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ABSTRACT 

Anionic polyme~ization techniques have been used to 

p~epa~e AB block copolyme~s of polysty~ene and poly(dimethyl 

siloxanel having well-deFined molecula~ weight and composition, 

and na~~ow molecula~ weight dist~ibution. Block copolyme~s 

p~epa~ed ove~ a ~ange of molecula~ weights and oompositions 

we~e cha~acte~ized by gel pe~meation ch~omatog~aphy, osmomet~y 

and silicon analysis. 

Such block copolyme~s have been used as staoilize~s Fo~ 

non-aqueous dispe~sion polyme~izations of sty~ene and methyl 

methac~ylate in aliphatic hyd~oca~bon. The polyme~ pa~ticles 

thus p~oduced we~e stabilized by well-deFined su~Face laye~s 

of poly(dimethyl siloxanel. The eFFects of va~ying the 

polyme~ization conditions, and the type and concent~ation of 

stabilize~ p~esent, we~e studied. Both ~adical and anionic 

polyme~ization mechanisms have been conslde~ed, and methods 

of p~epa~ing polyme~ pa~ticles of a na~~ow size dist~ibution 

we~e developed • 

. 
Polyme~ pa~ticles we~e cha~acte~ized by t~ansmission 

elect~on mic~oscopy to dete~mine the shape and size. Small-

angle X-~ay scatte~ing and light scatte~ing studies confi~med 

the pa~ticle sizes and also detected the p~esence of the 

su~Face laye~ of poly(dimethyl siloxanel. G~avimet~ic methods 

we~e used to dete~mine the silicon cont~nt of the polyme~ 

pa~ticles, F~om which an estimate of the su~face cove~agB was 

made. Su~face cove~age was studied as a Function of the 

molecula~ weight of the poly(dimethyl siloxanel. 



Rheological studies conFirmed the sphericity of the 

particles, and showed them to be non-flocculated under shear. 

An estimate of the hydrodynamic thickness of the surface 

layer waS also obtained from rheology, and studied as a 

function of particle size and molecular weight of the poly 

(dimethyl siloxane). Hydrodynamic measurements were combined 

with surface coverage information to suggest that the con

Figuration of the poly(dimethyl siloxane) chains was extended 

over a random coil conFiguration. 

Theta-conditions were determined For poly(dimethyl 

siloxane) in mixtures of alkane and alcohol. The solvency of 

the dispersion medium of polymer dispersions was reduced until 

flocculation occurred. The Flocculation conditions corres-

ponded closely to theta-conditions for Free poly(dimethyl 

siloxane), and thus the mechanism of dispersion stabilization 

was confirmed to be steric. 
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CHAPTER 1 

INTRODUCTION 

Heterogeneous polymerization is an easily controllable 

method For preparing polymer particles within an inert 

1 

medium. By Far the most eXPloited system is that of aqueous 

emulsion polymerization, which has been widely studied over 

the past 35 years (1 ). Emulsion polymerization can be used 

to prepare dispersions of high molecular weight polymer at 

high concentration whilst retaining a relatively low overall 

viscosity. These cbaracteristics have promoted the extensive 

use of such products in the surFace-coatings industry. Water 

represents a cheap, non-toxic and non-inFlammable medium, but 

has disadvantages when used as a vehiole for surfaoe ooatings, 

such as a slow and uncontrollable rate of evaporation. 

Attention was.thereFore.Foc~sed on a non-aqueous counterpart 

to emulsion polymerization, and non-aqueous dispersion 

polymerization techniques were developed. 

The characteristics of the diFFerent heterogeneous poly

merization techniques available are discussed in Chapter 2. 

Polymer particles in a non-aqueous dispersion are prevented 

from Flocculation by surrounding the particle with a surFace 

layer of soluble polymeric stabilizer. Such particles are 

said to be sterically stabilized. The term "stabilizer" will 

be used in the present work to describe the agent which 

prevents Flocculation of the dispersed particles. This shOUld 

not be conFused with the stabilizers often added to polymers 

to prevent thermal or photo-induced degradation. 
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Because of the obvious commercial potential of polymer 

dispersions, most of the work published has been conFined to 

the patent literature. Early dispersion polymerizations 

employed rubbers which took part in graFting reactions during 

the polymerization to Form graFted stabilizers (2.3). 

Subsequent developments introduced the use of pre-Formed 

block and graFt copolymer stabilizers, Vlhich Vlere oFten 

graFted onto the particles [4.5). 

Quite recently, the preparation of non-aqueous polymer 

dispersions [ 6 ), and ~tudies of the mechanism and kinetics 

of polymerization ( 7 ), have been described in the literature. 

Most studies to date have been based upon polymer particles 

stabilized by graFted copolymers. Very prominent among such 

systems are acrylic polymer particles stabilized by graFt 

copolymers consisting of an acrylic backbone with short side 

chains such as poly[12-hydroxy stearic acid) [ 6 ). 

Various types of polymerization mechanism are adaptable 

to dispersion polymerization, such as addition, condensation 

and ring-opening polymerization. Almost all the knnetic and 

mechanistic studies reported have concerned radical addition 

polymerization [ 7 ), again particularly of acrylic monomers. 

The anionic dispersion polymerization of styrene Vias described 

in the patent literature [ 8 ), and involved the use of 

graFted rubbers as the stabilizer. The only reFerence to 

such an anionic polymerization which could be Found in the 

scientiFic journals, is due to Stampa [ 9 ). He reported the 

anionic dispersion polymerization oF~-methyl styrene in the 

presence of a poly(vinyl ether) stabilizer. Barrett [10) 

has recently edited a book on the subject of dispersion poly

merization, which comprehensively reviews the work done to 

date. 
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In parallel with the work described above, much has been 

published in the literature concerning the concept of steric 

stabilization. These theoretical considerations were largely 

motivated by the work of Fischer (11) and Meier (12), and the 

Major contributions have come From Dutch and British colloid 

schools and From Napper in Australia. There is currently 

much discussion in the literature as to the nature of steric 

interactions. The various theories have been reviewed (13) 

and will be discussed in Chapter 2. 

Most of the theore~ical work was developed in isolation 

From the practical systems studied largelY in industrial 

laboratories. Some attempts to correlate theory and experi-

ment have been made recently by Napper [e.g. see reFerence 

14 ) and British workers [e.g. see reFerence 15 ). Funda-

mental problems arose owing to the nature of the sterically 

stabilized dispersions commonly prepared. The stabilizing 

molecules were usually rather poorly-deFined, and of such 

a short chain length that it is doubtful whether conventional 

polymer solution theories are applicable. A recent Science 

Research Council report (16) has highlighted the need for 

better-deFined polymer layers at the surface of colloidal 

particles. 

With this. aim in mind, the present work sought to 

prepare well-defined, sterically stabilized dispersions of 

polymer particles in a non-aqueous medium. Studies based on 

such systems would lead to a better understanding of the 

stabilizing meohanism. 

A simple AB-type of block copolymer stabilizer was 

chosen, consisting of a polystyrene (PS) block and a poly 

(dimethyl siloxane) [FDMS) block. Methods of synthesising 
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such copolymers of a predictable molecular weight and com-

position are known. The significantly difFerent solubility 

-1 y, -1 Y, 
parameters of PS and PDMS (9.1 (cal cc ) and 7.4[cal cc ) 

respectively (17 )) suggested that PS-PDMS copolymers would 

be useFul For stabilizing particles in a range of aliphatic 

hydrocarbon media. The soluble PDMS block would provide the 

stabilizing layer, and would be anchored to the particle by 

the insoluble PS anchor block. 

A range of PS-PDMS block copolymers of diFFering com-

position and molecular weight has been synthesised, and their 

use as stabilizers in dispersion polymerization was studied. 

In order to prepare model systems, a knowledge of the 

characteristics of dispersion polymerizations involving 

adsorbed block copolymer stabilizers is desirable. A study 

of such dispersion polymerizations was, thereFore, made. 

Radical polymerization has been used to prepare 

dispersions of PS and polymethylmethacrylate (FMMA) particles 

in aliphatic hydrocarbon media. The preparation of a 

dispersion of PS, stabilized by a PS-POMS block copolymer, 

has been described in the patent literature (18). PMMA 

particles stabilized with an adsorbed PS-FDMS block copolymer 

represents a novel system, although Saam has reported the 

preparation of. such particles stabilized with a graFted FDMS 

layer ( 19 ). The use of anionic dispersion polymerization 

was also investigated For preparing dispersions of PS. The 

efFects of varying polymerization conditions were extensivelY 

studied. The behaviour of the block copolymer stabilizers 

in a selective solvent was considered, and a series of 

micellar dispersions was prepared. 

Three methods of measuring the particle size of the 
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dispersions were compared. The stability of the dispe~sed 

pa~ticles in a medium which is a 9-solvent Fo~ PONS was 

studied. Rheological measu~ements gave an indication of the 

state of the dispe~sions. and we~e used to p~ovide an 

estimate of the hyd~odynamic thickness of the PDI.1S laye~. 

This s:tudy was combined with su~Face cove~age inFo~mation to 

suggest the conFiguration of the PONS chains. 



CHAPTER 2 

THEORY 

2.1 THE THEORY OF STERIC STABILIZATION 

2.1.1 FORCES OF ATTRACTION 

6 

Non-aqueous polymer dispersions are prepared by poly

merizing monomer dissolved in a suitable dispersion medium, 

to give a polymer which·is insoluble in the medium and which. 

thereFore, precipitates out. This precipitated polymer is in 

the Form of a sub-micron dispersion, and the particle 

collision Frequency is such that the number of Free particles 

is quickly reduced to zero. This behaviour, which is known 

as Flocculation, is due to the mutual attraction of particles 

arising From London dispersion Forces. In order to appre-

ciate the mechanism of stabilizing such a system against 

Flocculation~ it is useFul to consider Firstly the origin 

and magnitude of the attractive Forces between particles. 

Interactions between the atoms and molecules of two 

adjacent particles give rise to an attractive Force between 

the particles. The origin of such Forces was described by 

London (20), Who showed that the interaction between the two 

atoms of an inert gas was a quantum mechanical eFFect. 

Applying the Heisenberg uncertainty principle, he showed that 

the Fluctuation in the electrical Field of an atom or a mole

cule gave rise to a transient dipole in another atom or 

molecule. Since the total energy involved was less than 

one quantum, no actual dissipation of energy occurred. The 

random Fluctuations of the electrical Fields of the two 



molecules become coupled and oscillate together, thus 

reducing the total Free energy of the system. Hence, there 

is an at~raction between molecules and they approach each 

ot:.h er. Since random Fluctuations of the electrical Fields 

are involved, one molecule is able to participate in London 

oscillations with several other molecules at the same time. 

This effect is seen in a gas where one gas molecule attracts 

all its neighbouring molecules simultaneously. This quantum 

mechanical effect is essentially additive, based on "pair

wise" interactions, and·it can be shown that the attractive 

potential energy (VA) decreases with the distance of separa

tion (r) as descr-ibed by 

6 
V A = -L/r 

where L is the London interaction constant. 

(2.1 ) 

The above concepts, based upon gaseous systems, were 

applied to condensed bodies in a vacuum by Hamaker (21). 

Hamaker considered all the possible interactions between the 

attracting elements of two particles, and showed that the 

sum of all these "pair-wise" interactions could be replaced 

by a double integral. An integration of all these inter-

actions results in an expression of the form: 

(2.2) 

7 

A is the Hamaker constant, which is a function of the strongth 

of attraction between two elements, and is proportional to L 

and the square of their concentration. H is a geometrical 

Function which for equal-sized spheres, where the distance 

between their surfaces (h) is much less than their radius (a), 

approximates to 
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H = a/12h (2.3) 

The Hamaker integration predicts that attraction may 

occur over distances of several tens of nanometers between 

particles. These attractive Forces are,however, signiFicantlY 

reduced owing to the retardation eFFect, as observed by 

Overbeek (22). The distance between Fluctuating dipoles is 

greater than the wavelength of the Fluctuation Frequency. 

ThereFore, dipole oscillations can be out of phase,causing 

a subsequent reduction in the total attractive energy. 

Ths Hamaker approach Ylas derived From a model of 

condensed bodies within a vacuum and Further modiFications 

are required iF the approach is to be applied to real 

colloidal dispersions. The dispersion medium modiFies the 

attractive Forces in two ways; a primary medium eFFect,which 

describes the inFluence of the liquid medium on the trans-

mission of London Forces, and a secondary medium eFFect 

which involves the Finite attraction of the particles For 

the medium. The primary medium efFect is a function of the 

dielectric constant of the medium and ultimately reduces the 

att~active Forces, also causing retardation efFects at much 

closer distances of separation. The secondary medium eFFect 

leads to the derivation of an "eFFective" Hamaker constant, 

A12 where 

(2.4) 

where subscript 1 reFers to the particle and subscript 2 to 

the medium. As will be described in Section [2.1.2) the 

colloidal dispersions under consideration at present are 

composed of polymer particles surrounded by a surface layer 
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of adsorbed polymer of diFferent Hamaker constant. It has 

been shown (23) that such particles behave as compound 

particles,with an overall Hamaker constant closer to that of 

the dispersion medium than that of the bare particle. The 

forces 'of attraction are.therefore.reduced although this 

reduction is negligible compared to the steric stabilization 

forces generated by adsorbed layers. 

It should be noted that the Hamaker approach is based 

upon interactions of microscopic elements and is therefore 

subject to errors when applied to macroscopic particle 

systems. In such systems the attractive forces between 

elements just below the particle surface will be modified by 

the particle material. 

An alternative approach suggested by Lifshitz (24) 

considers bodies as ideal continua with the same dielectric 

properties throughout. Modifications due to retardation and 

medium effects are,therefore,unnecessary since they are 

already incorporated. The approach requires very complex 

mathematical treatment however, and, therefore, the Hamaker 

approach still finds widespread use, despite its fundamental 

defects. The attractive forces calculated using the macro-

scopic continuum model are often in reasonable agreement 

with those calculated by the microscopic Hamaker epproach, 

although the agreement may well be due to compensating errors, 

Both quantitative predictions from theory and experi_ 
• 

mental results for polymer particles in organic media, 

suggest that the attractive forces in many cases are less 

than kT (where k is the Boltzmann constant and T is absolute 

temperature) even at separations of 5-10 nm. Refinements 

in both theoretical calculations and experimental conditions 



a~e still ~equi~ed.howeve~.Fo~ an exact interpretation of 

att~active Forces. 

2.1.2 STABILIZATIDN OF COLLOIDAL DISPERSIONS AGAINST 

FLDCCULATIDN 

10 

In the absence of some mechanism of stabilization, a 

dispersion of colloidal particles would Flocculate almost 

immediately as particles a~e mutually att~acted by the Fo~ces 

desc~ibed above. Studies of the stabilization of colloidal 

dispersions against Flocculation have been largely conFined 

to aqueous systems, both in theo~etical and expe~imental 

considerations, and the nature of stabilization is well 

unde~stood. In an ionizing aqueous medium the predominant 

mechanism is that of electrostatic charge stabilization, and 

quantitative theo~ies have been developed based on the 

Oerjaguin-Landau-Verwey-Overbeek (O.L.V.D.) theo~y (22.25 ). 

Fo~ colloidal dispersions in non-aqueous media, the 

dispe~sion medium is generally non-ioni3ing and a diFFerent 

mechanism of stabilization must be sought. Stabilization is 

achieved by su~~ounding the pa~ticles with a su~Face laye~ 

of soluble polyme~ and such a mechanism is known as steric 

stabilization. The concept of ste~ic stabilization is less 

well understood than that of electrostatic stabilization, and 

the o~igin and magnitude of the ~epulsive Fo~ces is still 

under discussion. Vincent (13) has ~eviewed theo~ies of 

elect~ostatic cha~ge stabilization and compares them with 

some of those de~ived For ste~ic stabilization. 

Consider two sphe~ical pa~ticles surrounded by su~Face 

layers of soluble polymer chains as in Figure (2.1). 
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FI GURE 2.1 

STERICALLY STABILIZED PARTICLES 

I~hen particles approach one another a repulsive force is 

generated by the interaction of the soluble stabilizing 

chains. RepuLsive forces between particles may be described 

by two models, the equilibrium adserption model and the 

constant adsorption model. The repulsive forces in the 

former arise from the work done in desorbing stabilizer 

chains as the particles approach. This model is only applic

able to weakly adsorbed chains and,therefore,finds little 

consideration in the adsorption of polymeric stabilizers. 

A polymeric stabilizer chain may be attached to the 

particle surface at one or more points and may adopt the 

so-called loop, train and tail configurations as seen in 

figure (2.2). 
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FIGURE 2.2 

CONFIGURATIONS OF ADSORBED POLYMERS 

tail train loop 

) 

In the constant adsorption model the Fraction of polymer 

segments adsorbed at the interFace (i.e. For homopolymers 

the Fraction in trains) remains constant. The loops and 

tails extend into solution and may redistribute themselves 

as two particles approach one another, although there is no 

desorption of trains. It is this redistribution of polymer 

segments in solution which gives rise to the repulsive Forces 

maintaining stability. Two limiting cases of particle inter-

action have been described and each will be considered 

individually, 

Interpenetration or "mixing" model 

Figure (2.3) illustrates the situation where two 

particles are brought together and the impinging soluble 

layers overlap with no compression of chains. Such a model 

might be approached For particles surrounded by high molecular 

polymer since the segment density at the periphery is low and 

interpenetration may occur without chain interaction at low 



FIGURE 2.3 

INTERACT! ON OF STERICALLY STABILIZED PARTICLES 

- THE MIXING MODEL 

." ' . 

.. ' 

overlap. A similar situation would exist for conditions of 

low surFace coverage but in the present models maximum 

coverage is assumed. 

Fischer [11 ) initially considered this model and 

assumed that the segment density in the adsorbed layer was 

uniform. The concentration of polymer chains in the region 

of overlap was then equal to the sum of the concentrations 

in each leyer. Using the Flory-Krigbeum (26) theory of 

dilute polymer solutions, Fischer derived the change in free 

energy [~GM) obtained by doubling the concentration of 

polymer within the lens-shaped region of overlep. Applying 

the Flory-Krigbaum theory to a small volume (£V) of the 

region of overlap gives an expression for the free energy of 

mixing O[6GM) of segments and solvent molecules: 

[2.5) 

13 

where bn1 is the number of solvent molecules contained in bY, 

71 and 72 are the volume fractions of solvent and 

polymer respectively, 
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)C is the Flory-Huggins interaction parameter. 

The change in the Free energy of mixing For the total inter-

action volume (V) is ,thereFore ,given by summing over the 

changes in all the volume elements comprising V. 

The total repulsive Force iS,thereFore,a Function of the 

degree of overlap of the souble layers. Fischer obtained 

an expression For spherical particles For 6GM of the form: 

(2.6J 

B is the second virial coefficient and 

(2.7) 

, 
where C is the concentration of segments in the adsorbed layer 

a is the radius of the particle 

h is the surFace to sur-face separation 

b is the adsorbed layer- thickness 

k and T are as defined above. 

The term A' is a geometric term and term B is a thermodynamic 

term (the second virial coefficient) which may be expressed 

as 

~1 - K1 (1 - 9/T) ~ 1 U -x. B = = = (2.8) 
v 1 v1 v1 

where ~1 is the entropy parameter 

K1 is the enthalpy parameter 

v 1 is the partial molar- volume of the solvent 

9 is the theta-temperature 

X is the polymer-solvent interaction parameter. 

Similar expressions have been derived by Dttewill and 

\~al\l::er (27) and Napper (14. 28 ). The ma jar deFect of this 

model is the assumption that the polymer segment density is 
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constant throughout the layer. This leads to an overestimation 

of repulsive Forces generated under conditions of low overlap. 

Hesselink (29) has calculated the theoretical segment density 

distribution For Flat plates,as will be discussed later. He 

was then able to improve Fischer's expression For the total 

Free energy of mixing, although, as will be discussed Hesselink's 

model was derived From unrealistic volumeless chains. 

Fischer's approach also assumes no redistribution of 

polymer segments (loops and tails) within the region. of over

lap, and therefore becomes meaningless beyond "half overlap" 

i.e. When h < ~. A model which allows for reaistribution has 

been suggested by Ooroszkowski and Lambourne (15) Who consider 

reaistribution over a torroidal volume of interaction. 

Compression or"Volume Restrl cllon" Model 

FIGURE V. 

INTERACTION OF STERICALLY STABILIZED PARTICLES 

- COMPRESSION OR VOLUME RESTRICTION MODEL 

." . ..... ", .. 

.. 

: 

In this second model, repulsive forces are derived From 

a mixing term plus an entropic "volume restriction" term. 

Figure (2.4) illustrates the basis of the model in which 



impinging layers of soluble polymer are compressed when 

particles are brought together, with no Interpenetration. 
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Such a model might perhaps be approximated to in the close 

approach of particles surrounded by low molecular weight or 

branched polymer layers, in which the layers are composed of 

a relatively high concentration of polymer chains. 

This approach was First suggested by Mackor (30) who 

considered a model of a rigid rod terminally adsorbed and 

Freely jointed at a Flat surFace, as shown in Figure (2.5). 

FIGURE 2.5 

MODEL FOR VOLUME RESTRICTION TERM AFTER MACKOR 

co 

, , , , , , 

The repulsive Force (~GVA) generated upon the approach 

of a second Flat plate Was calculated From the loss of con

figurational entropy (S) calculated from the Boltzmann 

relationship: 

S = k In S(, (2.9) 

where J1, is I"roportional to the area swept out by the Free end of 

the rod. Assuming all possible orientations of the rod at 

the surface had an equal probability of occurrence, he 



-------------~------
17 

derived an expression 

t:. Gy = kTN[ 1 - h!b) [2.1 D) 

where N is the number of chains per unit area and 

b is the length of the rod; b = ~ in this case. 

~lackor considered the rods to be volumeless, hence there 

is no interaction between the rods covering a second approach

ing surFace, and no interaction between neighbouring rods on 

the same surface. This model can.thereFore,only be taken as 

a crude basis for consideration of real,Flexible polymer 

chains. 

Meier (12) modiFied Mackor's approach by considering the 

interaction of multisegment chains terminally adsorbed on a 

plane surFace, as a Function of the distance From a 'second 

plane surFace. He derived Firstly en expression For the Free 

energy change due to the reduction of available conFigurations 

of a random Flight chain. This "volume restriction" term has 

subsequently'been calculated analytically by Oolan and 

Edwards (31). Again using the Flory theory of dilute polymer 

solutions (32), Meier calculated the Free energy of mixing 

of the polymer molecules and summed the two terms to give the 

total energy of interaction. Hesselink (29) has subsequently 

shown Meier's calculation of the segment density distribution 

to be incorrect. Hesselink, Yrij and Dverbeek (33) Further 

extended Meier's approach using a six-choice cubic lattice 

upon which wes generated a chain. This chain was attached at 

one end to a Flat impenetrable surFace, and was generated 

with no restriction in bond angle or occupation of a parti-

cular slte. A second chain was generated, this time in the 

presence of a second Flat impenetrable barrier at a set 



distance from the primary surface. The reduction in the 

number of possible configurations between the second and 

first situations leads to an evaluation of the repulsive 
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energy generated at the given distance of separation. Again 

the total interaotion was described by the sum of a "volume 

restriction" and a "mixingn term. 

Fundamental defects in the above analysis arise from the 

consideration of unrealistic volumeless chains which 

experience no interaotion with adjacent chains on the same 

surFace or with chains adsorbed onto an approaching surface. 

The evaluation of the total interaction as the sum of a 

"mixing" term and a "volume restriction" term has also been 

criticised by Dsmond, Vincent and \~aite (34) who suggest that 

the basic models used to calculate the two terms are so 

different that simply adding them would hardly give the 

correct result. They point out that the model must over-

estimate the repulsive forces, due to significant double 

counting of repulsions. This arises since no consideration 

is given to the fact that the calculated "mixing" term, based 

on Flory-Krigbaum theories, already contains a configurational 

term of sorts, to which a second configurational term [the 

"volume restriotion" term) is added. 

A similar 'analysis to that of Hesselink has been 

performed by Clayfield and Lumb (35,361. These workers used 

computer techniques to generate chains on a four-choice cubic 

lattice with the restriotion that the bond angle was fixed at 

900 and segments were not allowed to enter previously 

occupied sites (i.e. the chains possess real volume). This 

model predicts a lower energy of repulsion than Hesselink's 

model since although the loss of configurations in the 



restricted chain is a large proportion of the total number 

of conFigurations, the total number of conFigurations lost 
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is less than that in Hesselink's model. ClayField and Lumb's 

approach ,however, neglects polymer-segment/solvent inter

actions, and so must only be considered as approaching a 

real situation under athermal mixing conditions. Other 

defects in the model stem from consideration of a 900 bond 

angle, and an absence of an adsorbed layer on the second 

approaching plane surFace. 

2.1.3 IMPLICATIONS OF STEAIC STABILIZATION THEORIES 

Total interaction 

The total interaction ~GT between two polymer-covered 

particles is given by 

(2.11 ) 

where VA is the attractive potential energy 

VR is the repulsive potential energy (small For 

un charged polymer particles) 

/; GS is the total steric interaction. 

