mass of DMF (= 73 g mor'), and Afps is the molar 

xnass of the polystyrene chains. M(CDMF) and M(CPS) represent the molar masscs of 
carbon in DMF and polystyrene, respectively. M(NDMF) and M(NPS) represent the 

molar masses of nitrogen in DMF and polystyrene, respectively. 

The structure of DNW is: 

(CH3)2CHN=O 

The structure of the tenminated polystyrene chains is: 
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CH3(CH2)3-1 CFI, -CfJ(C6R; )1,, -SiO(OCH3)2- 

where n is the number of repeat units in the polymer chain, which is equal to M,, / 104 ", here 

M, is the number average molecular weight, as determined by GPC. and 104 g mol-1 is dic 

molar mass ofthe repeat unit. 

it is evident that the molar masses in each compound are then given as IbIlows: 

Therefore, the simultaneous equations in CA may be simplified thus: 

x, - + pi, )�, x 36) + (nl�, x 12(6 + 8n» 
1+ (nl_)�� x 73) + n,.. M�.,; 

YA, 
x, + (nl)A(F x 14) 

1+ (n, ), �- x 73) + np. � Mp�; 

Finally, the simultaneous equations in C. 5 may be solved to yield the two unkno\ýfjs. 

and rips. Mps is determined for each polystyrene sample by OR'. Because the alialysis is 

per gram ol'bare particles. rips may then readily be converted to it surface coverage (III Ing 

M-2 or nm 2 chain-') with a knowledge ofthe particle radius and polvstvrciic Lleiis, IN. 
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Appendix D- Determination of Effective Volume Fraction from Weight 

Fraction 

In this appendix, the method used to convert the experimental weight Iractioll (detcl-111111c(i 

by dry weight analysis) to an effective volume firaction will be described. Thc c11cct1Vc 

volume fraction takes into account the thickness of' the polystyrene layer on the silicil 

particles. 

The symbols for the parameters used in this analysis are given in table 1). 1 hcloý%, 

Symbol Description____ 
_ 

WSIPS Experimental we iýht firact io no 1'ýra fled pati ic les 

rl Radius ol'b4rc particle / in 
_ r2 Radius of gratIcd particle (with polystyrenclaycr) / in 

Surface coveragc/ 
PCH--X Density of'cyclohcxatic / kgm 

PSI Density ot'silica / kgni-' 
__ "T __ 

PM Bulk density of'po 
- 
lystyrenc / kgm- 

-717able D. 1. Parameters required. fOr the conversion of weiýghi. Irat -lion to e. 11voive voluint, 

. 
1raclion 

The analysis is performed for I kg ot'dispcrsion. In the dispersion. therc are kg (it' 

polystyrene-grafted silica particles, and (I -wsil,,, ) kg ofcyclolicxanc. Hicref')re dic voltinic 

of cyclohexane, Vciix, is given by: 

vI- 
li'SIPS 

MV 
Pcia (0 h 

Per particle, the mass of silica, ms,, and mass ol'polystyrene. nips. can Iv calculatcd thti. s.: 

Ms, Y3 lzr"Ps, 

I 4; zr, F 

and the total mass of I particle, is equal to ni, ý, + nip, 

The number of'particles, N, is simply defined as: 
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Wsps 
(D. 3) 

MSIPS 

and the volume of one grafted particle, Vsips, is equal to 4/37Cr2 3. 

The volume fraction of polystyrene in the layer, Ops, may be determined by taking the ratio 

of the volume of polystyrene to the total volume of the layer as follows: 

M7// 
OPS pps 

3) 3 ý/3 2 r, (D. 4) 

From equation D. 4, it is evident that the volume of cyclohexane in the layer is then givcn 

by: 

v3 
3) 

=14/7( v 3, r rl ops CHX, LA YER 2 5) 

Finally, the effective volume fraction can be calculated as given in equation D. 6 bclo%v. In 

the equation, the ratio is the total volume of polystyrene of polystyrene-grafted silica 

particles to the total volume, which is equal to the total number of grafled particles plus the 

total volume of cyclohexane (corrected for the amount of cyclohexane in the polystyrene 

layers). 

NVSPS 
NVSLPS + (VCHX - 

NVCHVLAYER) (D. 6) 
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