Summarizing the theories outlined above, Meier and 

Hesselink suggest that /; Gs consists of the sum of ~GVR and 

~GM' whereas Napper claims that ~GM describes completely the 

total interaction. 

All the models described above contain assumptions which 

are not valid For real systems, although it is possible that 

certain models become more valid under some conditions. 

The magnitude and range of total interaction 

The authors of the above theories are in agreement that 

in a thermodynamically "good" solvent, the "mixing term" will 
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be the dominant repulsive term, at least For conditions of 

low overlap. This can be derived From a consideration of the 

geometry involved and the Fact that most of the possible con

Figurations are lost as a result of interactions between 

polymer chains beFore the stage of halF-overlap is reached. 

The variation of net potential energy with interparticle 

distance,For sterically stabilized spheres in a "good" solvent 

For the stabilizing laye~ is shown in Figure (2.6. b ). The 

potential energy of repulsion exceeds that of attraction by 

an ever-increasing amount as particles approach one another. 

The net repulsive energy is,thereFore,always positive and 

increases rapidly with decreasing particle separation. The 

attractive Forces between uncharged polymer particles are 

relativelY small and,as pointed out by Evans and Napper (37), 

may be conveniently neglected in a consideration of the total 

repulsive energy. 

The net potential energy curve For an electrostatically 

stabilized system is shown in Figure (2.6.0) For comparison. 

Unlike such electrostatically stabilized systems,a steric 

barrier is of a Finite dimension, so that the very large 

repulsive energy generated by the soluble polymer Falls to 

zero beyond the eFFective range of the interacting soluble 

chains. It is conceivable that For certain combinations of 

layer thickness and particle size, a signiFicant attractive 

trough might exist in this region (Figure (2.6.b)) giving rise 

to a secondary minimum similar to that seen in electro

statically stabilized systems. Such systems would then show 

the type of behaviour corresponding to the weak Flocculation 

at the secondary minimum observed For aqueous charge 

-stabilized systems. Such an eFFect has not,however,been 
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shown to occur in the non-aqueous systems reported to date. 

The idea that repulsive Forces are generated only when 

the soluble layers interact.is Fundamental to the concept of 

steric stabilization and both the predictions of theoretical 

models (33,35,38) and experimental measurements (39,40 ) 

are in agreement. 

Stability of sterically stabilized systems under theta 

conditions 

From equation (2.8) describing the "mixing term" it is 

seen that t, GM is a function of (~ - X). Therefore,iF the 

solvency of the dispersion medium is reduced to 9-conditions 

for the stabilizing chains, X becomes 0.5 and 6GM becomes 

zero. In the absence of a repulsive force, particles would 

be expected to Flocculate, and,thereFore,if there were any 

contribution From a volume restriction term, 6GVR' this 

would be apparent at 9-conditions. 

Napper (14,28) has studied the behaviour of several 

sterically stabilized systems under theta-conditions, and has 

indeed found that the systems become unstable at close to 

theta conditions. Napper in fact finds that flocculation is 

observable at slightly better than theta_conditions, which 

he accounts for in terms of VA (14). He therefore concludes 

that the total interaction can be completely described by 

the "mixing term". IF this is so, for small degrees of over-

lap it may be concluded that interprenetration rather than 

compression occurs. 

As mentioned above, if the total interaction is descri

bed by the sum of the "mixing term" plus a volume restriction 

term, a repulsive force should still be observed under 



8-conditions, since ~GVA is still operative. Doroszkowski 

and Lambourne (39) do indeed claim to have detected a small 

repulsive Force under 8-conditions, during the compression 

of a monolayer of sterlcall y stabilized particles on a surFace 
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balance. It should be noted that the particles used in these 

studies did appear Flocculated during compression, and it has 

been suggested that the measured repulsive Force is an 

experimental arteFact due to the time period of the compres

sion cycles (38). 

Osmond, Vincent and Waite (34) suggest the apparent 

diFFerences in behaviour are a result of Napper's determina

tion of the 8-conditions. Napper used a modiFied Elias (41) 

method For determing the 8-temperature, which involves extra

polation of a plot of the reoiprocal temperature of phase 

separation against polymer concentration to pure polymer (42). 

It is more usual to derive 8-conditions at inFinite dilution 

by extrapolation to zero concentration (43). Other areas 

From which errors could arise include Napper's use of 

stabilizing chains of a relatively broad molecular weight 

distribution, and the experimental diFficulties concerning 

the detection of incipient Flocculation in dispersions. It 

should also be noted that 8-conditions determined For a Free 

molecule in solution do not necessarily represent the 8-

conditions for the same molecule when it is terminally 

adsorbed at an interface. 

2.2 THE DESIGN AND SYNTHESIS OF STABILIZERS 

2.2.1 THE ROLE OF THE STABILIZER 

Steric stabilization is achieved by surrounding particles 

with a layer of soluble polymer as described above. One of 
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the main requirements For a suitable stabilizer For a disper

sion of polymer particles is that the soluble polymer is 

Firmly anchored to the particle which it is stabilizing. 

The stabilizing polymer should ideally be not easily desorbed 

or laterally displaced when particles approach each other 

closely. This requirement excludes the use of soluble homo

polymers and random copolymers For use as stabilizers of 

polymer particles. Such homopolymers are only weakly 

adsorbed on the low energy polymer surfaces, although they 

have been used to stabilize dispersions of inorganic materials 

(44). The soluble component-of a random copolymer is normally 

unable to Form loops large enough to provide a stabili~ing 

barrier. The soluble polymer may be chemically attached to 

the particle by the incorporation of suitable Functional 

groups, which are reacted with complementary Functional groups 

(e.g. aoid-base interactions) on the particle surFace. 

The most widely reported stabilizers used For non-aqueous 

polymer dispersions are those based upon block and graFt 

copolymers. Such copolymers are chosen to comprise one com

ponent which is soluble, and one component which is insoluble, 

in the dispersion medium. The stabilizing copolymer is 

Firmly attached to the polymer particle by its insoluble 

component or anchor (designated nAn ), which is physically 

adsorbed onto the particle surface owing to its insolubility 

in the dispersion medium. The anchor component may be 

chemically reacted with the dispersed polymer after adsorp

tion, if desired. The soluble stabilizing component of the 

copolymer (designated "8") is chosen to have little or no 

aFFinity For the particle surFace and,thereFore,extends into 

the dispersion medium to provide a stabilizing barrier. 
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Figure (2.7.a) shows block and graFt copolymers adsorbed in 

this way. It is possible to combine suitable A and B com-

ponents into many Forms of block and graFt copolymers. 

Figure (2.7.b) shows a Few of these combinations which might 

be suitable For use as steric stabilizers. The present study 

concerns systems stabilized by simple AB block copolymers of 

the type (ii) in Figure (2.7.b). 

2.2.2 THE BEHAVIOUR OF STABILIZERS IN SOLUTION 

Block and graFt cOp'olymers consisting of essentially 

incompatible components as dascribed above, are known to Form 

aggregates in both solution and under bulk conditions ( 45, 

46,47). The Formation of these aggregates is somewhat 

analogous to the micellar structures observed in aqueous soap 

solutions, and this micellar behaviour of block and graFt 

copolymers in solution has recently been reviewed (48). 

The aggregates, or micelles Formed, can adopt a variety 

of conFigurations depending upon the concentration, size and 

composition of the polymer, the solvent environment and the 

temperature. At very low concentrations, copolymer molecules 

exist in an unassociated manner as in a conventional homo

polymer solution. At concentrations of a Few percent, 

copolymer molecules aggregate to give a micelle in which the 

core is composed of the least soluble component of the 

copolymer (Figure (2.B)). 

At higher concentrations ( ) 20%) these aggregates 

coalesce into regular and periodic structures of three main 

types: spheres, rods or cylinders, and lamellae (49). 

Dispersion polymerization usually involves block or 

graFt copolymer stabilizers at a Few percent concentration 
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level, and the dispersion medium is a selective solvent for 

the stabilizing B component. The size of the micelle formed 

depends largely upon the ratio of the A and B components, and 

the concept of an anchor/soluble balance (ASB) analogous to 

the hydrophile/lipophile balance (HLB) system for emulsifiers, 

was introduced. At ASB values close to unity, block and 

graft copolymers at concentrations of a few percent aggregate 

to form micelles in equilibrium with free copolymer molecules, 

as shown in figure (2.8). The existence of "monomolecular

micel,.les" in very dilute solution has been proposed (45). 

Such monomolecular micelles comprise a collapsed core of the 

insoluble component, surrounded by a layer of the soluble 

component, and it is suggested that as the concentration is 

increased, these would aggregate to form multimolecular 

micelles. 

At higher ASB ~alues, the equilibrium in figure (2.8) 

is displaced towards the aggregated structure, and in the 

limit the copolymer may be irreversibly associated in micelles. 

At very high ASB values, it becomes impossible to surround 

the insoluble component with a layer of the soluble component, 

and the polymer forms a flocculated mass rather than 

spherical micelles. 

The size of micelle formed is predicted to increase as 

the cube root of the d9gree of ~olymerization of the copolymer 

[50) • It also follows that the size will increase as the 

interfaciel contact-energy per unit area between the core and 

the solvated outer layer becomes larger. This implies that 

larger micelles will be formed as the incompatibility of A 

and B increases. Once formed, such a micelle is prevented 

from combining with other micelles by steric stabilization 
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forces, as described above. 

It is possible to calculate the number of copolymer 

molecules required to form a continuous layer of soluble 

polymer around an insoluble core (10). Values must be taken 

for the area of a particle that could be stabilized by ona 

copolymer molecule, and the molecular weight of the copolymer 

must be known. The so-called micellization number "n" is 

given by 

n 36 It [MA]2 1 

= (0.6023)2 1'. C3 x 3 
[2.12) 

where MA is the molecular weight of the insoluble chains, 

C is the surface area [~2) stabilized by one soluble 

chain f 

x is the number of soluble chains attached to each 

insoluble chain, 

e is the density of the particle core [assumed), 

n is the number of copolymer molecules per micelle 

and the micelle core radius r is given by 

= [ 3nMA J.1-
r 4'1'te x 0.602~3 [2.13) 

The ability of such block and graft copolymers to 

"solubilize" homopolymers has also relevance for studies of 

dispersion polymerization. Solubilization is of course the 

mechanism proposed to explain the behaviour of soaps [51). 

Hydrocarbons show apparently increased "solubility" in soap 

solution, since they dissolve in the hydrocarbon-like 

interior of a soap micelle. In an analogous fashion, homo-

polymer can be "solubilized" by dissolving in the 1ike-

component of a block copolymer [52,53,54 ). The quantity 

of homopolymer that can be solubilized is highly dependent 
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on the ratio MH/MA of the molecular weight of the homopolymer 

MH to that of the similar block ;,IA in the block copolymer. 

IF appreciable quantities [say, equal volumes) are to be 

solubilized MH/t"A must be less than unity. The amount 

decreases rapidly with increasing values of the ratio above 

unity. 

2.2.3 SYNTHESIS OF THE STABILIZER 

The advent of anionio polymerization and subsequent 

improvements in experim~ntal technique has provided a way of 

producing well-deFined block copolymers consisting of blocks 

wi th predictable and narrowly distributed molecular weights. The first 

reported synthesis of such copolymers was due to Szwarc and 

oo-workers [55). These workers showed that it was possible 

to initiate the polymerization of styeene using a sodium

naphthalene complex Formed in the presence of tetrabydroFuran 

[THF) under perFectly moisture-Free conditions. The red 

solution of polystyrene still contained active polymer chains 

and even when all the monomer had been consumed, polymeriza

tion could be continued by simply adding Further monomer. 

Thus, the term "living polymers" was coined. IF the monomer 

used in the second addition diFFers From that polymerized 

First and iF the anion of the First monomer is capable of 

initiating polymerization in the second monomer, a block 

copolymer is Formed. 

Such an anionic polymerization proceeds with very little 

chain transFer and is devoid of a spontaneous termination 

step. These systems are,however.extremely susceptible to 

termination by any impurities able to donate protons such as 

water and alcohols. IF the rate of initiation is Fast 
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compared to the rate of propagation, all polymer chains 

will be initiated beFore any propagation can occur, and all 

chains will then propagate simultaneously. This leads to a 

polymer of very narrow molecular weight distribution which, 

as predicted by Flory (56), is in Fact a Poisson distribution. 

Each molecule of a monoFunctional initiator is capable of 

initiating one polymer chain, and ,thereFore, any desired 

molecular weight polymer may be generated by varying the 

ratio of monomer to initiator. A monoFunctional initiator 

will,thereFore,generate.polymer chains with number average 

molecular weight (Mn) given by 

M = grammes of monomer 
n moles of initiator (2.14) 

In practice the problem of eliminating impurities sets 

the upper limit For M. It should,however,be noted that 
n 

6 polystyrene of molecular weight 43.7 x 10 has been prepared 

anionically (57), which represents the highest molecular 

weight synthetic polymer synthesized to date. 

Initiators commonly used For anionic polymerization 

include alkali metals, their alkyls and hydrides. Anionic 

systems and the applicability of various initiators have 

been extensivelY reviewed (58, 59,60 ). 

The block.copolymers considered in this research are 

A-B block copolymers of polystyrene (PS) and polydimethyl-

siloxane (POMS). The synthesis of such polymers has been 

described in the literature (61-65). The method of Davies 

and Jones (62) was Followed, with the requisite conditions 

of high purity being met by high vacuum and inert gas 

blanket techniques. 

Styrene was polymerized in toluene solution using n-butyl 
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lithium as initiator: 

n-BuLi + mCH
2

=CH ~ Bu{CH2 -CH) 1CH2CH Li+ 
@l e m- @ 

The propagation rate For this reaction in toluene is slower 

than the initiation rate, and thereFore toluene provides a 

suitable solvent in which to prepare near monodisperse 

product. Polystyryllithium has been shown to be associated 

in pairs in hydrocarbon media, thus slowing down the rate of 

propagation (66). The addition of trace amounts of THF 

breaks down these dimers by Forming a monoetherate of the 

ion-pair which is highly reactive, and augments the propaga-

tion without changing the kinetic order with respect to the 

initiator. n-Butyl lithium is also known to be highly 

associated in hydrocarbon media and it has been shown that 

the predominant Form is the hexamer (67). ~JorsFold and 

Bywater (68,69 ) suggest that this associated species is 

unreactive towards the monomer and that only Free (unassociated) 

n-butyl lithium is able to initiate polymerization, which 

leads to the equilibrium: 

K 
(n-BuLi)6 ===' 6 (n-BuLi) 

K = [n_BuLU 6 

[C n-BuLi) lJ 
These workers indeed Found 

(2.15) 

the 1/6th rate order to 

hold For the initiation of styrene, but have shown in sub-

sequent work (69) reaction orders ranging From 1/6 to nearly 

First order are possible. It has been suggested (70) that 

the amount of unassociated organolithium present would not 

be enough to account For the observed reaction rates, and so 

a reaction has been proposed between the monomer and the 
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associated species. 

AB block copolymers of PS-POMS were obtained by reacting 

polystyryllithium with hexamethylcyclotrisiloxane (03 ) to 

give a lithium dimethylsilanolate anion at the end of each 

polymer chain. In the presence of an ether promotor, 

polymerization of Further 0 3 occurs, as shown below: 

Bu--fCH2CH~1 CH2 CH Li+ 
@ m- ® 

1 P/3 ((CH 3 )2SiD) 3 

Bu--fCH2-~H7m- (SiMe2 0)p_1 SiMe20- Li+ 

1 termination with Me3SiCl 

The "living" polystyryllithium solution turns From orange 

to colourless as the 0 3 polymerizes and the reaction is 

terminated by adding trimethylchlorosilane or methanol. 

The reaction order For the above has been shown to be 

of the order 0.25-0.35 with respect to initiator (64) sugges-

ting as beFore association of silanolate anions. Tert.-

butoxylithium, which has a similar chemical nature to lithium 

silanolates, is known to be highly associated in hydrocarbon 

solvents [~ six-Fold association) and even in ether solvents 

(~Four-Fold association) (71). 

The cyclic trimer 0 3 was chosen as monomer For the POMS 

block in preFerence-to the eight-membered octamethylcyclo-

tetrasiloxane (04 ), since the higher strain energy leads to 

a Faster rate of reaction with minimal Formation of cyclics 

and homoPDMS [72.73). The reactivity of the silanolate 

anion is much less than that of the polystyryl anion; 



thereFore,a block copolymer cannot be prepared by adding 

styrene to a "living" PoMS system (73). 

a.3 DISPERSION POLYMERIZATION 
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2.3.1 A COMPARISON OF HETEROGENEOUS POLYMERIZATION TECHNIQUES 

Several heterogeneous polymerization techniques have been 

developed, and a brieF comparison will serve to emphasise the 

essential characteristics of dispersion polymerization. The 

various techniques can be divided into two types, those which 

are heterogeneous throughout the polymerization, and those 

which are initially homogeneous until polymer precipitates 

and the reaction continues in a heterogeneous manner. 

Emulsion polymerization is perhaps the most commonly 

used heterogeneous polymerization technique, and the subject 

has been reported extensively in the literature ( 1). This 

technique is of the first type described above and is 

characterized by a low monomer solubility in the reaction 

medium, which is water; an initiator which is soluble in the 

reaction medium; ionic or non-ionic surfactants; a high rate 

of polymerization and a product of high molecular weight 

owing to radical isolation within the particles; and 

particles typically 0.1-0.3 pm diameter. A somewhat similar 

technique is that of suspension polymerization, which diFFers 

From emulsion polymerization since the initiator is soluble 

in the monomer, which itself is only sparingly soluble in 

the dispersion medium (again water). Lower levels of surFac

tant are required and polymerization occurs within the 

suspended monomer droplets in a "micro-bulk" Fashion (74'). 

The particles produced by a suspension polymerization are 

coarser than those From emulsion polymerization, typically 



greater than 5 ~m. With certain monomers, an enhanced 

polymerization rate and high molecular weight polymer are 

obtained as a result of the "gel-eFFec~' which will be 

discussed more Fully below. 

Precipitation polymerization (75) is of the second type 

described above and may be carried out in both aqueous and 

organic media. The initially soluble monomer is converted 

into an insoluble polymer which precipitates in the Form of 

a coarse agglomerate or slurry. An increased rate of poly

merization (auto-acceleration) is observed as a result of 

radical-trapping within the highly viscous precipitated 

polymer. 
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An aqueous-type of dispersion polymerization has been 

reported (76) in which aqueous suspensions of polymer, 

particularly poly(vinyl acetate), are prepared and stabilized 

From Flocculation by a relatively high concentration of 

water-soluble polymer such as poly(vinyl alcohol). The 

particles produced are somewhat larger than those prepared 

by conventional emulsion polymerization and tend to settle 

out on Further dilution of the aqueous phase. Having noted 

this exceptional case, the term dispersion polymerization 

will now be taken as describing dispersion polymerization in 

non-aqueous media, which will now be discussed. 

2.3.2 CHARACTERISTICS OF NON-AQUEOUS DISPERSION POLYMERIZATION 

Dispersion polymerization may be regarded as a special 

case of precipitation polymerization in which the precipitat

ing polymer particles are prevented From Flocculation. A 

typical dispersion polymerization begins with a homogeneous 

solution of monomer, initiator and copolymer stabilizer of 

the type described in Section (2.2.1) in an organic diluent. 
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As monomer is polymerized the insoluble polymer precipitates 

within the stirred system as microscopic,discrete particles 

which are prevented From Flocculation by the adsorption of 

the copolymer stabilizer. AFter the initial precipitation 

there is no new nucleation unless there is a drastic change 

in solvency or excess stabilizer is added to the system. 

Polymerization proceeds within the monomer-swollen particles 

and in many cases polymerization is much Faster than a 

corresponding solution polymerization owing to the "gel-

eFFect". Such an eFFec~ also occurs in bulk polymerization 

at high conversion (77), and is due to the restriction of 

normal chain termination processes by the reduced mobility 

of growing polymer radicals within the viscous environment. 

Most types of polymerization mechanisms can be perFormed 

as dispersion polymerizations, such as radical and ionic 

addition, condensation and ring-opening polymerization. The 

mechanism and kinetics of dispersion polymerization have 

been largely derived From studies of radically polymerizing 

systems, and the Following consideration will thereFore be 

conFined to such systems. 

2.3.3 MECHANISM OF PARTICLE FORMATION 

Polymerization begins as in a conventional solution 

polymerization with the thermal or radiation-initiated 

breakdown of initiator into a pair of free radicals: 

heat, 2C H COo* 
6 5 

Benzoyl peroxide 

, 2C H * 2CO 65+ 2 

(R*) 

These radicals then react with monomer to form growing chains 

with a reactive radioal at tha end: 
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e.g. R~:~ + CH2=CHX ~ R-CH2-9H 

X 

--------~, R-fCH2-CH~CH2-CH 
I m I 
X X 

The polymer chain grows in solution until it reaches a 

threshold molecular weight at which it precipitates and is 

involved in the Formation of a particle numleus. Eventually 

termination occurs by either combination and/or dispropor-

tionation depending on the monomer: 

By combination 

By disproportionation 

", ',' 
,', 
',' 

R(CH2 -CH) -CH2-CH + 
I m I 

HC-CH2fCH- CH27=R 
I I n 

X X ! X X 

R-(CH -CH) -CH -CH-eH-CH tCH-CH ) R 
2 I m 2 I I 2 I 2 n 

X X X X 

R-(CH -CH) -CH -CH + 
2 I m 2 I 2 

X X 

CH,.CHfCH-CH2) R 
I I n 
X X 

Three diFFerent models are proposed For the nucleation 

of growing chains described above. The models are illustrated 

in Figure (2.9). 

(a) SelF nucleation (78) [Figure (2.9.a)) 

A polymer chain grows in solution until it reaches a 

threshold molecular weight at which it collapses into a 

condensed state and Forms a particle nucleus. The threshold 

molecular weight is dependent upon the solvency of the 

dispersion medium and every growing chain will Form a new 

nucleus unless it is captured by diFFusion into a particle 

beFore it reaches the threshold molecular weight. 

(b) Assregative nucleation (79) (Fisure[2.9.b)) 

The theory of homogeneous nucleation suggests that as 

polymer chains grolY they tend to associate until a certain 

threshold molecular weight and concentration is reached when 
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they are irreversibly associated and become a particle 

nucleus. Again growing chains only Form a nucleus iF they 

are not Firstly adsorbed onto existing particles. 

(c) Nucleation from micelles (Figure (2.9.c)) 

As discussed in Section (2.2.2) the block and graFt 

copolymers employed as stabilizers are capable of Forming 

micelles in the dispersion medium. It is suggested that 
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chains are initiated and grow within monomer-swollen micelles 

until the critical thre7hold molecular weight is reached when 

a nucleus is Formed. This idea is akin to the model proposed 

by Harkins (80) For emulsion polymerization. 

OF these three models For nucleation, the micelle model 

may be disregarded since the monomer is completely soluble 

in the organic, dispersion medium, unlike emulsion polymeriza

tion, and stabilizer micelles might be regarded merely as a 

reservoir of stabilizer. Both selF-nucleation and aggregative-

nucleation are thought to occur within a real system, with a 

bias towards one mechanism depending upon monomer solubility, 

polymerization rate, etc. 

In the absence of a competing process, the Formation of 

particle nuclei would be expected to continue throughout the 

course of a polymerization, until monomer is depleted. In 

practice, however, the rate of nucleation Falls to a negli

gible level very early in the course of polymerization. It 

is,thereFore,suggested that growing oligomers are captured 

by existing particles beFore they reach their threshold 

molecular weight For precipitation. Fitch and Tsai (78) 

suggest the adsorption of oligomers is a diFFusion-controlled 

process, and that after adsorption the chain is irreversibly 



captured. Barrett [10) proposes an equilibrium adsorption 

model in which at least the low molecular weight growing 

species are in equilibrium between the dispersion medium and 

the surface of existing particles. Irreversible capture in 

this model occurs when the growing chain passes into the 

interior of the particle, where it grows to its threshold 

molecular weight before it could escape. 
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The above models for nucleation represent systems in the 

absence of stabilizing copolymers. It is found that in the 

presence of such copolymers the nucleation process is 

enhanced and more nuclei are-formed. This effect occurs 

since the stabilizing copolymer associates with the growing 

oligomers, which raises the probability of forming a nucleus 

and lowers the probability of capture by existing particles. 

In the self-nucleation model, the stabilizing copolymer 

associates with a single growing chain, as shown in figure 

[2.10.a) protecting it from capture at existing particles at 

lower molecular weight. Therefore the probability of the 

chain forming a nucleus is increased and more nuclei are 

produced. In the aggregative nucleation model [figure 

[2.10.b ), the stabilizing copolymer participates in forming 

incipient nuclei and reduces the interfacial tension. Thus 

smaller nuclei are produced and the total number of nuclei 

is increased. It follows then that an increase in concentra-

tion of a copolymer stabilizer in the dispersion medium will 

enhance the number of nuclei formed, with a consequent 

reduction in the particle size of the final dispersion. 

2.3.4 A KINETIC MODEL FOR DISPERSION POLYMERIZATION 

From a study of the dispersion polymerization of methyl

methacrylate in petroleum ethers (7) the following kinetic 
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Features were apparent: 

(i) The increased rate of dispersion polymerization over 

that of an equivalent solution polymerization indicated that 

the polymer particle Was the main site of polymerization. 

(ii) The rate of dispersion polymerization was independent 

of particle size over a wide range, making a surFace poly

merization mechanism improbable. 
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(iii) The rate of dispersion polymerization was independent 

of the number of particles present and proportional to the 

square root of the initiator concentration. The isolation 

of radicals as in emulsion polymerization is,thereFore)not 

occurring. 

(iv) The polymer particles were ~igniFicantly swollen by 

monomer during polymerization. 

These observations were combined with the mechanistic 

models For particle Formation described above to derive a 

kinetic model For dispersion polymerization. 

assumptions were made: 

The Following 

(i) Particle nucleation occurs early in the course of a 

polymerization and can thereaFter be omitted From a considera

tion of particle growth. 

(ii) Bulk polymerization takes place within the monomer

swollen particles. 

(iii) Growing oligomers are rapidly captured by existing 

particles, aFter only a Few monomer units have been 

polymerized. ThereFore,initiation can be considered as 

taking place completely within the particles, although the 

initiators used are,in realitY,distributed between the 
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dispersion medium and the particles. 

IF dispersion polymerization is then a type of micro-bulk 

polymerization, any kinetic model must be similar to 

ordinary bulk or solution ki~etics. The kinetics of radical 

addition polymerization will be considered. 

Free radical addition polymerization occurs in three 

stages; initiation, propagation and termination. Initiation 

may be considered in two steps. Firstly the l.nitiator (I) 

decomposes to give Free radicals (R~') 

I (2.16) 

The radical then reacts with a monomer unit (M) to form a 

chain radical 

k 
---",p----. M'~ 

1 (2.17) 

where the ks are rate constants with subscripts designating 

the reactions to which they refer. Subsequent propagation 

ste~s, of the general Form 

k 
P (2.18) 

are assumed to have the same rate constant k , since radical 
p 

reactivity is taken as being independent of chain length. 

The termination step involves either combination of 

radicals: 

or disproportionation: 

+ r~ 
y 

(2.19) 

(2.20) 

The rates of the three stages may be expressed in terms of 
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concentrations of the species involved and rate constants. 

Thus the rate of initiation (Ri) is given by 

(2.21) 

where F is the efficiency of the initiator in initiating 

chains. The rate of termination by disproportionation (e.g. 

as with methylmethacrylate (74)) is given by 

R = _Cd [M':J) = k fM,:;-j 2 
t dt t tL J (2.22) 

In many cases the concentration of growing radicals ~~ 

becomes essentiallY constant in the early stages of the 

reaction, as radicals are formed and destroyed at the same 

rate. In this steady state R. = R and the concentration of 
1. p 

growing radicals !!<:1 is given by 

[2.23) 

The rate of propagation is taken as the overall rate of 

disappearance of monomer, hence 

(2.24) 

and substituting from equation (2.22) 

[2.25) 

The average number of monomer units converted to polymer 

by a single initiating radical is known as the kinetic chain 

length (~) and is given by 

(2.26) 

The rate of radical polymerization sometimes increases 

during the course of a polymerization owing to the gel ef'Fect. 
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This phenomenon is pa~ticula~ly ma~ked in the bulk polyme~iza-

tion of methyl methac~ylate [81.82 ). The viscosity of the 

polyme~ization medium inc~eases with inc~easing conve~sion, 

and whilst the diffusion of monome~ molecules is still 

possible, diffusion of the much la~ger g~owing radicals is 

hinde~ed. Thus the ~ate of te~mination is greatly reduced. 

The values of k /k % as in equation [2.25),therefore,inc~eases 
p l 

and the~e is an increase in the ove~all rate of polymerization 

and molecula~ weight of polyme~ p~oduced. At even higher 

conversion monome~ diffusion is hindered by the high viscosuty 

of the medium, and the~efore-k and the overall ~ate of 
p 

polyme~ization fall. Since viscosity is temp~atu~e-dependent 

this so-called gel effect is less pronounced at higher temp-

e~atu~es of polymerization. 

The kinetic model for bulk or solution polymerization 

can now be applied to dispersion polymerization. If the rate 

of initiation within the whole system is R. and the volume 
1. 

f~action of pa~ticles is V, then the effective initiation 

~ate within the particles will be given by: 

R. = R. / V 1.p 1. (2.27) 

If M is the monome~ concent~ation within the particles, 
p 

the ~ate of polymerization within the pa~ticles (R ) is given 
pp 

by an expression of the fo~m of equation [2.25) fo~ bulk 

polyme~ization: 

R = rMpl k [R. /k ) % 
pp l d p 1.p' 

(2.28) 

(2.29) 

Since essentially all polyme~ization takes place within the 

pa~ticles in the volume f~action V, the overall ~ate of 
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polymerization in the whole dispersion is given by, 

R = VR = P pp 
k ( VR l' /k~ ) y, 

p 
(2.30) 

The concentration of monomer within the particles depends 

upon the partition coeFFicient (~) between polymer and the 

dispersion medium. The overall rate of polymerization is , 

thereFore,given by: 

(2.31) 

where f~ is the concentration of monomer within the 

dispersion medium. Two limiting cases to describe the kinetic 

model have been derived ( 7). 

IF ~ and V are small, then ~J may be taken as the 

overall monomer concentration [~., Here V is roughly equal 

to ~.J oXoVp ' where ~Jis the initial monomer concentration, 

x is the Fractional conversion and V is the volume of 
p 

polymer per mole of monomer. Then 

(2.32) 

IF ~ is large and most of the monomer is Found within 

the particles, V is approximately equal to ~IJ Vm where Vm 

is the molar volume of the monomer. ~~J is then roughly equal 
p 

to (1-x)/V , and 
m 

(2.33) 

The overall kinetic model,thereFore,depends upon the 

system. It has been shown ( 7) that the model derived For 

low values of 0< describes well the kinetics of the dispersion 

polymerization of methyl methacrylate, whilst equation (2.33) 

describes the dispersion polymerization of more polar monomers 

such as acrylonitrile. 
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2.4 fRQP~RTIcS OF NON-AQUEOUS DISP~RSION3 

2.4.1 RHEOLOGY OF DISPERSIONS 

A study of the rheological properties of a colloidal 

dispersion can provide much inFormation about the nature of 

the dispersion, such as the state of coagulation, the thick-

ness of adsorbed layers and particle anisotropy. The 

viscosity of a colloidal dispersion is greater than that of 

the medium in which the colhid is dispersed. This is a con-

sequence of an enhanced rate of energy diss~pation during 

laminar shear Flow and is due to the perturbation of the 

streamlines by the colloidal particles. 

Einstein (83) has considered a dilute system of small, 

spherical, rigid, non-interacting particles, in which the 

transFer of momentum between colliding particles is negligible. 

The viscosity (~) of the dispersion is proportional to the 

viscosity of the dispersion medium (~) and the volume 

Fraction of the particles (+) as in equation (2.34) 

) (2.34) 

Assuming that at such low concentrations the hydrodynamic 

interaction between particles can be ignored, the increase 

in viscosity produced by one particle can be summed over the 

total number of particles, hence equation (2.34) gives 

(2.35) 

by neglecting all terms in ~ of higher order than unity. 

This equation is the well known Einstein equation 

containing the Einstein eoeFFicient (~ ) of 2.5, and is only 
o 

strictly applicable a~ volume Fractions approaching inFinite 

dilution. 4t higher volume Fractions up to about 0.25, 
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dispersions still show Newtonian behaviour, and much work 

has been devoted to extending Einstein's approach to higher 

concentrations. At volume fractions greater than 0.01 the 

viscosity of a dispersion is increased due to the formation 

of temporary doublets, triplets and higher orders of associa-

tion which enhance the rate of energy dissipation. The power 

series in volume fraction in equation (2.34) becomes,for more 

concentrated systems,of the forrn 

(2.36) 

This equation reduces to Einstein's equation for a dilute 

system of rigid non-interacting spheres, hence k1 is taken 

as Einstein's coefficient 2.5. The coefficient k2 describes 

the perturbation of streamlines by collision doublets, and 

k 3 , k 4 , etc., describe higher order collisions. 

The values of k have been estimated by many workers, 

and their results have been extensively reviewed (84,85,86 ). 

Values of k2' which under Einstein conditions has a limit of 

4.0, have been placed within the range 5.1 to 10.5 (87,88). 

The infinite power series of equation (2.36) is a 

general form of an exponential function, and it has been 

shown (84) that For disperse systems 

{2.37) 

where k1 is a constant, which is equal to 2.5 at infinite 

dilution. A more general caSe for dispersed systems was 

described by 

( 
k1 h ~ ) = exp 1 

- h<j> 
(2.38) 

where h is a solvation factor. 



From geometrio packing considerations, Mooney (89) has 

developed an equation identioal in Form to [2.38): 

11. 
1(. reI = 1'20 

= exp 

where the constant k is a crowding Faotor. 

[2.39) 

At even higher volume Fractions [~> 0.25) dispersions 
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become non-Newtonian and dilatancy is oFten apparent [90.91 ]. 

Clearly such shear rate dependent systems cannot be described 

completely by equations of the Form [2.36). 

The above equations, derived For rigid, non-interacting 

spheres, may be modiFied to study colloidal particles 

surrounded by an adsorbed layer. In such systems, the 

perturbation of the streamlines during Flow is increased in 

proportion to the volume of the adsorbed layer, unless the 

layer is Free draining. The efFect due to the presence of 

the adsorbed layer can be expressed in two ways: as an 

increase in ~he disperse phase volume or the Einstein 

coeFFicient by a Factor "f", or by an increase in the particle 

diameter 0 by a distance 2&, where & = the thickness of the 

adsorbed layer. Equation (2.36] now becomes 

[2.40) 

in which k1 is the Einstein coeFFicient (~o) and is equal to 

2.5 For rigid, non-interacting spheres. 

Since F = ~/~ , where ~ is the particle volume Fraction 
't'o 0 

and ~is the total volume Fraction, For small values of 2&/0 

[159] 

F = 1 + sb o [2.41] 



Saunders (90) included thrs Factor into the ~looney equation 

(2.39) to give 

<1>0 = 1 k ~ 
~l-n"'"Y/.~r-e-l k 1 F - ~ 0 

(2.42) 

in which k1 is again the Einstein coeFFicient, and k1 F can 

be thought of as the eFFective Einstein coeFFicient. For 

systems of very small particles, where the adsorbed layer 
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thickness is signiFicant compared with the particle diameter, 

the Full Form of equation (2.41) should be used (86), i.e. 

F = (1 + ~)3 
D 

Hence the eFFective Einstein coeFFicient becomes 

(2.43) 

(2.44) 

2.4.2 LIGHT SCATTERING BEHAVIOUR OF NON-AQUEOUS DISPERSIONS 

The scattering of light From a dilute dispersed system 

provides a useFul method of determining the size of the 

dispersed particles in an essentially undisturbed state, 

provided the particle shape is known. Many methods of 

analysing the light scattering behaviour of such systems have 

been developed (92), and the choice of method is largely 

governed by the ratio of the particle size to the wavelength 

of light used, and the ratio of the reFractive index of the 

particle to that of the dispersion medium. Light scattering 

methods are most eFFective For particles of the same order 

of size as the incident wavelength. 

For very small particles, where the diameter 0 is less 

than about one twentieth the wavelength (~) of the incident 

light, Rayleigh scattering is observed (93). The scattered 
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light intensity is proportional to the square of the particle 

volume and the scattering pattern is symmetrical about 900
• 

For a system of particles where 0 is equal to or greater 

than the wavelength of light, the Mie theory describes the 

scattering behaviour (94). Since the Mie theory is in a 

diFFicult Form to interpret, partial solutions have been 

developed using ce~tain boundary conditions. Provided the 

reFractive index ratio of the particles to the dispersion 

medium is near unity, the RaYleigh-Gans approximation can be 

used For larger particles. Larger particles show asymmetric 

scattering about 900
, with more scattering in the Forward 

direction than the backward direction. This is a result of 

a loss of intensity due to destructive interFerence in the 

backward direction. 

Several methods of determining particle size have been 

developed From an observation of the scattering behaviour of 

such systems. An estimate of particle size has been made by 

Finding the position of maxima and minima in the polar 

scatterino pattern of visible light (95.96,97 ), For 

particles in the range 0.18-4.0 }lm. For monosize isotropic 

spheres, the state of polarization of the scattered light has 

been used to determine the particle size of polystyrene 

latexes of size 0.135-1.117 pm (98 ,99 ). Dissymmetry methods 

(100,101) and analysis of the intensity of scattering at 

Forward angles (10~ are methods which have also been used 

successFully. The many methods available For analysing the 

light scattering behaviour of dispersed systems have been 

reviewed extensively (103,104,105 ). A dissymmetry method has 

been used in the present research. 

Measurement of the intensity of scattered light at two 



angles symmetrically about 900 can be used to define the 

scattering pattern from which the size of the scattering 

particles can be deduced (106). The ratio of the intensity 

(le) of light scattered at an angle 8 (8(900
) to that 

scattered at its supplementary angle (1800 _Q) is called the 

dissymmetry of the scattering system. For spheres,the 

dissymmetry is given by 

(2.45) 

where x 1 = (~?) sin ~ ~nd x 2 = (2;?) cos ~ 

and A' is the wavelength of light within the m'edium of 

refractive index n (= ~). o n 
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This equation is valid wh~n 21{[np/no)-1)(0/~') is small 

compared to unity (n is the refractive index of the particle). 
p 

Dissymmetries calculated from this equation have been derived 

as a function of D/A' for various pairs of angles of observa-

tion (107), as shown in figure (2.11). The dissymmetry 

increases very rapidly with increasing particle diameter. 

The parameter D is strictly the largest dimension of the 

particle (i.e. the diameter For a sphere), and similar 
. 

expressions have been developed For coiled and rod-like 

particles and aggregates of various numbers of spheres in 

contact (108). 

2.4.3 5mall-Anglp. X-ray Scattering From non-aqueoUs 

dispersions 

In common with light scattering, small-angle X-ray 

scattering provides a method of ~easuring the particle size 

of a dispersion in an essentially undisturbed state. Geveral 

methods of determining the particle size of a two-phase 
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system of dispersed particles have been developed. The 

particle size of such a monodisperse system can be determined 

from a measurement of the total surface area of the particles 

(109,110,111 ]. The surface area can also be determined for a 

completely random two-phase system (112). In the present 

research the method due to Guinier has been used, which 

determines the radius of gyration of the particle in a 

dilute system (113). 

Guinier's trea1'ment was developed for pin-hole collima-

tion of the primary bea~. In the present work slit collima-

tion was used to increase the beam intensity, and, therefore, 

the experimental results must be mathematically modified or 

tldesmeat""ed". The desmeared intensities approximate to those 

which would have been detected with a pin-hole collimated 

primary beam. 

For a dilute, monodisperse system in which particles 

assume all orientations with equal probability, Guinier 

showed that the scattered intensity can be described by 

[2.46) 

where 1(9) and 1(0) are the desmeared intensities at 9 and 

zero angle respectively; A is the electronic radius of 

gyration and A.is the wavelength of the X-rays. Equation 

[2.46) is often expressed in logarithmic form: 

In ICQ) (2.47) 

Guinier's Law is obeyed when a plot of 1(0) against 9
2 

is 

Gaussian .. The radius of gyration R is obtained from the 

slope of the plot of In I[Q) against Q2, which should be 

linear over a relatively large angular range. Deviations 
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From linearity can occur owing to particle asphericity or 

polydispersB particle sizes. For spheres, the radius [a) of 

a particle is given by 

[2.48) 
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CHAPTER 3 

EXPERIMENTAL 

3.1 SYNTHESIS OF BLOCK COPOLYMER STABILIZERS 

Block copolymer stabilizers of the type AB were prepared 

by anionic polymerization, where the A block was polystyrene 

(PS) and the B block was polydimethylsiloxane (POMS). Such a 

"living" polymerization is highly susceptible to termination 

by impurities such as moisture and carbon dioxide, and, 

therefore,polymerizations must be performed under conditions 

of high purity. Two methods of providing such conditions 

have been used, namely polymerization under an inert gas 

blanket and polymerization under high vacuum. 

3.1.1 INERT GAS BLANKET TECHNIQUE 

Purification of reactants 

Styrene (Fisons S.L.A. grade stabilized with tert. butyl 

catechol) was both destabilized and dried by passing a 

solution (20% w/v) in toluene down a 0.3 m column of active 

alumina, and stored over molecular sieve (Linde 3A type) for 

20 h before use. Toluene (BOH A.A. grade) wes dried for 

several days over freshly-baked molecular sieve. The cyclic 

trimer hexamethylcyclotrisiloxane (03 ) was supplied as a 

double-distilled white solid (boiling point 407K) by Oow 

Corning (114 ) and was initially purified (products B1-B3) by 

passing a solution (32% w/v) in toluene down a 0.3 m active 

alumina column. Owing to problems arising from the retention 

of 0 3 on alumina columns, products B4-B7 Were prepared using 
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0
3 

which had simplY been dissolved in toluene and purged with 

dry nitrogen under reFlux. Oxygen-Free nitrogen [B.O.C. 

"white spot") was dried by passing through successive columns 

of molecular sieve, silica gel and calcium hydride. Oiglyme 

[diethylene glycol dimethyl ether, Fisons), which was used as 

a promotor, was puriFied by distillation From sodium wire 

onto sodium and naphthalene, and redistilled From the 

resulting dark-green complex beFore use. n-Butyl lithium 

[PFizer) supplied as a solution in n-hexane [1.66 M) was 

standardized using a modiFied Gilman double titration method 

(115) and used without Further puriFication. 

Polymerization procedure 

Polymerization was perFormed using techniques similar to 

those of Saam et al. [61 ). 3 The equipment comprised a 700 cm 

split-necked R.B. Flask equipped with stirrer, condenser and 

gas/reactant inlet necks, as illustrated in Figure [3.1). 

Using such apparatus up to 0.1 kg of block copolymer could be 

prepared at about a 20% w/v polymer concentration. 

The empty reactor was baked by heating to over 473K with , 

a heating mantle, leFt under a stream of nitrogen For several 

hours and then allowed to cool under a nitrogen blanket beFore 

use. The puriried styrene solution and toluene were intro-

duced directly into the reactor through glass wool Filters. 

A calculated volume of n-butyl lithium solution was then 

added by syringe through a silicone-rubber septum to' the 

stirred monomer solution. The solution turned a deep orange 

colour almost immediately, characteristic of polystyryl anions 

and the exothermic reaction was held below 313K by surrounding 

the reactor with a cold water bath. Polymerization was 
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followed by the disappearance of the monomer peak in a g.l.c. 

analysis, and over 95% conversion was usually achieved within 

one hour. A sample of this homopolymer solution (5 cm3 ) was' 

removed by syringe for subsequent characterization of the A 

block, and the temperature was then ra;~ed to 333K. At this 

temperature the purified 0
3 

solution was added by syringe to 

the reactor, along with enough dig~yme promotor to give a 4% 

v/v solution, and polymerization continued at 333-343K. At 

about 90% conversion of the 0 3 , again estimated by g.l.c. 

analysis, the "living" 'lystem was cooled and terminated with 

chlorotrimethylsilane (1 cm3). Block copolymer stabilizers 

81-87 were prepared according to the above technique. 

3.1.2 HIGH VACUUM TECHNIQUE 

The general principles of high vacuum work as described 

by Morton (116) and Fetters (59.60) were followed. 

Purifications and reactor preparation were performed on a 

purpose-built vacuum frame, illustrated in figure (3.2). The 

pumping system consisted of a rotary oil pump and a mercury 

diffusion pump which was capable of producing a vacuum better 

-2 than 0.1 Nm • Greaseless PTFE O-ring taps and joints 

(J. Young 117 ) were used throughout the main section of the 

frame, and reactors and reactant ampoules were of an all-

glass construction with extensive use being made of breakseals. 

Typical reactant ampoules are illustrated in figure (3.3). 

All glassware was rigorously cleaned using freshly prepared 

chromic acid or Oecon 90 (SOH), washed several times with 

tri-distilled water, and dried. Ampoules and reactors were 

then evacuated and strongly flamed to above 573K to remove 

adsorbed water molecules. 
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PuriFication of reactants 

Styrene was destabilized by washing twice with aqueous 

KOH [10% w/v), washed twice with distilled water and dried by 

stirring under vacuum For several days over a slurry of ground 

calcium hydride. The monomer was degassed by the Familiar 

Freeze/degas/thaw cycles end Final traces of moisture removed 

by distillation onto sodium mirrors until no Further degrada

tion of the mirror was evident. Exposure to two such sodium 

mirrors was usually considered adequate. Measured volumes of 

puriFied monomer were then distilled into a pre-Flamed and 

cooled ampoule via a graduated measuring ampoule, and the 

monomer was Further exhaustively degassed. The ampoule, 

which was equipped with a breakseal, was then sealed oFF From 

the vacuum Frame and stored ar. 253K until required. 

The required weight of 03' obtained double-distilled as 

beFore, was dissolved in dry toluene and then stirred over a 

slurry of calcium hydride under vacuum For 24 h with inter

mittent degassing. The toluene was then distilled into a 

pre-Flamed collection ampoule Followed by the cyclic trimer, 

to give a puriFied solution which was then exhaustively 

degassed beFore the ampOUle was sealed oFF and stored at 253K 

until required. The transFer of the 03 solution in this 

manner was Foupd to be quantitative. Products BB and B9 were 

prepared using solutions of 0 3 in toluene which had been 

dried over molecular sieve and syringed directly into nitrogen

Filled pre-Flamed ampoules beFore the usual degassing end 

sealing oFF operations. This puriFication technique proved 

less eFFicient than the First described me~hod. 

Oiglyme was again distilled From sodium wire onto sodium 

and naphthalene, and distilled under vacuum From the resulting 
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dark-green complex directly into calibrated ampoules. 

Products B8 and B9 utilized tetrahydroFuran [THF; Fisons 

S.L.A. grade) as promotor, which was puriFied as For diglyme. 

Toluene, stored over molecular sieve, was distilled onto 

ground calcium hydride and stirred For several days under 

vacuum with intermittent degassing. The solvent was then 

distilled onto a 1:1 liquid alloy of sodium and potassium. 

Such an alloy breaks up with stirring to give very many small 

spheres with a large continually renewing surFace area. This 

provides a very eFFicie~t drying agent For solvents, although 

care is required since the alloy is spontaneously combustible 

in air. When required the dried toluene was distilled 

directly into the polymerization reactor up to a pre-calibrated 

mark. 

n-Butyl lithium was supplied and standardized as beFore, 

and the required volume was injected into a pre-Flamed 

initiator ampoule Figure [3.3) through the rubber septum. 

The septum arm was then immediately sealed oFF, so that the 

initiator solution could be degassed and sealed oFF From the 

line in the usual way. A lack of turbidity in the initiator 

solution indicated successFul transFer. A Few drops of well

degassed methanol [Fisons A.A. grade) seaied into a terminator 

ampoule [Figure [3.3)) served as terminator. Products B24 

and 825 were terminated with a Few drops of chlorotrimethyl

silane [Fisons S.L.A. grade). 

Polymerization procedure 

The reactant ampoules were sealed onto an all-glass 

reactor [Figure [3.4)) containing two PTFE-covered magnetic 

stirrer bars. The reactor was designed such that two 
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products of equal A block length but diFFering B block 

lengths could be prepared simultaneously,by splitting a 

solution of "living" polystyryllithium and adding diFFering 

amounts of 0 3 to each portion. The reactor was constructed 

From two 500 cm3 bulbs and was used to synthesize up to 

0.6 Kg of copolymer at about 20% polymer concentration. 

The reactor Was attached to the vacuum line, evacuated 

For several hours and strongly Flamed. PuriFied toluene was 

distilled directly into bulb I of the reactor (see Figure 

(3.4)) and exhaustively.degassed. The reactor was then 

sealed oFF From the line at "a". Bulb I was surrounded by 

a cold water bath and initiator added by breaking the 

appropriate breakseal with the magnetic stirrer bar. The 

initiator ampoule Was rinsed with c?ndensing solvent, and 

styrene monomer was then added dropwise to the stirred solu-

tion. The characteristic deep-orange colour of polystyryl 

anions developed virtually immediately and upon com.letion 

of the styrene addition, polymerization proceeded at room 

temperature. The exothermic reaction was again checked with 

a cold water bath. AFter one hour the bath could be 

removed and the polymerizing solution was leFt For a period 

of 3-5 hours to ensure almost complete monomer conversion. 

The "living" polystyryllithium solution was then 

equally divided between bulbs I and II by tilting the 

reactor, and a sample (10 cm3 ) introduced into the sample 

ampoule For subsequent characterization of the A block. The 

solutions in each section of the reactor were then Frozen 
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and the reactor separated at "b" and "c". The PS-homopolymer 

sample was immediately terminated by opening the ampoule 

under methanol. 



Each half of the reactor was then treated separately. 

0
3 

solution was added to the stirred solution of polystyryl

lithium at room temperature and the solution left for three 

hours. During this time, the colour of the solution faded 

to almost colourless, as each polystyryl anion was capped 

with one ring-opened trimer unit. Oiglyme was then added to 

the solution to promote the further polymerization of 0
3

, 

and the stirred solutions were left to polymerize at room 

temperature (812-825) or at 333K (88-811). The time of 

polymerization was chosen according to the polymerization 

temperature and the length of the 8 block. Generally, up to 

30 h was allowed for a POMS block of M -' 50 000 at the n 
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higher temperature, and up to 50 h for the same block at room 

temperature. 

An increase in viscosity of the polymerizing solution 

was noted. This was particularly marked for higher molecular 

weight products (e.g. 817 and 825), which also showed opales-

cence or slight turbidity owing to the phase separation of 

micelles at these concentrations. The "living" systems were 

terminated by adding the terminator via the appropriate break-

seal, and particularly in the high molecular weight products, 

a significant drop in viscosity was noted, as a result of 

disassociation of the anions. 

8lock copolymer stabilizers 88-825 were prepared 

according to the above method. Products 88, 89, 824 and 825 

were prepared by adding promotor along with the 0 3 solution 

to the polystyryllithium solution, as suggested by Zilliox 

et a!. (64 ). 



3.1.3 RECOVERY AND PURIFICATION 

Block copolyme~s p~epa~ed using both the techniques 

desc~ibed above we~e p~ecipitated in excess methanol, washed 

twice with methanol and once with distilled wate~, and d~ied 

unde~ vacuum at 333K Fo~ 30 h. The PS-homopolyme~ samples 

We~e simila~ly t~eated. 

3.2 SOLUTION POLYMERIZATION OF HOMPOLnlERS 

3.2.1 SYNTHESIS OF POMS-HOMOPOLYMEA 

57 

POM5-homopolyme~ samples S2, S4 and S7 we~e p~epa~ed by 

polyme~izing 0 3 anionically-using methods simila~ to those 

desc~ibed by Saam et al. (61 ]. A high molecula~ POMS sample 

(55] p~epa~ed simila~ly was supplied by O~. O.P. Jones (114]. 

The cyclic t~imer, diglyme p~omoto~ and solvent we~e pu~iFied 

as desc~ibed in Section (3.1.2]. POM5 was p~epa~ed by adding 

a calculated volume of n-butyl lithium solution, standa~dized 

as beFore, to a solution of 0 3 • Each butyl lithium molecule 

~eacted with one 03 monome~ unit only, and Furthe~ polyme~iza

tion occu~~ed only upon addition of the diglyme p~omoto~. 

Thus, p~oducts of na~row molecula~ weight distribution could 

be p~epa~ed. 

Product 52 was p~epared unde~ nit~ogen blanket in a 

simila~ reactor to that of Figure (3.1]. The polyme~ization 

solvent was cyclohexane, and polymerization was continued 

unde~ reFlux at 357K for 8 h, afte~ which the living anions 

we~e terminated with a Few d~ops of methanol. Products 54 

and S7 we~e p~epa~ed unde~ high vacuum using techniques 

similar to those desc~ibed in Section (3.1.2]. Both products 

we~e prepared in toluene and polym~ization was continued at 

~oom temp~atu~e For 23 h (S4] and 50 h [57), terminating 



each reaction as before with methanol. 

The products were precipitated in excess methanol, 

washed twice with methanol and once with distilled water and 

dried at 333K under vacuum for 30 h. 

3.2.2 ANIONIC SOLUTION POLYMERIZATION OF PS-HOMOPOLYMER 
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Polystyrene was prepared by homogeneous anionic 

polymerization techniques similar to those described in 

section (3.1). Solution polymerzation 56 was perFormed under 

nitrogen blanket by polymerizing styrene dissolved in benzene 

(SOH A.R. grade; dried as For toluene) plus a trace « 0.5% 

v/v) amount of THF, using n-butYl lithium as initiator. 

The reactor used was as described above and conversion of 

monomer was Followed gravimetricallY by periodicallY with

drawing samples (1.0 cm3 ) of the polymerizing solution. The 

samples of known volume were then dried to constant weight 

at 373K in aluminium trays to determine the concentration of 

polymer in solution. The reaction conditions are recorded 

in table (3.1). 

Solution polymerizations 53, 58 and 59 were performed 

in a similar manner using high vacuum techniques as described 

before. These polymerizations were carried out in the 

presence of pre-formed block copolymer, and the reaction 

conditions are again recorded in table (3.1). 

3.3 CHARACTERIZATION OF HOMOPOLYMERS AND SLOCK COPOLYMERS 

3.3.1 GEL PERMEATION CHROMATOGRAPHY 

Gel Permeation Chromatography (GPC) was used to obtain 

a rapid characterization of the molecular weight and 

molecular weight distribution of the polymers prepared above. 



No. IVt 
Monomer and 

% w.r.t. solvent 

S2 0 3/25% 

S4 0 3 /5,0% 

S7 0
3

/20% 

53 Styrene/9% 

58 5tyrene/9% 

59 5tyrene/9% 

56 Styrene/17% 

Reaction Conditions for Solution Polymerizations 

Initiator (nBuLi) 
Conc. ~1 x 104 

5.B2 

49.5 

14.5 

11,0 

11.0 

11.0 

14.5 

Solvent 

Cyclohexane 

Toluene 

Toluene 

Toluene 

Toluene 

Toluene 

Benzene 

Temp, (K) 

357 

29B 

29B 

298 

299 

298 

298 

Technique 
(a) N2 blanket 
(b) High vacuum 

a 

b 

b 

b 

b 

b 

a 

Remarks 

+ 4% digliyme 

+ 4% diglyme 

+ 4% diglyme 

in presence of 2% 
B15 (+ 0,1 % THP) -t 

ID 
IT 

in presence of 2% ..... 
ro 

624 (+ 0.1 % THP) 
G) . 

in presence of 2% -" 

B20 (+ 0.1 % THF) 

+ 0.1% THF 
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A Waters ALC/GPC 501 instrument was used. with four commer

cially available 5tyragel columns of nominal pore size 103 R, 

104 ~, 105 Rand 106 ~. The instrument was operated at room 

temperature using THF as eluent at a pumping rate of 2.5 cm 3 

. -1 ( / m1n • GPC traces were obtained For polymer samples 0.2% w v 

in THF) as described in the instruction manual (118). The 

instrument was calibrated using a series of polystyrene 

standards (119) of narrow molecular weight distribution. 

3.3.2 HIGH SPEEO OSMOM~TRY 

The number everage molecular weight (Mn) of both 

homopolymers and block copolymers was determined by high 

speed membrane osmometry. A Hewlett-Packard 502 instrument 

was used as described in the instruction manual (120) at 

room temperature operating with degassed toluene as solvent. 

The osmotic pressure (rr) of a series of polymer solutions at 

-1 concentrations 4-10 gl was measured for each sample. 

3.3.3 SILICON ANALYSIS 

Block copolymer samples were analysed for silicon by 

conversion of the silicon to silicate by Fusion with sodium 

peroxide in a Parr bomb (121). The silicate was then 

converted to silicomolybdate under controlled conditions, 

which on reduction yielded a blue colour owing to the 

formation of molybdenum blue. The conversion of the silicate 

to the molybdenum blue complex, and subsequent measurement of 

the optical density was carried out automatically on a 

Technicon Auto Analyser (122). This analysis was performed 

by the Q.A.D. section of Dow Corning Ltd., Barry, U.K. 
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3.4 PREPARATION OF NON-AQUEOUS DISPERSIONS OF POLYSTYRENE 

3.4.1 MICELLAR DISPERSIONS 

Micellar dispersions have been prepared with block 

copolymers B1, B3, B4, B5 and B6 in n-dodecane [Fisons S.L.R. 

grade) and B1 in n-heptane [Fisons S.L.R. grade). The block 

3 copolymer [5.0 g) was dissolved in the solvent [50 cm ) by 

heating (up to 473K in dodecane) in a R.B. Flask equipped 

with a condenser and magnetic stirrer. The solution was 

cooled with stirring and phase separation was noted, giving 

a micellar dispersion. Such a aispersion was also prepared 

(082) using a solution of B1-[5.D g) dissolved in chloroForm 

[30 g), which was poured with stirring into excess n-heptane 

[75 g). The chloroForm was then distilled From the 

resulting dispersion. 

3.4.2 RADICAL NON-AQUEOUS DISPERSION POLYMERIZATION OF 

STYRENE 

Dispersions of polystyrene in aliphatic hydrocarbon 

media were prepared radically using block copolymers of 

PS-PDMS as stabilizers. 

Styrene monomer was destabilized with aqueous KoH and 

dried over calcium hydride as beFora, degassed and distilled 

under vacuum immediatelY beFore use. Further degassing by 

repeated Freeze/degas/thaw cycles ensured the removal of 

dissolved oxygen. Block copolymer stabilizer was dissolved 

in the degassed monomer and the resulting solution stirred 

into the selected dispersion medium [e.g. n-heptane 

previously dried over molecular sieve). Alternatively the 

stabilizer was dissolved in the dispersion medium and monomer 

stirred into the resulting solution. In both cases, the 



entire solution was purged For 30 minutes with dry nitrogen 

to remove air, aFter which the purge was converted to a 

nitrogen blanket. Three radical-producing initiators were 

used: 

(i) Benzoyl peroxide (BOH) was used aFter drying For 

several days under vacuum. 

(ii) Azobisisobutyronitrile (AZBN) (BOH) was used aFter 

recrystallization From ice-cold ethanol to give white 

needle-like crystals. 

(iii) bis(4.tert.butylcyclohexyl)peroxydicarbonate 

("Perkadox 16" supplied by Akzo Chemie) was used as 

obtained [98% peroxide content). 
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The apparatus (Figure (3.5)) consisted of a 250 cm 3 three

necked R.B. Flask equipped with st~rrer, condenser, rubber 

septum and thermometer. The temperature of polymerization 

was controlled (to ~ 1K) by immersing the reactor in a 

thermostatted water bath. Two polymerization techniques were 

used: 

"One-stage" Polymerization Technigue 

Initiator was added to the monomer and stabilizer 

dissolved in the dispersion medium and the temperature 

raised to the desired polymerization temperature (usually 

333-343K). The initially clear solution soon became cloudy, 

then opaque white, as the dispersion was produced. AFter the 

desired polymerization time (typically 9-22 h) the dispersion 

was cooled and transFerred to a storage bottle Flushed with 

oxygen. Polymerizations were carried out at diFFerent 

temperatures For diFFering lengths of time and the eFFects 

of varying stabilizer concentration and composition were 
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investigated. The extent of monomer conversion was estimated 

by determining the polymer content of a sample (1.0 cm 3
) of 

the dispersion, as described in section (3.2.2). The reaction 

conditions used for individual dispersion polymerizations ere 

recorded in table [3.2). 

"Seeded" Polymerization Technique 

This method involved polymerizing a "seed" portion 

(usually ~ 10%) of the total monomer with an equivalent 

amount of initiator and stabilizer, after which further 

monomer, initiator and stabilizer were added as a "feed" over 

a period of time. Typically the "seed" stage lasted 1-2 h 

and the "feed" was added dropwise or incrementally over a 

period of 9-12 h. The total reaction time was varied from 

9 to 46 h,after which successFul dispersions were cooled and 

stored as before. Again, the effects of var~in9 initiator 

and stabilizer concentration and types were studied. The 

individual reaction conditions are given in table (3.2 ). 

3.4.3 ANIONIC DISPERSION POLYMERIZATION OF STYRENE 

Inert Gas Blanket Technique 

The apparatus was similar to that used For radical 

dispersion polymerization (Figure (3.5)). In order to 

prevent premature termination of the "living" anions, 

conditions of high purity were employed. The reactor was 

strongly Flamed to over 5731{ to remove adsorbed moisture and 

allowed to cool under a blanket of dry nitrogen beFore use. 

Styrene monomer, destabilized and dried as beFore, was kept 

under nitrogen blanket during transFer and the dispersion 

medium (usually n-heptane or n-dodecane) was dried over 



Reaction Conditions For the Radical Dispersion Polymerization of Styrene 

~ispersion 
Initiator Monomer Stabilizer ~tode Temp. 

Total 
No. and cone. and cone. and conc. [a) one stage polymerization 

medium [weight %) [weight %) [weight %) [b) seed/feed 
[K) time 

01 hexane benzo~l /0.50 
perox.~ale 

20.0 89/20 a 333 18 h 

018 heptane benzo~l /0.50 
perox~de 

20.0 83/1.9 a 333 9 h 

019 heptane benzo~l /0.50 
perox~de 

20.0 83/2.0 b 333 21 h 

020 heptane AZ8N/0.30 20.0 83/2.0 b 333 24 h 

023 heptane AZ8N/0.60 20.0 83/2.0 b 333 46 h 

026 heptane AZ8N/0.56 20.0 89/1.5 b 333 45 h 

029 heptane AZ8N/0.50 20.0 811/2.0 b 335 50 h 

037 heptane AZ8N/1.00 20.0 814/2.0 b 338 55 h 

048 pet. ether nperkadox/o 50 20.0 814/2.0 b 323 27 h 
40/60 16" • 

067 heptane AZ8N/0.50 16.5 814/5.3 a 342 21 h 

094 heptane AZ8N/0.25 20.0 83/2.0 b 333 48 h 

N.8. All concentrations are expressed as weight or mole percent with respect to the dispersion 
medium. 
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molecular sieve or calcium hydride and distilled beFore use. 

Ini tiators used were n-butyl lithium (~ 1.0 M in n-hexane) 

and sec-butyl lithium (~1.3 M in cyclohexane) and both were 

standardized as described previously. A trace amount ( 0.5% 

v/v) of THF was added to systems initiated with n-butyl 

lithium. The initiator solution was added dropwise From a 

syringe to a stirred solution of monomer, stabilizer and 

dispersion medium, until a Faint pink colouration was seen, 

indicative of the presence of polystyryl anions, and hence 

the purity of the syste~. A Further amount of initiator was 

then added, calculated to give a product of the desired 

molecular weight (typically _25000). The solution turned 

immediatelY orange and very quickly the clear solution 

became opaque as polymer particles Formed. In many cases 

this orange colour soon Faded to give a white latex. 

Dispersions prepared in n-dodecane Vlere terminated in the 

usual manner aFter 4 minutes, during which time the orange 

colour had not Faded. Dispersions 064, 073 and 081, 

stabilized by 81 and 83 and polymerized in this way, retained 

their orange colour For over two hours. 

Polymerizations were carried out at temperatures 

ranging From 293-348K and the application of a "seeding" 

technique, as described above, was attempted. The addition 

of initiator as an incremental Feed was investigated, and as 

beFore the eFFects of varying stabilizer and initiator typeg 

and concentrations were studied. Individual reaction 

condi tions are presented in tables (3.3.3.4.1. 

High Vacuum Technique 

Anionic dispersion polymerization was carried out in a 

reactor attached to the vacuum Frame as seen in Figure (3.6). 



Reaction Conditions for the Anionic Dispersion Polymerization of Styrene 

Dispersion Initiator Monomer Stabilizer Type Temp. Total 
No. and cone. cono. and cone. [a) N2 blanket polymerization medium 

[mole % 104 ) [weight %) [weight %) [b) High vacuum 
[K) 

time x 

034 heptane sec 8uLi/5.o 20.0 911/2.0 a 333 12 min 

052 heptane n9uLi/4.o 10.0 811/2.0 b 299 22 min 

056 heptane n9uLi/6.6 16.5 915/5.3 b 298 45 min 

057 heptane n9uLi/16.5 16.5 915/5.3 b 298 75 min 

062 heptane n9uLi/13.0 10.0 915/2.0 b 298 15 min -i 
DJ 
0-

064 heptane n9uLi/17.0 16.5 81/5.3 
.... 

a 299 4.0 h ro 
w 

072 heptane b9uLi/9.9 16.5 82/5.3 a 306 105 min w 

073 heptane n9uLi/9.9 16.5 81/5.3 a 298 125 min 

077 heptane n9uLi/9.9 16.5 93/5.3 a 301 25 min 

095 heptane h8uLi/6.6 16.5 824/5.3 a 298 105 min 

/60.0 as 
097 heptane n9uLi incremental 20.0 924/2.0 a 298 

feed 

099 decane n9uLi/7.6 16.5 924/5.3 b 298 2.5 h 

099 decane n9uLi/8.7 20.0 924/2.0 b 298 45 min 

0100 dodecane n9uLi/8.7 20.0 824/2.0 a 298 4 min 

0103 dodecane n9uLi/17.4 20.0 914/1.49 a 298 4 min 



No. 

0104 

0106 

0107 

0108 

0110 

0112 

Reaction Conditions For the Anionic Dispersion Polymerization of Styrene [cont.) 

~ispersion 

medium 

dodecane 

dodecane 

dodecane 

dodecane. 

dodecane 

dodecane 

Initiator 
and cone. 

[mole % x 104 ) 

nBuLi/17.4 

nBuLi/11.6 

n8uLi/8.7 

nBuLi/4.3 

nBuLi/11.6 

nBuLi/17.3 

Monomer 
cone. 

(weight %) 

20.0 

20.0 

20.0 

20.0 

20.0 

16.5 

Stabilizer 
and cone. 
(weight %) 

B14/1.4B 

B14/2.0 

B16/2.78 

B17/1.68 

821/1.06 

B1/5.3 

Type 
(a) N2 blanket 
(b) High vacuum 

a 

a 

a 

a 

a 

a 

Temp. 
(K) polymerization 

time 

Total 

2SB 2 min 

298 5 min 

298 4 min 

298 4 min 

298 4 min 

298 4 min 

-i 
W 
er ..... 
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The initiator solution was sealed into an ampoule as 

described in section (3.1.2) and the ampoule sealed onto the 

reactor. Block copolymer stabilizer was weighed directly 

into the reactor and left overnight under vacuum. The 

conditions under which the stabilizer had been synthesized 

ensured its purity. The dispersion medium, which again 

contained a trace of THF promotor, was dried over ground 

calcium hydride under vacuum, and thoroughly degassed before 

being distilled into the reactor, The stabilizer was stirred 

to dissolve in the dispersion medium, using a magnetic 

stirrer bar, and a measured volume of styrene monomer, 

destabilized and dried es in section (3.1.2),was distilled in 

via a measuring ampoule. Initiator was added to the reactor 

through the breakseal, and polymeri~ation proceeded as 

described above. 

Occasionally a reactor containing reactants purified 

under vacuum was flushed with dry nitrogen, and polymeriza

tion initiated and proceeded with as under an inert gas 

blanket. Reaction conditions are again to be found in 

table [ 3.3). 

3.5 PREPARATION OF NON-AQUEOUS OISPERSIONS OF 

POLY(METHYL METHACRYLATE) 

Methyl methacrylate (MMA) (Fisons S.L.R. grade, 

stabilized with quinol) was destabilized with aqueous KOH as 

for styrene and dried over a slurry of ground calcium hydride 

under vacuum for several days. The monomer was degassed and 

distilled when required for use. 

Polymerization techniques were similar to those 

described Forthe radical dispersion polymerization of styrene, 
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and both "one-stage" and "seeding" techniques were utilized. 

AZBN was used as a radical-producing initiator and polymeriza

tions were generally carried out in refluxing hexane at 342K. 

A dispersion of low molecular weight poly(methyl meth

acrylate) (PMMA) was prepared (066) in the presence of 

carbon tetrabromide (0.5% w/v) which acted as a chain transfer 

agent. 

The effects of varying stabilizer type and concentration, 

and the amount of monomer in the "seed" stage were investi

gated. The conditions of polymerization for each individual 

dispersion are recorded in tables ( 3.5 • 3,6] 

3.6 PURIFICATION OF NON-AQUEOUS DISPERSIONS BY REDISPERSION 

In order to remove unconverted_monomer, unadsorbed 

stabilizer and initiator residues from the dispersions 

prepared above, the dispersions were subjected to several 

redispersion cycles. The dispersion was centrifuged at 

10 000 r.p.m. for 15 minutes and the supernatant above the 

precipitated polymer particles was replaced by fresh 

dispersion medium. The particles were redispersed by 

vigorous shaking or ultrasonic vibration, and the redisper

sion cycle repeated. Analysis of the supernatant by infra

red spectroscopy has shown that three such redispersion 

cycles are usually sufficient to reduce to negligible pro

portions the excess stabilizer content. Redispersion also 

provided a way of exchanging the dispersion medium for a 

different one, and products prepared in n-hexane have been 

redispersed in n-heptane, n-decane, n-dodecane, cyclohexane 

and Freon 113 (1,1,2-trichloro-1,2,2-trifluoropthane) in this 

way, 

• 



Reaction Conditions ror the Radical Dispersion Polymerization or Metl<;lyl Methacrylate 

~ispersion 
Initiator t~onomer Stabilizer Mode Temp. Total 

No. medium and cone. cone. and cone. (a) One stage (K) polymerization 
(weight %) (weight %) (weight %) (b) Seed/feed time 

043 heptane AZ8N/0 .15 20.0 811/2.0 a 353 7 h 

044 hexane AZ8N/0.023 16.5 815/5.3 b 342 8 h 

049 pet. ether AZ8N/0.023 16.5 814/5.3 b 343 8.75 h BO/80 

051 pet. ether 
AZ8N/0.023 16.5 811/5.3 b 343 10 h mixture -I 

III 

055 hexane AZ8N/O.023 16.5 815/5.3 a 342 3.2 
0" 

h ,.... 
III 

066 hexane AZ8N/O.023 16.5 815/5.3 a' 343 5 h w , 
m 

074 hexane AZ8N/O,023 16.5 817/5.3 b 342 6.7 h 

075 hexane AZ8N/O.023 7.4 817/4.'7 a 342 8 h 

076 hexane AZ8N/0.023 16.5 815/5.3 b 342 7,75 h 

078 hexane AZ8N/O.023 16.5 810/5.3 b 342 4 h 

079 heptane AZ8N/0.023 16.5 820/5.3 b 342 9 h 

080 hexane AZ8N/D.023 16.5 821/5.3 b 342 8 h 

084 hexane AZ8N/D,023 16.5 815/5.3 b 342 7 h 

088 hexane AZ8N/D.023 7.4 823/5.3 a 342 5 h 

089 hexane AZBN/D.023 12.1 816/8.0 a 342 5.5 h 



Reaction eonditions ror the 

Dispersion Initiator 
No. and cone. medium (weight %) 

090 hexane AZ8N/D.023 

091 hexane AZ8N/0.023 

0101 hexane AZ8N/0.023 

-- - ------------ -

Radical Dispersion Polymerization or Methyl Methacrylate (cont.) 

Monomer Stabilizer Mode Temp. Total 
cone. and cone. (a) One stage polymerization 

(weight %) (weight %) (b) Seed/reed 
(K) 

time 

16.5 815/3.95 b 342 6.75 h 

16.5 815/6.58 b 342 8.3 h 

16.5 825/5.3 b 342 7 h 

-t 
ID 
C..... 
!\l 

W . 
m 



3.7 CHARACTERIZATION OF NON-AQUEOUS DISPERSIONS 

3.7.1 PARTICLE SHAPE, SIZE AND SIZE DISTRIBUTION 

Sedimentation 

A rough estimate of the order of the particle size of a 

dispersion was made by observing the settling of particles 

under gravity. Very approximately, polymer particles in 

n-heptane of particle size > 1 I'm settled out in less than 

an hourl particles of size 0.1-1f1m settled within a Few 

days; and particles smaller than 0.1 f-m showed little 

settling over long periods of time. 

Consideration of this behaviour was important when 

selecting systems For subsequent study of properties such as 

rheology and light scattering behaviour. For studies in 

which the experimental time scale is long and the particles 

are large, sedimentation problems could be minimised by 

redispersion in a denser dispersion medium. 

Optical Microscopy 

Optical microscopy was used to determine particle size 

and shape, but its application was limited to particles of 

size greater than ~ 1 )Am. 

Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was used 

extensively to determine particle size, shape and size 

distribution. Samples were prepared by placing one drop of 

diluted dispersion (~0.1% w/v polymer content) directly 

onto a carbon-coated copper grid and evaporating to dryness. 

Samples were examined at magniFications of 2-100 x 103 times 
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using an AEI EM6 instrument calibrated with a replica of a 

2160 lines mm-1 grating. Particle size and size distribution 
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were calculated From direct measurement of individual 

particles on the micrographs. 

Lisht Scattering 

Dissymmetry measurements were obtained using a SoFica 

P.G.D. 4200DM photogoniometer operating at ambient 

temperature. The green line of the mercury spectrum (A= 

546 nm) was used in a vertically polarized mode. Very 

dilute dispersions of PMMA « 2.10-4 gm-3 ) in either Freon 113 

(Fisons) (n = 1.356) or a mixture of n-dodecane and n-heptane 
o 

(55:45 v/v) (n = 1.404) were contained in a cylindrical glass 
o 

cell. The intensity of scattered light (I) was measured 

between 400 and 1400 at 100 intervals. The samples were 

diluted Further until no change in dissymmetry with concentra-

tion was observed. All diluents were Filtered beFore use to 

remove dust. The dispersion sample was replaced by the pure 

dispersion medium and the intensity of scattering (I
B

) at each 

angle was subtracted From the sample intensities. 

Small Ansle X-Ray Scatter ins 

Samples of dispersions DB7 and 084 redispersed in 

n-dodecane (at 2-8% w/v polymer content) were contained in 

sealed Lindemann tubes of diameter 1.0 mm. A sample of the 

dispersed phase of DB4 was dried under vacuum and similarly 

treated. A Rigaku-Denki goniometer (Model 2202) was used 

For small angle X-ray scattering studies with slit-collimated 

nickel Filtered CuK- radiation. The detector was a sodium 

iodide scintillation counter linked to a pulse height 

analyser, and the detected pulses were stored in a 100-

channel multichennel analyser. A step scanner advanced the 

goniometer at angular increments of 0.01 0 and samples were 



scanned From 0.0550 to 1.0450 with 100 s counting time. 

Background intensities were determined by placing a sample 

in an absorbing position just in Front of the detector and 

rescanning over the sample angular range. 

3.7.2 SURFACE COVERAGE 

The surFace coverage of the particles could be 

conveniently estimated From a silicon analysis. Samples of 

the dispersions were washed by redispersion cycles, as 

described in section [3.6), to remove unadsorbed stabilizer. 

The dispersion medium was then evaporated under vecuum and 

the dried disperse phase subject to silicon analysis as 

described in section [3.3.3). 

3.7.3 ISOLATION AND ANALYSIS OF THE STABILIZER ADSORBED ON 

A PMMA DISPERSION 

The stabilizer [B15) adsorbed on a low molecular weight 

PMMA dispersion [066, M = 15 BOO) was isolated From a 
n 

washed and dried sample of the disperse phase. Acetonitrile 

[Fisons S.L.A. grade) was used as solvent in a Soxlet 

extraction, and the extraction continued For 70 h. The 

acetonitrile extracted the PMMA From the disperse phase to 

leave the stabilizing block copolymer, which was then washed 

with- methanol and dried. The isolated block copolymer was 

then analysed by GPC. 

3.8 PROPERTIES OF NON-AQUEOUS DISPERSIONS 

3.8.1 RHEOLOGY 

The relative viscosities of dispersions at dispersed 

phase volume Fractions of 0.02-0.25 were measured using an 
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Ostwsld-Fenske-type capillary viscometer of capillary diameter 

0.65 mm. This diameter was very large compared to the 

diameter of the dispersion particles, thus corrections For 

wall-eFFects (123) could be neglected. Aelative viscosities 

were determined For dispersions in n-heptane [PMMA partlc!esl,and 

n-dodecane [PS part Ic!es I at 298 !.. 0 .02K. Cumulative errors 

arising From dilution procedures were avoided by gravimetri

cally determining the polymer content of samples of the 

dispersion, as described beFore, at each dilution. The 

viscometer was washed with Filtered heptane and Filtered 

chloroForm and dried between each determination. 

Particles of the non-Flocculated dispersions tend to 

accumulate with time on the walls of glass vessels. A method 

of preventing this (124) involved t~e prior adsorption of 

block copolymer stabilizer on the glass, but only slight 

improvement was noted. The problem was overcome completely 

by silating all galssware with a solution of chlorotrimethyl

silane (10% w/v) in chloroForm. Glassware was baked For. 

several hours at 373K beFore cooling and Filling with the 

silating agent. AFter 24 h exposure to this silating agent, 

glassware was washed thoroughly with Filtered chloroForm and 

dried. The silation of a viscometer in such a manner remained 

eFFective For all the rheology studies perFormed. 

3.8.2 FLOCCULATION STUDIES 

Dispersions were Flocculated by reducing the solvency of 

the dispersion medium in two ways; by adding ethanol, a non

solvent For PDMS; or by cooling a dispersion dispersed in a 

mixture of n-heptane and ethanol (51:49 v/v). The conditions 

at which incipient Flocculation was observed was termed the 



critical Flocculation volume [c.F.v.) of added non-solvent, 

and the critical Flocculation temperature [c.F.t.). 

Determination of c.F.v. 

3 -3 The dispersion sample [1D cm at D.001 g cm polymer 

content) was contained in a cylindrical glass cell, as seen 

in Figure (3.7). The cell was equipped with a magnetic 

stirrer and surrounded by a water bath thermostatted at 298 

~ D.02K. A light beam was arranged so that light scattered 

by the dispersion at about 45D From the transmitted beam 

could conveniently be observed by the human eye. Ethanol 

[99.9% pure) was added dropwise to the stirred dilute 

dispersion through a Fine hypodermic needle and a suitable 

time For equilibration was allowed between additions. The 
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drop siza was such that ethanol could be added in increments 

-3 3 of 6 x 10 cm, and the addition was continued until a 

change in turbidity was observed. The weight of ethanol 

added Was Found by weighing the cell beFore and aFter 

addition and hence the c.F.v. was calculated. 

Determination of c.F.t. 

The c.F.t. was determined using the same apparatus as 

above, and the temperature of the water bath was lowered From 

o -1 341K at a rate "oF 1D h • Ethanol was added to a sample of 

- 3 -3 dilute dispersion [10 cm at 0.OD1 g cm polymer content) 

at 341K to give a dispersion medium of n-heptane [51%) and 

ethanol (49%). The" stirred contents of the cell were cooled 

and the temperature at which a change in turbidity was 

visually observed was recorded as the c.F.t. 

Flocculation was observed to be reversible, and addition 

of Further n-heptane or an increase in temperature produced 

deFlocculation. 



FIGURE 3.7 
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SEPARATION STUDIES 
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3.9 PHASE SEPARATION STUDIES 

3.9.1 DETERMINATION OF THE THETA-COMPOSITION FOR POMS IN A 

HEPTANE/ETHANOL MIXTURE 

The 9-composition For POMS in a mixture of ethanol and 

n-heptane at 298 ~ 0.02K was determined using POMS samples 

S2, S4 and S7. A cloud-point titration method, as proposed 

by Elias (41 ) and later modified by Cornet and Ballegooijen 

( 42) and Suh and Clarke (125) was used. 
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The apparatus and experimental techniques used were very 

similar to those used Fcir the determination of the c.f.v. of 

dispersions as described in section (3.8.2). Ethanol was 

added dropwise to a stirred solution of PDMS in n-heptane 

3 
(10 cm ) until the origioally clear solution showed a Faint 

turbidity. The volume Fraction of ethanol added was estimated 

by difFerence as beFore. The experiment was repeated For each 

POMS sample over a range of concentrations (1-9% w/v polymer 

content) • 

3.9.2 DETERMINATION OF THE THETA-TEMPERATURE FOR PO MS IN A 

HEPTANE/ETHANOL MIXTURE 

The Q~emperature For POMS in a n-heptane/ethanol 

mixture (51 :49% v/v) was determined using two methods: 

Suh and Clarks Method (125) 

This method For determining Q-temperatures is analogoue 

to the Cloud-point method of determining Q-compositions 

described above. Again the apparatus and techniques used 

were as described above (section 3.8.2) , end PDMS sample S7 

was studied. The temperature at which turbidity developed in 

the stirred solution of PDMS was noted and the experiment 
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repeated over a range of concentrations (1-9% w/v polymer 

content). 

Talamini and Vidotto Method (126) 

This method involved determining the temperature at 

which phase separation was observable For polymers of 

diFFering molecular weight at the same concentration. The 

apparatus and experimental techniques were again as described 

above. PDMS samples 57, 52 and SS (M values 23 300, 33 SOD 
n 

and 2~~lOO respectively) were used at 4.S2% w/v concentration 

in the n-heptane/ethanol mixture. 

3.9.3 DETERMINATION OF THE THRESHOLD MOLECULAR WEIGHT FOR 

PRECIPITATION OF PS UNDER VARIOUS CONDITIONS 

The solubility of PS in alkanes and Freon 113 

The solubility characteristics of a series of poly-

styrene standards of narrow molecular weight distribution 

(119 ) in n-heptane, n-dodecane and Freon 113 were investigated. 

3 PS (0.05 g) was dissolved in the chosen solvent (5.0 cm ) by 

warming iF necessary, and the solution contained in the glass 

cell described in section (3.8.2.). The solution was cooled 

o -1 0 at 5 h From a temperature about 5 above that of phase 

separation, and the temperature at which turbidity was seen 

Was noted. The experiment was repeated For PS standards of 

molecular weight SOD to 15 ODD. 

The solubility of PS in heptane/styrene monomer mixtures 

This experiment represents an attempt to simulate the 

conditions during the very early stages of a non-aqueous 

dispersion polymerization of styrene. A series of PS 

standards and the apparatus and experimental techniques 



described above were again used. PS (0.10 g) was dissolved 

in styrene monomer (5.0 g) and n-heptane added dropwise to 

the stirred solution until phase separation was observable. 

The volume of heptane added WaS determined in the usual 

manner. The experiment was repeated with a range of PS 

standards of molecular weights 600 to 20 000 at 298K and 

333K. The lower temperature represents conditions of 

typical anionic dispersion polymerization, and the higher 

temperatura the conditions of a typical radical dispersion 

polymerization. 
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The eFFect of the presence of block copolymer stabilizer 

on the solubility of PS was investigated by repeating the 

above seriea of experiments in the presence of 815 (1.6 g). 

3.10 SOLUTION VISCOSITY STUDIES OF PDMS 

In order to determine the expansion coeFFicient (~) of 

PDMS in various solvents,the relative viscosity of PDMS 

sample S2 was measured over a range of concentrations. Tha 

solvents considered Were n-heptane, n-dodecane and Freon 113. 

The apparatus and techniques used were as previously 

described [section (3.8.1)), and measurements wera made at 

298 + D.D2K. 

3.11 MONOMER PARTITION STUDIES 

The partition of methyl methacrylate monomer between 

PM MA particles and an alkane dispersion medium has been 

reported in the literature (7.127). An estimate of the 

partition of styrene monomer between PS particles and 
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n-heptane has been made. 

Styrene monomer [0.15 g) was added to a sample of 086 

[5.8% w/v polymer content) in n-heptane. After equilibration 

(1 h) with constant shaking at room temperature, the disper

sion was centrifuged and the supernatant removed. The 

refractive index of the supernatant was measured using an 

Abbe reFractometer at 298 ~ 0.02K. The refractive index of 

a series of concentrations of styrene in n-heptane was 

measured and a calibration curve constructed. Hence the 

weight of unadsorbed monomer in the supernatant was 

estimated, and the partition-coefficient calculated. 
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CHAPTER 4 

RESULTS 

4.1 CHARACTERIZATION OF BLOCK COPOLYMER STABILIZERS 

Block copolymer stabilizers were characterized by the 

Following techniques, and the results are summarized in tables 

4.1[a) and 4.1[b). 

4.1 .1 Gel Permeation Chromatography [G.P.C.) 

A calibration curve For the G.P.C. instrument was 

obtained with a series of PS standards of narrow molecular 

weight distribution. The calibration curve is a plot of 

log[peak molecular weight) against elution volume, and is 

presented in Figure 4.1. The elution volume of an internal 

standard [tetraphenylethylene of molecular weight 332) Vias 

taken as the. total "path length" of a G.P.C. trace, which was 

divided into "counts" at 2% intervals. A computer program 

based on the method of Pickett et al. (128) and modiFied by 

Dr. Crouch er (129) was used to calculate the molecular weight 

averages From the chromatograms. A comparison of the values 

of M determined by G.P.C. and by osmometry showed that the n . 

G.P.C. underestimated M by 1S%. 
n 

The values of M obtained 
n 

were,thereFore,corrected to compensate For peak broadening. 

The M values were uncorrected, and,thereFore,the polydisper-w . 

sity ratio M /M represents a maximum value. w n 

Samples of the PS homopolymer A blocks were analysed by 

G.P.C., and a typical chromatogram is seen in Figure 4.2[a). 

The G.P.C. trace of a PS standard is also given For comparison. 

Block copolymer stabilizers Vlere analysed by G.P.C. to provide 



Characterization of Block Copolymer Stabilizers 

[i) [ii) [iii) [iv) [v) [vi) [vii) [viii) 

Stabilizer 
M PS M POMS M /M M PS M M POMS % PONS-n n IV n n n n 

Number block block block block block block 
copolymer copolymer 

[From GPC) [From [i) and [viii)) [From GPC) [From osmometry) [evil-Cv)) [From % Si) 

81 20 000 3 300 1 .18 14.06 

82 74 800 9 800 1. S7 11 .63 

B3 57 200 5 000 1.25 8.09 
-f 

B4 72 000 4 000 1.10 5.26 Cl 
cr-
J-

B5 99 100 4 GOD 1.19 4.39 
CD 

'" . 
B6 150 200 4 200 1.52 2.72 .... ,.... 

Cl 

B7 95 300 2 600 1 .16 2.62 '-' 

BB 44 400 1 200 1 .10 4B 900 49 900 1 000 2.38 

B9 44 400 5B 000 1.10 48 900 114 000 65 100 45.51 

BiD 10 600 2 400 1.24 1 B. 61 

811 10 600 8 900 1.24 45.51 

B12 45 700 28 500 1.31 38.37 

B13 45 700 60 800 1.43 57.11 



Characterization of 

(i) (ii ) ( iii) 

Stabilizer M PS M PONS 
n n 

Number block block 

(From GPC) (From [i) and [viii)) 

B14 8 800 7 000 

B15 8 800 11 200 

B16 43 600 13 700 

B17 43 600 29 800 

818 17 800 3 000 

819 17 800 32 800 

820 12 700 3 200 

B21 12 700 23 800 

822 33 400 13 800 

823 33 400 48 000 

B24 16 400 9 100 

825 16 400 16 100 

Block Co~ol:z:mer Stabilizers 

(iv) (v) (vi) 
~ IV. M PS M 

w n n n 
block block block 

copolymer copolymer 
(From GPC) [From osmometry) 

1.18 

1.14 

1.17 44 000 

1.20 44 000 74 000 

1.10 

1 .13 

1.19 

1.24 

1.14 

1.22 

1.23 

1 • 30 

(vii) [viii) 
M PONS n % PONS 

block 

[[vi)-[v)) [From % Si) 
H[vi)-[ii)) 

44.32 

56.00 

23.89 

30 ODD 40.54 

14.51 

64.86 

20.30 

65.23 

29.12 

59.07 

-" 
7 600 

," 
35.59 

'" 16 ODD" 74.42 

-I 
III 
Cl" ..... 
ro .,. . ... ....., 
Cl" 
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FIGURE 4 2 

GEL PERMEATION CHROMATOGRAMS 

[a] [b] [c] 

87 

[a] PS homopolymer A-block of B15 (Mn=8800) 

[b] Block copolymer 815 (Mn = 20000) 

[cl PS standard (Mn =9800) 

[d] 

80 __ .-1---'--_ 

[d) PS homopolymer A-block of B7 (M n =95300) 

prepared under N2 blanket. showing low molecular 

weight impurity (Mn '" 3 000 l. 
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an indication of the polydispersity ratio only, and a typical 

chromatogram is seen in Figure 4.2(b). The FS homopolymer 

samples of polymers prepared under nitrogen blanket (81-87) 

all showed a small secondary peak due to low molecular 

weight'pS impurity (Figure 4.2(d)). 

4.1.2 High Speed Membrane Osmometry 

The number average molecular weight Mn was determined 

For products of M > 20 000 by osmometry. 
n Plots of TI/c vs. c 

Were linear over the ra~ge of concentrations used, For both 

block copolymers and homopolymers. Figure ~.3 shows a 

typical plot. The osmotic pressure and M are related 
n 

according to the Following virial expansion: 

~ RT 
Bc Cc 

2 
(4.1) = + + + . . . c M n 

where ~ is the osmotic pressure 

c is the polymer concentration -1 (g.dl ) 

R is the Gas Constant 

T is absolute temperature 

Band C are the second and third virial coeFFicients. 

As c approaches zero: 

~ 

lim. c 
c~O 

= (4.2) 

M was, thereFore, obtained From the intercept of the above 
n 

curve. 

Osmometry gave absolute values of M For block copolymers, 
n 

which agreed well with those obtained by summing Mn of the PS 

block (From G.P.C.) and M of the FDMS block (From G.P.C. and 
n 

silicon analysis). 
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4.1.3 Silicon Analysis 

From an analysis of the % Si present in a block copolymer, 

the FOkS content was calculated. This was combined with the 

value of M For the PS A block to calculate M For the PBMS n n 

block. 

4.2 SOLUTION PDLYMEAIZATIDNS 

Samples of POMS homopolymers S2, S4, S7 and SS were 

characterized using G.P.C. and osmometry as described above. 

Owing to the similarity of the refractive indices of PDMS and 

THF (~1 .4), higher concentrations (~1% w/v) of PDMS were 

used in G.P.C. analysis. Although the G.P.C. was calibrated 

for PS, the Oawkins' method (130) gives a very comparable 

calibration curve For POMS. ThereFore, whilst the molecular 

weight everages ~uoted are actually PS equivalent molecular 

weights, these are very close to the actual molecular weights 

For POMS. Values of M were corrected For peak broadening 
n 

as beFore. Results of the characterization are presented in 

table 4.2. 

Anionic' solution polymerizations of styrene (S3, S8 and 

S9) were perFormed in the presence of block copolymer 

stabilizer. Table 4.3 gives the conversion of monomer 

achieved For each polymerization. The extent of monomer con-

version was seen to increase with decreasing PDl4S concentra-

tion. 

The conversion of styrene with time was Followed in the 

anionic solution polymerization S6. The resulting curve is 

presented along with an equivalent dispersion polY'llerization 

(073) in figure 4.5. 



Table 4.2 

Characterization of POfvlS Homopolymers 

Sample 
Number 

52 

54 

57 

55 

M From 
n 

GPC 

33 500 

10 600 

23 300 

267 300 

,', As determined by ',' Dr. 
-

M /M From w n 
GPC 

<. 1 .42 

<.1 .09 

<. 1 .29 

<.. 2.56 

Tuminello 

M From 
n 

Osmometry 

33 000 

218 OOO~, 

(145). 

Table 4.3 

Extent of fv~onomer Conversion in Solution Polymerizations of Styrene 

Polymerization 
Number 

53 

58 

59 

8lock 
Copolymer 

815 

824 

820 

% FOM5 
in Solution 

1.12 

0.71 

0.46 

Monomer 
Conversion 

(%) 

5.0 

19.5 

68.3 
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4.3 DISPERSION POLYi':ERIZATIDNS 

4.3.1 Rate of Polymerization 

The extent of monomer conversion \las Followed as a 

Function of time For each of the dispersion polymerization 

systems studied. Figure 4.4 shows the curve For a radical 

dispersion polymerization of styrene (067) and Figure 4.5 

shows the curve For an anionic dispersion polymerization of 

styren., (073). The curve For a radical dispersion polymeriza-

tion of methyl methacrylate (055) is given in Figure 4.6. 

For comparison, Figure 4.4 also shows the curve For a typical 

radical solution polymerization of styrene (131), and Figure 

4.6 likewise shows bulk and solution polymerization curves 

For methyl methacrylate (81). The experimentally determined 

curve For an equivalent anionic solution polymerization of 

styrene (S6) is also given in Figure 4.5. 

4.3.2 Characterization of Dispersions 

Tables 4.4 to 4.9 record the results of dispersion 

polymerizations For the three systems studied. The silicon 

content of the dispersedphase of several dispersions is given, 

From which the POMS content Gould be estimated. The number 

average molecular weight, M , of the dispers~p~ase was 
n 

determined by G.P.C. For several products. Estimation of 

particle size and particle size distribution were by trans-

mission electron microscopy, as described below. 

Transmission electron microscopy (TEM) 

Particle size Vias estimated by TEI-i, which also conFirmed 

the sphericity of the particles in all the systems studied. 

Figures 4.7 to 4.9 show typical electron micrographs Far both 

PS and FMMA particles. In general, at least 150 individual 
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No. 

034 

052 

056 

057 

062 

064 

072 

073 

077 

095 

097 

Monomer 
Conversion 

[%) 

34 

32 

15 

30 

81 

89 

72 

33 
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Results of the Anionic Dispersion Polymerization of Styrene 

Average Particle 
Size (J-'m) 

> 1 

~ 0.3 

~ 1 

> 1 

0.21 

> 1 

0.2 

> 1 

" 1 

> 1 

Particle Size 
Distribution 

,-

broad 

1.08 

1 .1 

Mn of 
Dispersed 

Phase 

9 700 

17 500 

10 000 

% Si in 
Dispersed 

Phase 

0.70 

Remarks 

Partially Flocculated 

Particles dissolved to 
detect trapped anions 

Partially Flocculated 

Conversion/time Followed 
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Feed - Flocculation at 
78% conversion 
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Results of the Anionic Dispersion Polymerization of Styrene [cont.) 

No. 
Monomer Average Particle Particle Size % Si in 

Conversion [%) Size [f m) Distribution Dispersed Phase 

098 65 > 1 

099 89 ) 1 

0100 47 0.32 1.07 0.69 

0103 71 ) 1 

0104 13 } 1 -i 
DJ 
lJ 

0106 62 )1 ..... 
CD 

0107 30 0.36 1.00 
.P> 

0.94 • 
Ol 

0108 56 > 1 

0110 48 > 1 0.64 

0112 62 



No. 

043 

044 

049 

051 

055 

088 

074 

075 

076 

078 

079 

080 

084 

088 

089 

Results or the Radical Dispersion Polymerization or Methyl Methacrylate 

Mcncmer 
Conversion [%J 

-80 

80 

70 

60 

98 

88 

81 

98 

80 

dispersion 
rlocculated 

96 

95 

93 

95 

83 

Average Particle 
Size [}lmJ 

0.54 

0.25 

0.39 

- 0.3 

0.48 

0.069 

-0.07 

0.096 

0.11 

0.074 

0.13 

0.095 

0.67 

Particle Size 
Distribution 

1 .16 

1 .01 

1.02 

1 .01 

1 .16 

1.03 

1 .01 

1.02 

1.01 

1 .01 

1 .14 

% Si in 
Dispersed 

Phase 

1 .16 

0.60 

0.56 

3.09 

3.17 

1.39 

2.87 

2.16 

3.12 

3.36 

Mn 
Dispersed 

Phase 

130 000 

300 000 

15 BOO 

430 000 

-I 
III 
c-.... 
ro 

"'" . 'J 



No. 

090 

091 

0101 

Results of the Radical Dispersion Polymerization of Methyl Methacrylate (cont.) 

Monomer 
Conversion (%) 

95 

97 

90 

Average Particle 
Size (pm) 

0.35 

0.22 

0.33 

Farticle Size 
Distribution 

1.01 

1.00 

1 .01 

% Si in 
Dispersed 

Phase 

0.71 

1.46 

0.62 

Mn 
Dispersed 
Phase 



Characterization of Micellar Dispersions 

No. 
Average Particle Particle Size % Si in 

Size (r) Distribution OispersedPhase 

085 very coarse wide 2.72 

086 0.044 1.01 14.06 

087 0.044 1 .01 14.06 

0102 0.044 1 .01 14.06 
-l 

0113 0.11 1 .01 8.09 Cl 
er .... 

0114 0.044 1 .01 14.06 11) 

.i' . 
0115 0.17 1.00 5.26 le 

0116 > 3 wide 4.39 
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particle diameters v/ere measured and histograms constructed 

as shown._ The average particle diameters quoted are the 

number average [0 ) 
n 

o = n 
~NiOi 
~Ni 

given by 

where Ni is the number of part~cles of diameter Oi. 

[4.3) 

This 

average represents the ratio of the first and zeroth moments 

of the distribution. An indication of the breadth of the 

particle size distribution was given by the ratio a 10 , 
s n 

where 0 is given by 
s 

o = s 
[4.tI) 

a represents the ratio of the second to the first moment of s 

distribution. 

Light Scattering 

79 

An estimate of the particle size of two dispersions, 084 

and 074, was made using dissymmet~ methods. Each sample waS 

studied dispersed in Freon 113, of measured refractive index 

1.356, and a mixture of n-dodecane and n-heptane of measured 

refractive index 1.404. The refractive index of three samples 

of pm~s homopolymer [52, S4 and 57) was found to be 1.404. 

For each dispersion, the intensity [I) at various angles 

was measured, and the background intensity of the pure 

dispersion medium [IS) was subtracted. The dissymmeh.:J 

[19/11800_9) was calculated at each angle. From equation 2#45 

and figure 2.11 (5ection 2.4.2), olA' was obtained from the 

dissymmehy The wavelength of light in the medium [A') was 

given by 546/refractive index of the dispersion medium, and 

hence 0 was calculated. 

Tables 4.10 and 4.11 summarize these results. 



System Angle 

084 in 
alkane mixture 1-lb 
concentration 
4 x 10-4 g dl-1 

1 9/1180°_9 

0/ '}.! 

System Angle 

084 in 
Freon 113 1-lb 
concentration 
5 x 10-4 g dl-1 

Ig/11800_9 

O/X' 

Results of Dissymmetry Measurements for 084 

40° 50° 60° 70° 80° 100° 110° 120° 

0.498 0.368 0.249 0.193 0.156 0.110 0.095 0.094 

5.03 3.92 2.65 2.03 1.42 Average 0/"),,' 

0.480 0.495 0.468 0.475 0.470 Hence 0 = 192 

50
0 600 700 800 1000 1100 1200 

130
0 

1.23 0.725 0.506 0.360 0.251 0.213 0.211 0.229 

5.35 3.43 2.38 1.56 Average 0/).' = 0.521 

0.520 0.530 0.520 0.515 Hence 0 = 210 nm 

130° 

0.094 

= 0.478 

nrn 

140° 

0.099 

-I 
W 
{J 
..... 
IV 

.I> . 

..... 
o 



Results of Dissymmetry Measurements For 074 

System Angle 500 600 70 0 Goo 1000 1100 1200 1300 

074 in 
alkane mixture I-Ib 0.535 0.445 0.403 0.371 0.328 0.290 0.278 0.291 
concentration 
7 x 10-4 g dl-1 

Ig/I1800_9 1.84 1.60 1.39 1 .16 
Average O/'}! = 0.335 

0/,,' 0.330 0.330 0.335 0.345 Hence 0 = 131 nm 

System -Angle 400 50 0 600 700 800 1000 1100 1200 1300 1400 

074 in 
Freon 113 I-Ib 

3,35 1.95 1.38 1.01 0.77 0.55 0,52 0.51 0.55 0.63 
concentration 
6 x 10-5 g dl-1 

Ig/I1800_g 5.32 3,55 2.71 1.94 1,40 Average 0/ ).., = 0.472 

o/}..' 0.480 0.475 0,473 0.460 0.470 Hence 0 = 190 nm 
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Small Angle X-ray Scattering 

Small-angle X-ray scattering From samples of 084 and 087 

was used to estimate particle size. Manual smoothing of the 

scattering curve compensated For statistical ccunting 

Fluctuations, and the data were desmeared using a computer 

program written by Oijkstra, Kortleve and Vonk (132). The 

method of Guinier was used to calculate the radius of 

gyration of the particles. From a plot of log(desmeared 

intensity I) vs. £2 (where Eis the scattering angle) the 

radius of gyration [A )'could be Found From the slope, using o 

Guinier's equation [equation- 2.47 in Section 2.4.3 ). Hence 

the radius [A) of the particles was Found,since For a sphere 

[4.5) 

Figures 4.10 and 4.11 show Guinier plots For 087 and 084 

respectively. For 084 the plot was curved, and thereFore the 

limiting slope was taken (113). 

Values obtained For diameter of the particles were as 

Follows 

087 dispersed in dodecane o = 44 nm 

084 dispersed in n-heptane o = 133 nm 

084 dried disperse phase o = 119 nm 

4.3.3 Stabilizer Anchoring Mechanism 

A sample of the stabilizer (815) adsorbed onto low 

molecular weight PMMA particles (066) was isolated as des-

cribed in Section 3.7.3. G.P.C. analysis of the isolated 

stabilizer gave a PS equivalent M value of 19 300 and poly
n 

dispersity ratio of 1.26. These values are comparable with 

those obtained From a G.P.C. analysis of the original 
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stabilizer [M = 22 600, M /M = 1.18). 
n w n 

The small decrease 

in M and increase in the polydispersity ratio are consistent 
n 

with the presence of a small amount of residual P/<l~lA. The 

conclusion is,thereFore,that graFting of the stabilizer onto 

the PMMA particle core does not occur, since iF this were the 

case, an apparent increase in the molecular weight of the 

isolated stabilizer would have resulted. 

The eFFiciency of the anchoring mechanism of the stabi-

lizer onto the particle surFace was conFirmed by redispersing 

samples of PM~lA dispersions [044 and 055) in cyclohexane. 

Such dispersions remained stable at 298 K, and even aFter 

60 h at 333 K, only slight Flocculation was noted, implied 

by a slightly Faster rate of sedimentation. l~hen such a 

dispersion was cooled to 298 K, the dispersion returned to 
( 

its original state, showing that the Flocculation was 

reversible. 

~ispersions of PMMA were inveriably unaFFected by ultra-

sonic vibration. \~hilst most PS dispersions also behaved in 

this way, 0100 quicklY Flocculated when subject to ultrasonic 

vibration. 

4.4 PROPERTIES OF NON-AQUEOUS DISPERSIONS 

4.4.1 RheolosY 

All rheological studies were perFormed using an Ostwalde-

Fenske type viscometer at 298 + 0.02 K. Flow times For the 

pure dispersion medium Were of the order 200 sand repro-

ducibility was better than + 1%. Relative viscosities [n ) "r 

For dispersions at various volume Fractions of polymer were 

measured, and converted to absolute viscosities using 

literature values (133) For the viscosities of the dispersion 
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media used. The volume Fraction of the polymer particle cores 

[~ ) was calculated From a knowledge of the total polymer 
o 

content of the dispersion, the POMS content and the density 

of the core. The core density was taken as that of the 

-1 -1 appropriate bulk polymer (1.19 g cc For PMMA and 1.04 g cc 

For PS [17 )), and allowance was made For the swelling of the 

low molecular weight PS core of micellar dispersions 0102 and 

0114. This swelling behaviour, estimated by Plestil and 

Baldrion(134) to correspond to about a 6% increase in 

diameter, is discussed Further in Section 5.2.1. 

Figure 4.12 shows the plot of viscosity vs. f For PMMA 
o 

particles of various diameter (D) in heptane, stabilized by 

the same block copolymer (B15). Several points determined at 

low ~o values have been omitted For clarity. The viscosity 

of the dispersion is seen to increase with decreasing particle 

diameter. Waters and Ilalbridge ( 6 ) have determined the 

thickness of the soluble layer ( b in equation 2.41) From the 

slope of such a curve at ~o = O. The errors which can arise 

from such a method are large, and so For the present work the 

method of Barsted et al. (124) was adopted. ~ (In'\(. was o r 

plotted against 4 , and the method of least squares was used 
o 

to determine the best straight line through the points 

(Figure 4.13).· From equation 2.42 the intercept of such a 

curve is the reciprocal of the eFFective Einstein coefficient 

(ex F) and the 
o 

crowding factor, k, can be obtained from the 

X -1 
A pl~t of (0 f) vs. 0 was linear, as seen 

o 

in Figure 4.14. From equation 2.44 the ratio of the slope to 

the intercept of this curve gave a value of 8.9 nm For 6 . 

From the intercept, a value of 2.49 ~ 0.08 was Found For~o 

which is in good agreement with the Einstein coeFFicient of 
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2.50. Figures 4.15 and 4.16 show the equivalent curves For 
) 

PS dispersions each stabilized by POHS of similar molecular 

weight. Again the intercept conFirms a value ForCX (2.54 + 
o 

0.09) which is close to 2.50. 

Dispersions stabilized by a range of stabilizer composi-

tions and molecular weights were studied, with both PS and 

P~jMA particle cores. Figure il.17 shows the increase in 

viscosity which resulted from increasing the molecular weight 

of the POMS block of the stabilizer, for three dispersions 

of similar particle size. Plots of ~ /lnl1 vs. ~ are o r 0 

given in Figures 4.15, 4.18 and 4.19. Values for 6 were 

calculated directly From equation 2.44 taking values of 0 

From electron microscopy and 2.5 For ~. An error of 6% was 
o 

estimated on values of b. The crowding factor k was found 

From the slope of the curves, and the results are summarized 

in tables 4.12 to 4.14. 

Figures 4.20 and 4.21 show the variation of & with the 

molecular weight of the POMS block of the stabilizer. For 

comparison, the Fully extended end-ta-end length and diameter 

of gyration (2{s2>Y.) for PDHS in heptane are plotted as a 

Function of molecular weight. These molecular dimensions 

were calculated as described in the Appendix. 

4.4.2 Flocculation Studies 

The critical flocculation volume (c.f.v.) and critical 

Flocculation temperpture (c.F.t.) for dispersions of PMMA 

particles of diFFering particle size are given in table 4.15. 

The stabilizer was the same For all these dispersions. 

Table 4.15 shows that the Flocculation points were 

independent of the particle size. It ViaS also noted that 
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FIGURE 4.16 
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FIGURE 4.17 

VARIATION OF Tl, WITH 1. FOR PMMA 
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FIGURE 4.18 
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FIGURE 4.19 
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Table 4.12 

Rheology of Pt·1MA Dispet""sion in n-heptane 

~ispersion Mn PO.'iS 
Particle b 

Stabilizer ~iameter Number block 0 [}'-m) 
[nm) 

079 820 3 200 0.114 15.1 

049 814 7 000 0.390 4.0 

076 815 11 200 0.099 8.9 

084 815 11 200 0.130 8.9 

044 815 11 200 0.254 8.9 

055 815 11 200 0.478 8.9 

089 816 13 700 0.067 13.6 

080 821 23 800 0.074 17.0 

074 817 29 800 0.069 18.2 

088 823 48 000 0.095 40.2 

Table 4.13 

Variation of the Crowding Factor [k) with Particle Size 

~ispersion Number 

089 

074 

080 

076 

079 

084 

088 

044 

049 

055 

Total Particle ~iameter 
o + 2 [}'-mJ 

0.094 

0.105 

0,108 

0.117 

0.144 

0.148 

0.175 

0.272 

0.398 

0.496 

k 

1.48 

1.72 

1.26 

1 .11 

1.30 

1.12 

0.72 

1.09 

0.88 

1.00 



Table 4.14 

Rheolo8:i of PS Dis[2ersions 

Dispersion Mn Pm-IS 
Particle b Dispersion Stabilizer Diameter Number Block 

(pm) 
[nm) Medium 

0102 B1 3 300 0.044 6.6 n-heptane 

0114 B1 3 300 0.044 7.2 n-dodecane 

0115 84 4 000 0.172 7.0 n-dodecane 

0113 83 5 000 0.113 11.2 n-dodecane 

064 B1 3 300 0.213 9.1 n-heptane 

0100 B24 7 600 0.319 10.6 n-heptane 

0107 816 13 700 0.360 15.1 n-heptane 
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Oispe~sion 

Numb~ 

076 

OB4 

044 

055 

Table 4.15 

Pa~ticle Oiamete~ 

(~m) 

0.096 

0.13 

0.25 

0.48 

c.F.v. 
at 298 K 

43.2% 

43.2% 

43.6% 

43.6% 

c.f.t. 
K 

340.0 

340.0 

340.1 

340.2 

the~e was no va~iation with the polyme~ content of the 

dispe~sions, at least up to 10-1 9 dl-1 • The effect of 

va~ying M of the POMS block of the stabilize~ on c.f.v. and 
n 

c.f.t. is shown in table 4.16. 

4.5 PHASE SEPARATION STUDIES 

4.5.1 Dete~mination of the G-Composition fo~ POMS in a 

Heptane/Ethanol Mixtu~e 

The G-composition fo~ POMS in a heptane/ethanol mixtu~e 

was dete~mined at 298 K acco~ding to the method of Suh and 

Cla~ke (125). Plots of the squa~e of the volume f~action of 

added ethanol vs. log(volume f~action POMS) we~e linea~, and 

84 

ext~apolation to pu~e polyme~ gave the G-composition. Figu~e 

4.22 shows this plot fo~ the th~ee molecula~ weights of POMS 

studied. The common inte~cept gave a value of 38.7% added 

ethanol fo~ the G-composition. 

4.5.2 Oete~mination of the G-Tempe~atu~e fo~ POMS in a 

Heptane/Ethanol Mixtu~e 

Again following Suh and Cla~ke, the 8-temperature was 

-2 obtained f~om the intercept of a plot of (temperatu~e) vs. 

log(volume f~action PDMS) (Figu~e 4.23). A value of 339.0 t 



Determination of o.F.v. and c.F.t. for P~IMA Dispersions 

Dispersion Mn PS Mn PDMS o.F.v. c.f.t. 

Number anchor stabilizing (volume fraction of (K) 
block block added ethanol as %) 

079 12 700 3·200 38.6 339.6 

044 8 800 11 200 43.6 340.1 

089 44 000 13 700 47.9 339.0 

0101 16 400 16 100 46.1 340.4 
--l 

080 12 700 23 800 38.9 340.5 III 
0" .... 
CD 

074 44 000 29 800 42.3 340.4 
./>. . 

088 33 400 48 000 42.6 338.2 -" 
Ul 
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1 K was obtained for the 9-temperature. 

As a check on the above method, a second method of 

obtaining the 9-temperature was compared. This method, due 

-1 to Talamini and Vidotto (126), involved plotting [temperature) 

against [degree of polymerization ~pD-D.6 and extrapolating 

to an infinite degree of polymerization (figure 4.24). A 

value of 341.2 + 2 K was obtained by this method, which is 

in agreement with that obtained using Suh and Clarke's method. 

4.5.3 Determination of the Threshold Molecular Weight for 

Precipitation of PS under Various Conditions 

The solubility of PS in alkanes and Freon 113 

The phase separation curves of temperature vs. molecular 

weight for PS in various solvents were determined. Figure 

4.25 shows the results for n-heptane, n-dodecane and Freon 

113. 

The solubility of PS in heptane/styrene mixtures 

Figure 4.26 shows the phase separation curves for the 

solubility of PS in a mixture of heptane and styrene. 

Results were also obtained for the phase separation in the 

presence of block copolymer stabilizer, and these are also 

shown in figure 4.26. 

4.6 SOLUTION VISCOSITY STUDIES OF PONS 

The intrinsic Viscosity [~] for PONS (S2) in various 

solvents was obtained from the common intercept of plots of 

h Ic and Inn Ic vs. c. n is the specific viscosity, and 'tsp "')-- . l.. 5p 

was obtained 

and c is the 

from the relative viscosity (~r) minus unity, 

-1 concentration (g dl ). Figures 4.27. a,b and c 

show plots of PONS in n-heptane, n-dodecane and Freon 113. 
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DETERMINATION OF a-TEMPERATURE FOR PDMS 
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FIGURE 4.25 

PHASE SEPARATION STUDIES FOR PS 
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THRESHOLD MOLECULAR WEIGHT FOR PRECIPITATION 
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FI GURE 4.27 

DETERMINATION OF THE INTRINSIC VISCOSITY 

OF PDMS IN VARIOUS SOLVENTS 
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The intrinsic viscosities [~) are recorded in table 4.17. 

The extension parameter~ ,was obtained from the relationship 

[ 32) 

[4.6) 

[~~, the intrinsic viscosity in a theta-solvent, was calcu-

lated for PDMS in bronlocyclohexane at 301 K from the Mark 

Houwink relationship 

['1 ] = K Ma [4.7) 

where K is 7.8 x 10-4 dl -1 (135 ) g 

and a is 0.5. 

Table 4.17 suggests the Following order of solvent power: 

Freon 113 > n-heptane > n-dodecane 

4.7 MONOMER PARTITION STUDIES 

The partition of styrene between n-heptane and the 

dispersed phase of 086 Was studied as described in Section 3.11 

and the results are given below. 

Initial concentration of styrene in the 
dispersion medium 

Refractive index of supernatant dispersion 
medium after centrifuging 

From calibration curve, concentration of 
styrene in supernatant 

Hence wt. styrene adsorbed per gramme of 
the disperse phase 

= 1.56% w/v 

= 1.388 

= 1.50% w/v 

-2 =8.16x1D g 

Assume swelling of the particle core produces a 19.1% increase 

in volume 



Table 4.17 

Values for (11) and ex for FmlS in Various Solvents 

Solvent 0<. 

n-heptane 0.288 1.27 

n-dodecane 0.195 1.11 

Freon 113 0.323 1.32 

Bromocyclohexane 0.142 1 
( Q-solvent) 



Therefore,concentration of monomer within 
PS particles 

and concentration of monomer in the 
dispersion medium 

3.9 
and monomer partition coefficient = = 1.5 

87 

= 3.9% w/v 

= 1.5% w/v 

2.6 



88 

CHAFTER 5 

DISCUSSION 

5.1 PREPARATION OF STABILIZERS 

Ilell-deFined AB block copolymers were prepared using 

anionic polymerization techniques under conditions of high 

purity. Two methods of achieving such conditions have been 

compared, namely polymer.ization under an inert gas blanket 

and polymerization under high vacuum. 

A series of stabilizers (B1-B7) were prepared under a 

dry nitrogen blanket. The PS anchor blocks of these 

stabilizers were of a much higher molecular weight than the 

soluble PDMS stabilizing blocks, with ASB values in the range 

6 - 36. The experimental techniques described in Section 

3.1.1 provided a relatively quick synthesis of the block 

copolymers, End the products Were of acceptably narrow 

molecular weight distribution (M lfi was typically < 1.2). w n 

Invariably, however, such products contained a significant 

amount of low molecular weight polymer (up to 10%), as can be 

seen in the GPC trace in figure 4.2.d. This low molecular 

- 3 weight material (/VI of order 10 ) was in fact FS homopolymer, 
n 

and its presence suggests that the system was not sufficiently 

free from impurities. These impurities terminated growing 

polystyryl anions during the early stages of the 

polymerization. The presence of small a~ounts of FS homo-

polymer is, however, not too detrimental When the copolymers 

are used as stabilizers for pispersion polymerizEtion. Low 

molecular weight FS is often soluble in the dispersion medium 



or Can be solubilized by the block copolymers themselves, as 

will be discussed below. 
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I,lost of the block copolymer stabilizers (88-825) were 

synthesized using high vacuum techniques as a method of 

improving the purity of the system. Products prepared in this 

way (88-825) showed no PS homopolym~r contaminant in GPC 

analysis, and were again of acceptably narrow molecular 

weight distribution. Using similar experimental techniques 

other workers (61 ,64) have reported the presence of small 

amounts « 2%) of FS homopolymer and POi'-lS homopolymer. As 

mentioned above, the presence of PS homopolymer can be 

tolerated in the subsequent use of the copolymers as stabili-

zers, and a PO~IS impurity also causes no problem, since 

it is completely soluble in the disp~rsion medium. 

The molecular weight distribution of the PS block was 

usually narrower than that of the copolymer, owing to a 

broadening of the POMS molecular Height distribution caused 

by side reactions and randomization during polymerization. 

The molecular weights of the copolymers generally agreed to 

within 10% of the molecular weight predicted by equation 2.14. 

Toluene proved to be a suitable solvent for this 

polymerizing system, since the propagation rate was reduced 

owing to association of anions. Thus,the initiation stage 

was virtually complete before any propagation occurred, and 

a narrow distribution of molecular weights resulted. Saam, 

Gordon and Lindsey '(61) have suggested the use of cyclohexane 

as the polymerization solvent. Stabilizers 612 and 613 were 

prepared in cyclohexane, and the products were found to 

contain PS blocks of much higher molecular weight than 

predicted, and large amounts of FD~lS homopolymer. This is 
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e~plained by the suggestion that the initiation of styrene 

by n-butyl lithium in cyclohe~ane is slow relative to the rate 

of propagation (136), and hence ~esidual initiator remained 

when all the styrene monomer had polymerized. Therefore,the 

molecular weight of the PS block was higher than e~pected, 

and the unreacted butyl lithium initiated the polymerization 

of PONS homopolymer upon addition of the second monomer. 

Toluene was, therefore, the preferred polymerization 

solvent and it would seem that in this solvent initiation must 

be carried out at about,29B K. Stabilizers 818 and 819 were 

prepared by initiating styrene at N195 K, and both copolymer 

products showed the characteristics of incomplete initiator 

consumption described above. 

5.2 THE PREPARATION OP NON-AQUEOUS DISPERSIONS 

5.2.1 Micellar Dispersions 

The ability of block and graft copo~ymers composed of 

incompatible blocks to form micelles in solution was discussed 

in Section 2.2.2. Block copolymers consisting of blocks of 

similar molecular weight form reversibly associated aggregates 

or micelles in equilibrium with free, unassociated copolymer 

molecules. If a block copolymer is dissolved in a selective 

solvent For one of the blocks, this equilibrium is moved 

towards the aggregated form. As the molecular weight of the 

insoluble block is increased relative to the soluble block, 

the equilibrium increasingly favours the aggregated structure. 

In the limit, at high ASB values, all the molecules are 

present as irreversibly associated micelles. The size of 

such micelles is governed by the molecular weight of the 

insoluble block, and the surface area which the soluble block 
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is capable of stabilizing, acco~ding to equations 2.12 and 

2.13 in Section 2.2.2. 

Block copolyme~s of PS-PO~S with high ASB values [6 to 

36) we~e used to p~epa~e micella~ dispe~sions as desc~ibed 

in Section 3.4.1. In gene~al the copolyme~ was dissolved in 

a hot alkane medium, and a micella~ dispe~sion fo~med as the 

solution was allowed to cool. Micella~ dispe~sions of S1 

(ASB = 6) we~e p~epa~ed in n-heptane (086), n-decane (087) 

and n-dodecane (0114). Elect~on mic~oscopy showed that the 

sphe~ical pa~ticles p~oduced in each dispe~sion medium we~e 

of na~~ow pa~ticle size dist~ibution and of the same size 

(figu~e 4.8). 

Micella~ dispe~sions we~e also successfully p~epa~ed 

f~om B3 (AS8 = 11) (0113) and B4 [ASB = 18) (0115). Attempts 

to p~epa~e micella~ dispe~sions using block copolyme~s of 

highe~ ASS values (22 - 36) ~esulted in coa~se,i~~egu13~ 

pa~ticles [085, 0116). This is a ~esult of the sho~t PONS 

chains being unable to stabilize the la~ge PS co~e p~oduced 

by high molecula~ weight PS blocks. 

The numbe~ of copolyme~ molecules involved in the fo~ma

tion of one micelle [micellization numbe~) was calculated 

f~om equation 2.12. The co~e density was taken as that fo~ 

bulk PS [1.04 g cc-1 [17 )) and the a~ea stabilized by each 

POMS chain was obtained f~om the su~face cove~age data in 

figu~e 5.7. The ~adius, and hence the diamete~ of the 

pa~ticle co~e, was calculated f~om equation 2.13, and the 

~esult compa~ed with the pa~ticle size estimated by elect~on 

mic~oscopy in table 5.1. 

Phase sepa~ation studies [Section 4.5.3) have shown that 

low molecula~ weight PS is soluble in n-heptane. The ~esults 



Table 5.1 

Compar1son of Predicted ~icelle Size with Measured Size 

Dispersion 
Number 

086 

0113 

011 S 

0116 

085 

Block 
Copolymer 

and M 
n 

B1 
PS 20 ODD 

PDMS 3 300 

83 
PS 57 000 

PDMS 5 ODD 

B4 
PS 72 000 

FoMS 4 000 

B5 
PS 99 100 

PoMS 4 600 

86 
PS 150 200 

pmlS 4 200 

Predicted 
~1icellization 

Number 

1 396 

6 088 

17 736 

24 494 

77 184 

Predicted 
Core 

Diameter 
(nm) 

44 

103 

159 

197 

333 

Measured 
Farticle 
Diameter 

(nm) 

44 + 4 

113 + 11 

172 + 17 

- 3 000 

v. coarse 



of such work, as seen in Figure 4.25, show that the threshold 

molecular weight For precipitation of PS at 298 K is about 

2 000. It would,therefore,be expected that PS of fairly low 
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molecular weight would be swollen in heptan.... Pllstil and 

Baldrion(134) have studied the micelles formed by an AB block 

copolymer of PS-polybutadiene in heptane by small-angle X-ray 

scattering techniques. These workers found that the PS block, 

of molecular weight 15 700, formed a core which was swollen 

by the heptane. The degree of swelling was ,"stimated at 

temperatures in the range 291-323 K, and the swelling factor 

(ratio of swollen to unswol1en core volume) was Found to vary 

From 1.10 to 1.2B. This represents an increase in core 

diameter due to swelling or only - 6~~ at room temperature. 

The core diameters predicted in table 5.1 do not take 

into account any swelling behaviour. This additional Faotor 

will, however, only by slightly signiFioant For D8G, with a 

PS core of 20 000 molecular weight. The oore diameters 

measured From eleotron micrographs are in good agreement with 

the diameters predioted by equation 2.13, whioh suggests that 

the mioelles do approximate to the simple geometric model upon 

which this equation is based. Stacey and Kraus (47) have 

Found that micelles Formed by AB block copolymers of PS and 

polybutadiene in heptane oan also be represented by this 

model. 

5.2.2 Non-agueous Radical Dispersion Polymerization of Styrene 

Non-aqueous dispersions of PS stabilized by PS-PDMS 

stabilizers were prepared by radical polymerization as des-

cribed in Section 3.4.2. The reaction conditions and charac-

teristios of the resulting dispersions are given in tables 

3.2 and 4.4 respectively. 
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The rate of polymerization was Found to be very slow in 

all cases, with typically only up to 5Q/; conversion of monOOler 

being achieved aFter 50 h polymerization. Figure 4.4 shows 

the conversion of monomer with time for 067. The form of 

this curve is very similar to that of a conventional solution 

radical polymerization of styrene as seen in Figure 4.4.b. 

No increase in rate with conversion was observed, which would 

suggest that the gel effect was not occurring. The molecular 

weight of the PS polymerized in this W8Y Was relatively low 

3 [5-18 x 10 ), and this is,in fact,of the same order which 

would be expected from an equivalent solution polymerization. 

In order to explain this behaviour, the solubility of PS in 

the dispersion medium was studied. This has led to an 

estimation of the threshold molecular weight For precipitation. 

Threshold conditions for precipitation of PS in a 

dispersion polymerization 

The solubility of low molecular weight PS in alkanes was 

mentioned above. PS of molecular weight up to 2 ODD was 

found to be soluble in heptane at 298 K [figure 4.25). At a 

typical dispersion polymerization temperature, 333 K, the 

threshold molecular weight for precipitation rose to 9 000. 

In a dispersion polymerization, the dispersion medium contains 

monomer and block copolymer stabilizer, which both affect the 

solvency of the medium for PS. 

Styrene monomer is a solvent For FS, and hence the 

overall solvency of the dispersion medium is increased and 

thus the threshold molecular weioht for precipitation 

increases. The effect of adding stabilizer to the dispersion 

medium is to lower the interfacial tension, which reduces 



the energy required for phase separation and in turn the 

threshold molecular weight for precipitation is reduced. 

Thus/the addition of monomer and stabilizer to a dispersion 

medium give opposing effects, and the threshold molecular 

weight for precipitation would be expected to be similar to 

that in the pure dispersion medium. 
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These effects are well illustrated in the phase separa

tion studies recorded in Section 4.5.3, in which heptane was 

added to a temperature-controlled solution of styrene monomer 

and PS homopolymer of known molecular weight. The conditions 

were chosen to simulate the very early stages of a typical 

dispersion polymerization of styrene. The phase separation 

point of PS over a range of molecular weights was recorded 

as a function of the ratio of heptane to styrene present. 

The latter parameter can be regarded as a measure of the 

solubility of the PS, and this is plotted against PS mole

cular weight in figure 4.26. The study was also r"'peated in 

the p'Bsence nf stabilizer. The horizontal line "a" in figure 

4.26 represents the conditions of a typical dispersion poly-

merization of styrene (e.g. 01). The addition of stabilizer 

is seen to lower the threshold molecular weight for precipit'3-

tion. Increasing the temperature increased the overall 

solvency of the system, and an upward shift in the curves 

resulted/which leads to an increase in the threshold mole

cular weight for precipitation. For reaction conditions "a", 

therefore, at a polymerization temperature of 333 K, the 

threshold molecular weight for the precipitation of pg is 

about 10 000. This is very similar to the phase separation 

of PS in pure heptane at this temperature. 

The solubility of low molecular weight PS in heptane 
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must be considered when designing the block copolymer 

stabilizer. The indication is that a PS block of molecular 

4 weight less than about 10 would not act eFfectively as an 

anchor. 

An appreciation of the relatively high threshold 

molecular weight for precipitation now makes it possible to 

describe a model for the dispersion polymerization of styrene. 

Radical chains are initiated in solution, where they gr.ow 

until reaching the threshold molecular weight for precipita-

tion (say, ~ 10 000). Since the molecular weight of the PS 

produced by such a polymerization is low, termination by 

combination must have occurred almost immediately after the 

growing chains precipitated. The high solvency of the 

dispersion medium For the growing chains decreases the 

tendency for the chains to be adsorb~d onto existing 

particles. A broad particle size distribution would, there-

fore, be predicted, because significant nucleation will occur 

throughout the course of the polymeriZation. 

Since the polymer chains exist for the majority 

of their growing lifetime in solution, it is reasonable to 

expect a similar kinetic behaviour to that of a conventional 

solution polymerization. This Was in fact observed experi-

mentally, as noted above. The broad particle size distribu-

tion predicted as a result of the high solvency of the 

dispersion medium WaS also seen in practice. Figure 4.7.a 

shows an electron micrograph of the particles of a typical 

radically-polymerized PS dispersion (018). The problem of 

high solvency has been greatly reduced using a "seedin~' 

technique. 
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Seeded polymerizations 

By initially polymerizing a seed portion of monomer as 

described in Section 3.4.2 and feeding in further monomer and 

stabilizer, the overall solvency of the dispersion medium was 

held at a lower value than that in a simple one-stage polymer-

ization. The particle size distribution from such a seeding 

procedure was found to be considerably narrower, as shown by 

the electron micrograph of 019 in figure 4.7.b. The mole-

cular weight of the PS disperseJphase was also significantly 

lower, e.g. 019 and 026. In seeded polymerizations the 

threshold molecular weight for precipitation was reduced, 

and again it would seem that termination occurred very soon 

after precipitation. 

All dispersions were washed with fresh dispersion-medium 

by several redispersion cycles, as described in Section 3.6. 

Successive redispersion operations reduced the particle size 

distribution even further by a si~ple fractionation mechanism, 

but this was of course accompanied by a significant loss of 

product. 

Several parameters were varied in the dispersion polymer

ization of styrene in an attempt to improve both the rate of 

polymerization and the particle size distribution. 

variable will now be discussed. 

Type of initiator 

Each 

Three radical-producing initiators were compared, namely 

benzoyl peroxide, azobisisobutyronitrile (AZBN) and bis(4 -

tert.butylcyclohexyl)peroxydicarbonate ("Perkadox 16"). The 

effectiveness of each initiator was estimated by a comparison 

of the degree of conversion or monomer in a given time. 



Results obtained using benzoyl peroxide were very comparable 

to those of AZBN-initiated systems, as may be seen in a 

comparison of 019 and 020. Comparison of the rate constants 

For each initiator (17 ) suggests a slightly Faster rate of 

initiation For an AZBN polymerization, but this was not 

detected in the present work. 

Barrett (10) reports the use of diisopropylperoxydicar-

bonate as an initiator For the dispersion polymerization of 

styrene at 303 K. This initiator was no longer commer~ially 

available, and,thereFore,the eFFiciency of another peroxydi-

carbonate initiator, "Perkadox 16", VIas investigated. 
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~ispersion polymerization 04B showed that this initiator was 

not signiFicantly more eFFicient than either of the other two 

initiators, although there was the advantage of a lower 

polymerization temperature. 

Initiator concentration 

Whilst no rigorous kinetic studies have been perFormed 

on these systems, the eFFect of increasing the initiator 

concentration [fj in a given polymerization has been shown to 

give an increased rate of polymerization. Comparing the 

degree of monomer conversion at a given time gave an indication 

of the rate of. polymerization, and a plot of l0910(conversion) 

vs. 10910 [IJ lVas linear [figure 5.1 1. 

EFFect of temperature 

Increasing the polymerization temperature gave a Faster 

rate of polymerization as a result of an increased rate of 

initiaticn. It should be noted, however, that PS swells 

considerably in the hydrocarbon dispersion medium at higher 

temperatures, and therefore a practical limit of 343 K was 



FIGURE 5.1 
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set for dispersion polymerizations of styrene. 

Effect of varying stabilizer type 

~ispersions of PS stabilized by copolymers 81-B7 have 

been prepared radically (018, 019, 020, 023, 094). The 

particle size distributions of the dispersions were broad, 

and seeding techniques produced no improvement. Stabilizers 
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B1-87 were composed of large PS blocks and small PONS blocks, 

and form irreversibly associated micelles which might be 

regarded as particles, ps discussed above. Thus, in a 

dispersion polymerization such as a stabilizer aGts as a 

"seed", and if further stabilizer is fed into a polymerization, 

new nuclei are effectively being added. This eFFect broadens 

the particle size distribution and compensates any advantage 

gained from seeding teChniques. 

Vincent (13) has suggested that the most eFficient 

stabilizers have an ASB value within the range 0.33 to 3. 

Dispersions 01, 026, 029, 037, 048 and 067 Were prepared in 

the presence of stabilizers with ASB values within this 

range. The particle size distribution was again fairly 

broad owing to the relatively high solubility of PS in the 

dispersion media. 

Effect of stabilizer concentration 

The average particle size of a PS dispersion decreased 

with increasing stabilizer concentration, This effect has 

been studied more closely For dispersions of PMMA, and will 

be discussed in Section 5.2.4. 



-----------------------
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5.2.3 Non-aqueous anionic dispersion poly~erization 06 styrene 

The sluggish nature of radical polymerizations of styrene 

prompted consideration of a different polymerization mechanism, 

namely anionic polymerization. The rate of anionic polymeriza-

tion is known to be much faster than a similar radical poly-

merization.(135). As a model polymerizing system, anionic 

dispersion polymerization would seem an ideal choice. In such 

a polymerization, under the correct conditions, all growing 

polymer chains will be of a similar moleCUlar weight, having 

been initiated virtually simultaneously. The formation of 

incipient particle nuclei would,therefore,be expected as a 

sharp transition, after which subsequent polymerization would 

occur within the partiCles only, as monomer diffused in. 

Attempts w~re made to prepare dispersions of PS anioni

cally, stabilized by copolymers from the series 89-625 (i.e. 

those wi th AS6 < 3). The results are summarized in tables 

4.5 and 4.6. Initiator [e.g. n-butyl lithium) was added to 

a clear colourle9s solution of monomer, stabilizer, promotor 

and dispersion medium, and the orange colour characteristic 

of polystyryl anions Was seen to develop immediately. The 

clear orange solution rapidly became opaque orange as rS 

particles precipitated to form a "livin~' dispersion. The 

orange colour, however, soon faded to give a lJ',hite dispersion, 

and a conv~rsion of monomer of only up to 40%. 

Anionic polymerizations require conditions of rigorous 

purity, as discussed in Section 2.2.3. The purity of the 

present system was shown to be 3dequate by performing a 

conventional solution polymerization of styrene in benzen9, 

under exactly the same conditions [S6). Such a polymerization 

retained the characteristic orange colour of a "living" system 



for many hours. The colour associated with a "living" PS 

solution is du~ to the anions at th~ ends of the FS chains. 

The possibility that these coloured ends could be buried 

\-li thin th" matrix of th" PS particles of a dispersion was 

consid';red. This behaviour was shown not to occur by 
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pr"paring a PS dispersion anionically under high vacuum (062), 

and distilling highly-puriFied toluene into the reactor aFter 

the orange colour had Faded. The toluene dissolved the PS 

particles, so that any trapped polystyryl anions would once 

more have given rise to"an orange-coloured solution. No 

colouration was observed and-it was, thereFore, concluded 

that the anions had been prematurely terminated. 

Anionic solution polymerizations of styrene in toluene 

were performed [53, 58 and 59) in the presence of equivalent 

concentrations of block copolymer to that in 062. The fading 

of the orange colour was even more rapid, and the conversion 

of monomer was correspondingly low [table 4.3). Block 

copolymers with -SiMe
3 

end groups [in 58) produced a similar 

effect to those with hydroxyl end groups [in 53 and 59). 

The extent of conversion before termination was governed by 

the concentration of POMS in solution, as seen in figure 5.2. 

The extent of monomer conversion in several anionic dispersion 

polymerizations is also given in this figure. It is seen 

that a dispersion polymerization achieves a higher conversion 

For a given PD~S concentration than a solution polymerization. 

Premature termination is thus clearly a result of inter

action between polystyryl anions and PO~~S chains. Papirer 

and Nguyen (137) report the grafting of polystyryl anions 

onto a heat-treated aerosil silica. The following reaction 

scheme was proposed: 



FIGURE 5.2 

THE EFFECT OF THE CONCENTRATION OF PDMS 

IN SOLUTION ON THE EXTENT OF CONVERSION 

OF ANIONIC SOLUTION AND DISPERSION POLYMER-
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The attack of polystyryl anions on POMS is thought to be 

similar to that above. This reaction gives a dimethylsilano-

late anion, which is unreactive towards styrene monomer, as 

discussed in Section 2.2.3. Thus, whilst the system remains 

"livin~', such a reaction stops Further propagation of 

styrene polymerization, and, thereFore, polymerization is 

efFectively terminated. The lower conversion of the solution 

polymerizations in Figure 5.2 suggests that the POMS is to 

some extent protected From the polystyryl anions in a 

dispersion polymerization. 

The problem of this detrimental mechanism of premature 

"termination" could, however, be minimised. Initiator has 

been added as an incremental Feed to an anionic dispersion 

polymerization (097). Each increment was added upon Fading 

of the orange colour. Using this method, up to 80% conversion 

of monomer was achieved, but abo~e this, Flocculation occurred. 

This was due to the breakdown of the stabilizing PDMS layer by 

PS anions. Figure 5.3 shows the extent of monomer conversion 



FIGURE 5.3 

COURSE OF AN ANIONIC DISPERSION FDLYMERIZATION 

OF STYRENE WITH INCREMENTAL INITIATOR FEED (095) 
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with added initiator. ~~hilst a high degree of conversion is 

desirable, the above system does not give a model dispersion 

with well defined PONS surface layers. 

A better method of minimising premature termination of 

the polymerization was developed, which involved essentially 

protecting the PONS chains from growing anions. This has 

been achieved in two ways. Anions are largely removed from 

the presence of PONS chains when they become a part of a 

particle nucleus. Two methods of reducing the time which a 

polystyryl anion spends' in solution were,therefore,developed. 

~ispersions were initially "seeded" with a micellar 

dispersion. Growing polystyryl chains then adsorbed into 

these particles, where growth continued as monomer diffused 

into the core. Using such a method, dispersions stabilized 

by 81 (064, 073), 82 (072) and 83 (077) have been prepared 

with up to 80% monomer conversion, and narrow particle size 

distribution. The conversion of such an anionic dispersion 

polymerization was followed as a function of time, and the 

result is seen in figure 4.5. The rate of poly~erization is 

seen to be much more rapid than in a radical polymerization •. 

Stampa ( 9 ) reports a very similar curve for the anionic 

dispersion polymerization of (X-methyl styrene. Styrene was 

also polymerized in benzene solution (S6) under similar 

conditions to 073, and the conversion vs. time curve is shown 

for comparison in figure 4.5.b. The rate of dispersion 

polymerization was higher than that of an equivalent solution 

polymerization. This is probably a result of the somewhat 

higher concentration of monomer within the particles of a PS 

dispersion (Section 4.7). 

II • t' I. A second method of minimising premature termlna lon 
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was to polymerize for a short period of time in a medium which 

was a worse solvent for PS, such as n-dodecane. Using this 

technique, up to 71 i~ conversion or monotner was achieved in 

a 4 minute polyme~ization (e.g. P103). A compa~ison of the 

conversion of heptane-based 095 [33%) with dodecane-based 

098 (65%) shows the significant improvement which was gained 

when a highe~ alkane was used as the dispe~sion medium. 

The attack of the POMS by polystyryl anions is thought 

to be a slower reaction than the propa§ation of styrene 

polymerization. Indeed; when anionic polymerization techniques 

we~e used to prepare the stabilize~s, the c~oss-over ~eaction 

between polysty~yl anions and 0 3 was observed to be much 

slowe~ than the p~opagation of the sty~ene polyme~ization. 

If, therefore, an anionic dispersion polymerization is 

deliberately terminated after a short time, ve~y little 

reaction with the PO~!S should have occurred. The PO~:S layer 

could, therefore, still be reaarded as well-defined. 

Effect of stabilizer composition and concentration 

The AS8 value of the stabilizer greatly influenced the 

size of the particlas produced. Stabilizers of AS8 values 

in the range 0.53-1.47 produced large particles ( > 0.8 JA m) 

(0103, 0104, 0106, 0108, 0110). Stabilizers of larger ASS 

value [2.05-6.7) gave dispersions of smaller particle size 

[O.2-0.4pm) [098,099, 0100, 0107, 0112). Although 

stabilizers of higher AS8 values exist as irreversibly 

associated micelles in the dispersion medium, stable 

dispersions were produced. As the particles grow, "bald 

spots" will develop on the particle surfaces. In the absence 

of free stabilizer molecules which could be adsorbed onto the 
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surface, the system retains its stability by a limited 

agglomeration process. It has been calculated that each 

particle of dispersion D64 contains the equivalent of 17 

original stabilizer micelles. 

Increasing the concentration of stabilizer present in 

solution produced smaller particles for two reasons. Smaller 

incipient nuclei were produced, as discussed in Section 5.2.2, 

which in turn gave rise to smaller particles. Fremature 

"termination" problems also increased with increasing Po~lS 

concentration, and therefore conversion, and hence particle 

size, were reduced (cf. 098 and 099). In general, similar 

concentrations of stabilizer were used as for radical 

dispersion polymerization (i.e. 2-5% w/v). 

5.2.4 Ncn-aqueous radical dispersion polymerization of ~NA 

Dispersions of PMMA were prepared radically as described 

in Section 3.5, and the results are recorded in tables 4.7 

and 4.8. The dispersion polymerization of Mt~A in the presence 

of graft copolymer stabilizers has been extensively reported 

in the literature [e.g. see (10)). Stabilization of P~MA 

dispersions by adsorbed block copolymers represents a novel 

system, although many of the characteristics of such a poly-

merization are similar to those of graft copolymer-stabilized 

systems. 

The rate of dispersion polymerization was found in all 

cases to be much faster than that of an equivalent styrene 

polymerization. Near complete conversion of monomer was 

usually achieved within 5 h polymerization time. A comparison 

of the ratio k /k 0.5 for styrene and MMA [17 ) would imply 
p t 

about a 40-fold faster rate of polymerization for MMA over 
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that For styrene. This was reFlected in the relative rates 

of dispersion polymerization observed, and also the relative 

molecular weights of the polymers Formed. 

The solubility of PM~A in aliphatic hydrocarbon is 

almost negligible. Swelling of the particles lIas,thereFore, 

not a problem as was the case For PS particles, and the 

polymerization temperature could be increased. In practice, 

the temperature of polymerization was oFten chosen as the 

reFluxing temperature of the dispersion medium (e.g. 342 K 

For hexane). 

Figure 4.6 shows the conversion of monomer with time For 

a typical MMA dispersion polymerization. The curve is of a 

sigmoidal Form, in common with similar work reported in the 

literature [ 7). The increase in the rate of polymerization 

at about 10% conversion was a result of the gel eFFect, 

described in Section 2.3.2. For comparison, the corresponding 

bulk and solution polymerization curves are presented in 

Figure 4.6.b. The curve For the dispersion polymerization 

of MMA is of a similar Form to that For a bulk polymerization, 

in which the increased rate due to the gel eFFect is also 

noted. 

The molecular weight of the PMi>lA produced in a dispersion 

5 polymerization was high, of order 1-5 x 10. The molecular 

weight was signiFicantlY reduced by polymerizing in the 

presence of a chain transFer agent. ~ispersion polymerization 

066 vias perFormed in the presence of carbon tetrabromide, and 

the PMMA produced had a number average molecular weight of 

15 800. 

Electron microscopy has shown that the particles of PMMA 

produced were spherical and of narrow particle size distribu-
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tion. As with the dispersion polymerization of styrene, both 

one-stage and seeding techniques were compared. Since this 

dispersion polymerization system produced better deFined 

particles, a more rigorous study of the inFluence of various 

reaction conditions could be made. 

discussed individually. 

Polymerization technigue 

These eFFects will be 

MMA is a solvent For PMMA, and so a seeding technique 

Vias oFten used to produ~e smaller particles of a narroVl size 

distribution. The rapid rate of the polymerization, coupled 

with the insolubility of PMMA in the dispersion medium, gave 

particles of an acceptably narrow size distribution even with 

a simple one-stage polymerization. The amount of monomer 

polymerized in a seed stage did, however, have a marked 

eFFect on the Final particle size. Figure 5.4 shows the 

variation of particle size of dispersions [076, 084, 044, 055) 

prepared with an increasing proportion of the monomer in the 

seed stage. Hhen less than 30% of the total monomer was 

polymerized in the seed stage, the lower limit of particle 

size [0.1 jim For this particular system) Was reached. 

Increasing the monomer content of the seed stage increased 

the overall solubility of the dispersion medium. Thus 

increasing particle sizes were produced, until in the limit, 

when all the monomer is in the seed stage [i.e. a one-stage 

polymerization), particles of 0.48 ~m were produced. 

EFFect of stabilizer concentration 

In general, somewhat higher concentrations of stabilizer 

were needed than For dispersion polymerizations of styrene. 

At a stabilizer concentration comparable with that of a 
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typical styrene polymerization ('" 2%), a dispersion polymer

ization of MMA (043) produced coarse particles of a wide 

partiCle size range (0.3-1 ~mJ. 

Figure 5.5 shows the variation of average particle size 

of dispersions (043, 044, 090, 091) prepared in the presence 

of diFFering concentrations of stabilizer. Increasing the 

stabilizer concentration produced smaller particles, as pre

dicted by the theories of particle Formation (Section 2.3.3). 

Replotting the above curve on logarithmic axes gave a straight 

line, which obeyed the relationship 

o -0.77 
c 

in which 0 is the particle diameter 

and c is the concentration of stabilizer in solution. 

Barrett (10) has reported a similar relationship For 

dispersions of P;~t·1A stabilized by graFt copolymers. These 

systems have a concentration coeFFicient in the range -0.5 

to -0.6. 

~ispersion polymerizations of MMA "ere usually performed 

in the presence of about 5% stabilizer in solution. It should 

be noted that despite this relatively high concentration, only 

up to 20% of the stabilizer was actually incorporated into 

the PMMA particles. Higher concentrations were required 

since the adsorption of the block copolymer stabilizer onto 

the particle surFace occurs less readily than a chemical 

reaction grafting a stabilizer onto the surFace. ~ispersions 

of PMI-1A required a higher stabilizer concentration in solution 

than PS dispersions owing to the incompatibility of PMMA and 

the PS anchor block, as will be discussed in Section 5.3.3. 
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=ffcct of FD~S molecular w~irht 

The use of stabilizers containing higher molecular weight 

POhS blocks led to smaller particles. This was because the 

larger FOMS chains wera capable of stabilizino a larger 

surface area of the particle surface. Figure 5.6 shows ths 

effect on particle size of varying the molecular weight of 

the FOMS block of the stabilizer. The dispersions considered 

(049, 044, 074, 051 and 080) were all prepared in the presence 

of similar concentrations of POMS. 

Effect of the stabilizer's ASS value 

It was found impossible to produce dispersions of PMMA 

in the presence of stabilizers of ASS value greater than 4.4. 

Such stabilizers irreversibly micellize in the dispersion 

medium as discussed in Section 2.2.2. Whilst !hesestabilizers 

were successfully used as a seed for a styrene dispersion 

polymerization, they could not be used in this way in a ~MA 

polymerization. This is a result of the incompatibility of 

PM~;A and PS. A growing PI~t~A radical cannot enter into the 

PS core of a micelle, and so upon reaching its threshold 

molecular weight for precipitation, particles are formed in 

the dispersion medium. The stabilizer is not free to diffuse 

to and be adsorbed on these incipient nuclei, and so floccula

tion quickly occurs. The gross flocculation observed in D78 

is thus explained. Successful dispersions have, however, 

been prepared in t~e presence of stabilizers of ASS value in 

the range 0.53 to 3.97 (e.g. 044, 049,051, D74, 075,079, 

060 and 08S). 
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5.3 CHARACTERIZATION OF NON-AQU~OUS DISFERSIDNS 

5.3.1 Particle Size and Shape 

Transmission electron microscopy (TEM) 

109 

Transmission electron microscopy was used as the principle 

method cF determining particle size and shape. The soluble 

POMS stabilizing layer which surrounds the particles, 

collapses onto the particle surFace when the dispersion 

medium is removed. The thickness of this collapsed layer on 

a dry particle was calculated to be only of the order 2 nm, 

which represents less than a 3'; increase in the diameter of 

the smallest particles. Thus,the collapsed layer could be 

neglected, and the particle diameter measured From electron 

micrographs Was taken as the core diameter. 

Although the instrument was calibrated with a replica 

of a diFFraction grating, electrical Fluctuations can 

generate up to 10% error in the recorded magniFications. A 

more Fundamental source of error might result From a change 

in the sample during preparation of the microscope grids. 

IF the particles were signiFicantly swollen in the dispersion 

medium, removal of the medium might be expected to change the 

particle size. Oepolymerization of polymer particles has also 

been reported under the rather hostile conditions of high 

vacuum and electron bombardment within an electron microscope 

(78) • 

In the present work, damage to the particles in the 

electron beam was only noted occasionally with very small 

particles (order 50 nm). In this situation, exposure times 

were kept to a minimum, such that beam damage was negligible. 

The swelling of the PS core of a micellar dispersion particle 

was discussed in Section 5.2.1. It was suggested that 
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swelling by the dispersion medium would only increase the core 

diameter by 6%, which is within the limits of error of TEM. 

Hence, the good agreement between the predicted micellar core 

radius and the radius measured by TEM in Section 5.2.1 was 

reason~ble. 

In order to confirm that there was little change in a 

particle during TEM sample preparation, two referee techniques 

were considered. These both involved radiation scattering 

studies, which gave a measurement of a particle in an 

essentially undisturbed' state. 

Small-angle X-ray scattering 

The method of Guinier [113) was used to determine the 

radius of gyration of the particles of a micellar dispersion 

[087) and a PMMA dispersion [084). 

Section 4.3.2. 

The results are given in 

The scattering From 087 gave a good straight line 

Guinier plot [figure 4.10) from which the particle diameter 

was calculated as 48 nm. The core diameter estimated by TEM 

was 44 + 4 nm. The scattering of X-rays was due not only to 

the particle core, but also to the silicone layer at the 

surface. Therefore,a larger valua of the apparent particle 

diameter would be expected from SAXS measurements than from 

TeM. This would be particularly true for PO~S of higher 

molecular weight, which would form a thicker layer at the 

surface. SAXS wouLd not, however, be expected to define the 

total extent of the POMS layer, since there will be some 

distance from the surface at which the electron density 

decreases such that no scattering occurs. This distance will 

depend upon the configuration of the soluble chains. For 087, 



the POMS chains are short [~ = 3 300), and so the close 
n 

agreement between SAXS and TEN estimates of particle size 

would be expected. This study conFirmed the suggestion that 

the swelling of the particle core is only slight. 

SAXS studies on 084 have shown, at least qualItatively, 

the presence of the silicone layer. SAXS From a sample of 

the dried disperse phase was used to estimate the core 

diameter. Scattering From a dispersed sample of 084 was 
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analysed to give the diameter of the core plus the POMS layer. 

As seen in Figure 4.11"the Guinier plots For 084 were quite 

strongly curved. Such behaviour is oFten characteristic of 

a broad particle size distribution, but TEM~ of 084 have 

conFirmed that the particle size distribution was narrow, and 

quite comparable with that of 087. 

An average particle size can still be calculated From a 

curved Guinier plot by taking the limiting slope (113). For 

particles of this relatively large size, errors in extra-

polation were very large. The estimated diameter of the dry 

particle core was 119 + 24 nm and of the dispersed particle 

133 + 27 nm. These values are in Fair agreement with the 

core diameter of 130 + 13 nm obtained From TEM. \~hilst the 

validity of the diameters estimated From such an extrapolation 

procedure is rather dubious, the Guinier plots do show 

qua~itatively the presence of the PO~iS layer. The greater 

slope of the curve For the dispersed sample at all angles 

suggests an apparen'tly larger particle, which must be due to 

the FOMS layer, assuming there Vias no swell ing of the P~iMA 

Care. 

Small-angle X-ray scattering has,thereFore,shown that 

the particle diameters estimated From TEi'-1 are realistic within 
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the 10% limit of error. The presence of a surFace laye~when 

the particles were present in a dispersion rnedium,was also 

detected. 

Light scattering 

The scattering of visible light From the dispersions 

provided a second reFeree technique For estimating the size 

of the particles in an essentially undisturbed state. 
, 

Some of the many techniques For determining the particle 

size of a dilute scattering system have been mentioned in 

Section 2.4.2. The size of the particles under present con-

sideration lies within the Rayleigh-Gans region (92). The 

particles were generally too small For analysis of the angular 

positions of maxima and minima in the polar scattering curve 

(95.96.97 ). Since the particles were anisotropic, polariza-

tion studies of the scattering would be greatly complicated, 

iF not invalidated. Dissymmetry measurements were chosen as 

a suitable method of determining the particle size of the 

non-aqueous dispersions. Since the reFractive index of the 

particles was quite close to that of the dispersion medium, 

absolute reFractive indices did not need to be known, which 

greatly simpliFied a consideration of such anisotropic 

particles. 

Samples of FMMA dispersions were examined dispersed in 

Freon 113 and an alkane mixture. The al"ane mixture was 

chosen to be isoreF.ractive with the FDMS layer, so that 

scattering was due only to the PMMA core of the particles. 

Two P~IMA dispersions were studied, one stabilized by FDMS of 

low molecular weight (D84) and the other stabilized by higher 

molecular weight PDMS (D74). The results are summarized in 

tables 4.10 and 4.11. 



Values obtained for the particle core diameter were in 

both cases somewhat higher than TE~l measurements. These 

scattering systems obey the conditions described to satisfy 

equation 2.45, and swelling of the PMMA core could be 

neglected. To avoid mUltiple scattering effects, the dis-

persians were diluted with the dispersion medium until no 

change in dissymmetry with concentration was recorded. 

Napper and ottewill (138) have suggested that multiple 

scattering between particles can be neglected if the inter-

particle separation is greater than 200 times the particle 

radius. -4 At the dilutions used in the present study (10 -

10-
5 

g dm- 3 ) this condition was FulFilled. 

The overestimation of particle size could be a result 
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of the particles being slightly Flocculated. Rheology studies 

which will be discussed in Section 5.4.1, have shown that 

such systems were not Flocculated under shear, but it is 

possible that in an undisturbed situation, weak flocculation 

may occur. The existence of a secondary minimum-type of 

attractive trough in the potential energy curve was suggested 

in Section 2.1.3 and illustrated in figure 2.6. A limited, 

weak flocculation might also explain the curved Guinier plots 

obtained from SAXS of OB4. Although the individual particles 

of the dispersion were monodisperse, weakly associated "Floes" 

would greatly broaden the particle size distribution. A 

polydisperse scattering system yields a characteristically 

curved Guinier plot. The linear Guinier plot given by DB7 

could then be taken to suggest that there was no flocculation 

in this micellar dispersion. 

The apparent particle size of each dispersion was 

greater when measured dispersed in Preon 113 than when 
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measured dispersed in the alkane mixture. This again con-

Firms the presence of the surFace layer of PDMS around the 

particles. \~hilst the problem of the possibility of weak 

Flocculation greatly complicates an estimate of the absolute 

size of the particles, it is of interest to compare the 

relative sizes of the particle determined with and without 

the PoMS layer. The apparent particle size of 084 was 

increased by 9.2% due to the PoMS layer. Assuming a true 

core diameter of 0.13}lm From TEM, this suggests a PO MS 

optical layer thickness' of 6.0 nm. The hydrodynamic thickness 

(&) From rheology For 084 was 8.9 nm, which is comparable with 

the optLcal measurement. It should be noted that b was deter

mined with n-heptane as the dispersion medium. Measurement 

of intrinsic viscosities (Section 4.6) has shown that a Free 

PoMS chain is slightly more extended in Freon 113 than in 

n-heptane. 

Similarly For 074, taking a true core diameter of 

0.069 ~m From TEM, the optical thickness of the PoMS layer 

was calculated to be 15.6 nm. Again this was comparable with 

the hydrodynamic thickness of 18.2 nm. As with SAXS stUdies, 

optical methods would not detect the Full extent of the PoMS 

layer. The value obtained For the optical thickness would 

depend upon th'e segment density distribution, i.e. the con

Figuration of the PoMS chains. 

5.3.2 SurFace Coverage 

Analysis of the silicon content of samples of the dried 

dispersed phase was combined with an estimate of the particle 

size From T~M to give information nbout the surFace coverage 

by the FoMS chains. SurFace coverage results are presented 
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as the surface area (A) occupied by each PO~S chain, and the 

mean separation (d) between adjacent chains in tables 5.2 

and 5.3. The chain separation was calculated assuming each 

chain is terminally adsorbed in the centre of a regu~ar 

hexagon of area A. 

The area occupied, or stabilized, by a given FOMS chain 

was found to be constant over the range of particle sizes 

considered, for both PS and PMMA particles (table 5.2). 

This implies that "total" surface coverage may be assumed 

for all dispersions. Pigure 5.7 shows the variation of A 

with the molecular weight of the POMS chain. The area whiCh 

one chain is capable of stabilizing increases with increasing 

molecular weight of the FOMS chain. It can also be seen that 

a given POMS chain stabilizes the same area on both PS and 

FMMA particle cores, and the molecular weight of the PS 

anchor block has no influence on A. The suggestion is, 

therefore, that the PS anchor block does not extend signifi

cantly into' the dispersion medium, and the POMS chains may 

be thought of as being terminally adsorbed at the particle 

surface. 

The radius of gyration <s2)Y. of a free POMS molecule in 

heptane was calculated as described in the Appendix, for the 

renge of POMS molecular weights under consideration. From 

these values, the root mean square (r.m.s.) volume occupied 

by each free molecule was calculated. Clayfield and Lumb 

( 35) have used co'mputer techniques to study the configuration 

of terminally adsorbed molecules using Monte Carlo methods, 

as discussed in Section 2.1.2. \Ihilst these workE'rs were 

only able to simulate chains of up to 300 links, their 

findings suggested that the volume occupied by a terminally 



Table 5.2 

Area of core surface stabilized by one POMS chain 

[i) effect of core diameter 

[a) PMMA particles stabilized by POMS An 11 200 

No. 

076 

084 

091 

044 

05S 

[b) 

No. 

086 

0113 

0115 

064 

Particle core 
diameter [JAm) 

0.096 

0.13 

0.22 

0.25 

0.48 

Area occupied per 
FDMS chain [nm2 ) 

11.7 

12.6 

11 .1 

12.0 

13.0 

FS particles stabilized by PONS ~ ~ 4 000 
n 

Particle core 
diameter [jlm) 

0.044 

0.13 

0.17 

0.21 

Area occupied ~er 
F01J.S chain (nm J 

5.1 

5.2 

4.2 

8.0 



Table 5.3 

Area of core surFace stabilized by one PoMS chain 

(li) eFFect of ~ of FoMS 
n 

(a) PMMA particles 

No. 

079 3 200 

049 7 000 

044 11 200 

089 13 700 

0101 16 100 

080 23 SOD 

074 29 SOD 

O8S 4S ODD 

(b) PS particles 

No. 

086 3 300 

0115 4 ODD 

0113 5 ODD 

0100 7 600 

0107 13 700 

Area occupied 
per PoMS chain 

(nm2 ) 

6.4 

9.5 

12.6 

19.4 

24.6 

35.4 

44.5 

51.3 

Area occupied 
per PoMS chain 

(nm2 ) 

5.1 

4.2 

5.2 

12.5 

14.7 

Mean PoMS 
chain separation (d) 

(nm) 

2.7 

3.3 

3.9 

4.7 

5.4 

6.5 

7.2 

7.4 

Mean PDMS 
chain separation [d) 

(nm) 

2.5 

2.3 

2.5 

3.S 

4.1 
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adsorbed chain was not significantly different to the volume 

of the free chain. Some very recent work by Tanaka (139) 

using random flight statistics also implies that there is 

little change in volume when a free molecule is terminally 

adsorbed onto a convex surface. In the present work, the 

r.m.s. volumes of a free and a terminally adsorbed molecule 

will be taken as being equal. 

The mean separation of adsorbed POMS chains (d) was 

2 1> plotted as a function of the radius of gyration < s) of the 

free molecule in figure' 5.8. The mean separation is seen to 

be slightly greater than the radius of gyration of the 

molecule over the range of molecular weights studied. If 

the mean separation between chains had been greater than 

twice the radius of gyration, no interaction between neigh-

bouring chains would occur, as illustrated in Figure 5.9(a). 

The thickness of the staric layer might in this case be 

expected to be equal to twice the radius of gyration of the 

stabilizing molecule. The separation was, however, Found to 

be less than described above, and might be represented as in 

fisure 5.9(b). Adjacent molecules can interact within the 

shaded region, and volume exclusion eFFects between segments 

will lead to an elongated volume. Assuming no overlap of 

neighbour ins chains, this volume could be represented by 

figure 5.9(c). IF the volume is held constant, the height 

which the chain attains (h) can be calculated. In a real 

situation, the molecule is adsorbed on the convex surFace of 

a particle, and, thereFore, the appropriate radius of curva-

ture of the particle was considered in calculations of h. 

Figure 5.10 shows a plot of h against the molecular weight 

of the POMS chains. Under conditions of no overlap, h misht 
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FIGURE 5.9 
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be regarded as the effective thickness of the FDMS layer. 

The value of h may be overestimated oVling to the nature 

of PDI>'IS chains. Such chains are very flexible and it Vlould, 

therefore, not be unreasonable to expect some degree of over-
. 

lapping betVleen neighbouring volumes. This would lead to 

lower values of h. 

Clayfield and Lumb's Vlork did not describe the segment 

density distribution of the adsorbed molecule, but did suggest 

that the segment density would be greatest near the centre of 

the molecular volume. Hesselink (29) has calculated the 

theoretical segment density distribution of the adsorbed 

molecule, and finds a near Gaussian distribution. Tanaka's 

recent work (139) confirms such a distribution, and suggests 

that an adsorbed molecule has an elongated volume at the 

interFace. This gives rise to a second, and possibly more 

realistic model for such closely packed chains. 

The segment density distribution suggests that each 

terminally adsorbed molecule sweeps out a volume Vlhich can be 

represented by a prolate ellipsoid, as seen in figure 5.9(d). 

Such an ellipsoid,retaining the same volume as the r.m.s. 

volume of the free molecule,Vlill have a larger effective 

height h'. Figure 5.10 shows the variation of h' Vlith the 

molecular weight of the PONS, calculated as before assuming 

a volume equal to the r.m.s. volume of the free molecule. 

The minor axis of the ellipsoid was taken as the mean chain 

spacing (d) at the 'particle surface, and a planar surface 

was assumed. 

The effective thickness of the FDI'IS layer as calculated 

from surface coverage information, will be compared with 

estimates of the layer thickness from rheology in Section 

5.4.1. 
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5.3.3 Dispersion stability and stabilizer anchorina mechanism 

PS dispersions 

PS dispersions remained stable For long periods of time 

under ambient conditions. Particles which had sedimented under 

gravity were easily redispersed upon shaking, particularly 

when the particle size distribution was narrow. This would 

suggest that there was no signiFicant desorption of stabilizer 

with time. The stability was to be expected, since the PS 

anchor block of the stabilizer would become incorporated within 

the matrix of the PS particle core, thus anchoring the PDMS 

block Firmly to the particle. 

Dispersions were, on occasion, subject to ultrasonic 

vibration. It was noted that 0100, containing stabilizer with 

a low molecular weight PS block, eventually became unstable 

and gross Flocculation occurred. This was probablY due to 

the short PS anchor block being, as it were, "shaken out" of 

the core by the Ultrasonic vibration. Any swelling of the 

core, either by the dispersion medium or unconverted monomer 

would have aided this process,as would any swelling of the 

anchor block itselF. ~ispersion 0107, incorporating stabilizer 

of a high molecular weight anchor block, was quite stable to 

ultrasonic vibration. 

The dimensions of the PS anchor block within the particle 

core would be expected to be the same as For a bulk polymer 

molecule. Flory (32) predicted that these would be unperturbed 

random coil dimensions,~ and this has recent ly been conFirmed 

by neutron scattering studies [140-143 ). The probable 

anchoring mechanism is illustrated in Figure 5.11(a). 
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PMMA dispersions 

The incompatibility of the bulk polymers PS and P~1~lA is 

well known (114). It might.thereFore,seem surprising that a 

PS-PO~S stabilizer could anchor to a PMMA particle. The 

present work has shown that such stabilizers were,in Fact, 

suitable For stabilizing PMMA particles. Within the molecular 

weight range of the PS anchor blocks studied (8 800 - 44 000) 

no variation in anchoring eFficiency was apparent. As with 

PS dispersions, long term stability suggested no desorption 

of the stabilizer, and stability under ultrasonic vibration 

showed that the anchoring mechanism was not weak. 

In the dispersion polymerization of MMA, slightly higher 

concentrations of stabilizer in solution were required than 

commonly present in styrene polymerizations. FMMA dispersions 

could not be grown from a micellar dispersion seed (e.g. 078). 

This was to be expected since growing PMMA radicals would not 

readily difFuse Dnto the incompatible FS core of the micelles. 

During a MMA dispersion polymerization,the incipient nuclei 

Formed adsorbed stabilizer From the dispersion medium. The 

"driving-Force" of this adsorption was the insolubility of 

the PS block of the stabilizer in the dispersion medium. 

Analysis of a sample of the stabilizer isolated From a 

low molecular weight PMMA dispersion (Section 4.3.3) showed 

that the stabilizer chains had not been graFted onto the 

particle surFace by a chain transFer mechanism. This was not 

surprising as the chain transFer constants For MMA onto both 

-5 -5 PS and PoMS are very small (29 x 10 [17 J and 0.3 x 10 

[145) respectively). 

The PS anchor bloc~ is postulated to be in a oollapsed 

state, in order to minimise polymer/polymer contact between 
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incompatible polymers. Tllo models for the anchoring mechanism 

are proposed. One model involves the collapsed PS anchor 

becoming trapped within the matrix of the ;-'I:,-,A p3rticle as it 

grows (figure 5.11(b]. In an alternative model, the anchor 

block is adsorbed onto the particle surface in trains, with 

an occasional loop being trapped within the surface of the 

particle (Figure 5.11(c)). 

The eFFiciency of the anchcring mechanism was demonstrated 

in studies of the particles of 044 and 055 redispersed in 

cyclohexane. Such dispersions, when held at 333 K for 60 h • 

showed only slight Flocculation, implied From a slightly 

increased rate of sedimentation. Cyclohexane at 307 K is a 

well-known a-solvent For PS (17 ). IF the stabilizer were 

not Firmly anchored to the particles, heating such a disper

sion to 333 K would lead to gross Flocculation, owing to 

desorption and dissolution of the PS anchor block. The slight 

flocculation actually observed suggests a limited desorption 

of stabilizer, which was reversible upon cooling the disper

sion to 298 K. 

The above study suggests the anchoring mechanism in 

figure 5.10(c) might predominate. ~Jhen the dispersion was 

heated, the PS chains lying on the particle surFace in chains 

became swollen, and then ~xtended into solution. This might 

create "bald spots" on the particle surFace which would 

encourage either mild flocculation, or an increase in the 

secondary_minimu~ e~Fect discussed earlier. Upon cooling, 

the PS anchor blocks are once again adsorbed onto the particle 

surface, and deflocculation occurs. 

An alternative explanation of the above behaviour is 

based upon a model which is predominantly as in figure 5.11(b), 
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with a small propor.tion of stabilizer molecules anchored as in 

Figure 5.11(c). Upon heating, the more weakly anchored 

molecules of model 11 are totally desorbed. This would lead 

to the limited Flocculation observed, IIhich would again be 

reversible on cooling. 

5.4 PROPERTIES OF NON-AQUEOUS DISPERSIONS 

5.4.1 Rheology 

The rheology of systems of dispersed particles surrounded 

by a soluble polymer layer has been reported in the literature 

(6.124.147) • These studies were based on polymer particles 

surrounded by a layer of low molecular weight (1 600).soluble 

polymer, and irregular titanium dioxide particles with a 
, 

surFace layer of low molecular weight « 9 000) polymer. 

~leasurement of the apparent hydrodynamic volume of the 

dispersed phase Was combined with a knowledge of the particle 

core dimensions to estimate the thickness of the adsorbed 

layer. Such an estimation was complicated by the ill-deFined 

nature of the soluble polymer, which was the polydisperse 

product of a condensation polymerization. Also the thickness 

of the layer was small compared to the particle diameters, 

since the molecular weight was low. 

The polymer dispersions prepared in the present work have 

made possible a more comprehensive study of the adsorbed layer. 

The POMS layer was well-defined (oF narrow mclecular weight 

distribution) and monodisperse particles have been prepared 

with surFace layers of po:·:S 01' a range of molecular weights 

(3 200 - 48 000). The rheology of both PS and PMMA dispersions 

was studied, with an emph8sis on P~ii'1A dispersions as a model 

system. The adsorbed layer thickness (b) was measured For a 
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series of dispersions of varying particle size For both PS 

and PNMA systems. The eFFect of varying both the PS anchor 

block and PONS soluble block molecular weight was studied For 

PMMA dispersions. The results of rheological studies are 

given in Section 4.4.1. 

The eFFect of varying the particla size in a series of 

PMMA dispersions containing the same stabilizer, on b , Vias 
1/3 

FJ vs. investigated. Figure 4.44 shows that the plot of [0< 
o 

-1 D was linear over the particle size range considered (0.096 

0.48 jAmJ. This implies 'that b was constant over this range of 

particle sizes. From the intercept of this curve, the eFFec-

tive Einstein coeFFicient [~ FJ was Found to be 2.49 ~ 0.08. 
o 

-1 
As 0 tends to zero, the surFace layer thickness becomes 

negligible relative to the core diameter, and the eFFective 

Einstein coeFFicient approaches the true Einstein coeFFicient 

of 2.50. The good agreement of coeFFicients suggests that the 

particles were spherical and Free From aggregation. The 

sphericity of the particles was conFirmed by electron micro-

scopy. Both light scattering and SAXS studies have suggested 

the possiblility of a limited Flocculation of PMMA dispersions. 

This was not reFlected in rheology studies, which suggests 

that any Flocculation was in Fact weak and ~Ias easily 

destroyed under shear. 

The ratio of the slope to the intercept of Figure 4.14 

gave a value of 8.9 nm For the adsorbed layer thickness. 

Since [, was constan't over the range of particla sizes con-

sidered, subsequent estimations of b could be obtained 

directly From equation 2.44 For particles of known diameter. 

The absence of particle asymmatry and aggregation under shear 

was also conFirmed For PS particles. Although the choice of 
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dispersions was more limited, Figure 4.16 shoVls a plot of 
1/3 

(0< F) vs. 0-1 to be linear, with an intercept giving an 
o 

Einstein coeFFicient of 2.54 ~ 0.09. 

The variation of & with the molecular weight of the POMS 

layer is shown in Figure 4.20 For PMMA particles, and Figure 

4.21 For PS particles. The rather high value of & For a POMS 

chain of M 48 000 corresponded to a closer packing of the 
n 

PONS chains as seen in Figure 5.7. Figure 4.20 shows that 

the molecular weight of the PS anchor block, at least in the 

range 10 - 40 000, does,not aFFect the value of &. This 

conFirms that the anchor block does not extend signiFicantly 

into solution, and the POMS chains may be thought of as being 

terminally adsorbed at the particle surface. 

The variation of b with the molecular weight of the POMS 

chains is shown along with estimates of layer thickness From 

surFace coverage studies in Figure 5.12. This Figure shows 

that b is in reasonable agreement with the thickness h' cal-

culated From surface coverage studies based on the prolate 

ellipsoid model of a molecule. The parameter b >vas basically 

derived From Einstein's equation (equation 2.35), and, there-

Fore, represents a hydrodynamic dimension rather than a 

molecular dimension. Figure 4.20 showed that the r.m.s. 

volume of a Free PatioS chain was slightly greater than its 

equivalent sphere hydrodynamic volume. It is suggested From 

both experimental (148) and theoretical observations (149 ) 

that the r.m.s. volume of a molecule when represented by a 

prolate ellipsoid in good solvent media is greater than its 

hydrodynamic volume. It is ,thereFore ,reasonable tbat values 

of 0 are consistently slightly less than h' values. The 

values calculated For h' will also be slightly overestimated, 
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since on the convex surFace of a particle, the prolate 

ellipsoid would become an ovoid, thus reducing the overall 

layer thickness. The suggestion that the pa~ls chains could 

overlap was discussed in Section 5.3.2 and would also lead 

to a reduction in h'. 

121. 

General conclusions can now be made about the conFigura-

tion of the POMS chains. Rheologieal studies have suggested 

that the POMS molecules are extended over the random coil 

end-ta-end distance of the Free molecule in solution. The 

extension was seen to be less than For a Fully extended chain 

(Figure 4.20). An estimate or the layer thickness From 

surFace coverage, based on a prolate ellipsoid model of a 

molecule, was in good agreement with the layer thickness 

derived From rheologicsl studies. 

The extension of the FOMS molecules might be expected, 

since it represents a balance between excluded volume eFFects 

extending the molecule to increase polymer-solvent contacts, 

end the loss. of entropy associated with ~xtending the 

molecule tending to oppose the extension. \~hilst such 

extension occurs in solution, the elongation is even greater 

ror a terminally adsorbed molecule, owing to the anisotropic 

situation. The molecule cannot penetrate the particle 

surFace, and is severely restricted in penetration of neigh-

bouring volumes. The molecule is, however, Free to extend 

in a perpendicular plane to the surFace, and, thereFore, 

adopts an extended conFiguration. 

Barsted et al. (124) have studied the rheology of polymer 

particles stabilized \lith a surFace layer of poly(12-hydroxy 

stearic acid) of number average molecular weight 1 600. These 

workers Found no variation of & with particle size in the 



range 0.04 to 2.0J1m, although Goodwin [86 ) has reworked 

these results to susgest that b decreases at the smallest 

particle size. Barsted et al. reported a value For 6 of 

6.2 nm, which, according to their calculations, represents a 

layer thickness close to the hydrodynamic height of the 

molecule, and much less than the r.m.s. height. It is 

believed that these workers have calculated the r.m.s. 

dimensions incorrectly. From the intrinsic viscosity quoted 

For Free poly(12-hydroxy stearic acid), a r.m.s. height of 

4.9 nm was calculated, which is much less than Barsted's 

value calculated as 15.6 nm. Thus, their work is in agree-

ment with the present Findings For particles incorporating 
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surFace layers of PDMS. A relatively larger value of & might 

be expected For short chain poly(12-hydroxy steario acid) 

molecules, since such molecules are relatively inFlexible, 

and approximate more closely to a non-overlapping, worm-like 

chain model. 

5.4.2 Flocculation studies under 9-conditions 

The behaviour of sterically stabilized dispersions in a 

medium which is a 9-so1vent For the stabilizing chains was 

discussed in Section 2.1.3. Consideration of the "mixing term" 

gave equation 2.8, From which it was predicted that under 

9-condi tions (i. e. 'X. = 0.5), t,. G becomes zero. 
m 

In the absence 

of a repulsive Force, the particles would· Flocculate. IF an 

additional "volume restrictio~' term is considered, sugh 

systems Vlould still experience a repulsive force under 

9-conditions. Napper has studied the stability of sterically 

stabilized particles at 9-conditions. He reports results 

for an aqueous system (150.151 ) in which the molecular 
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weight of the stabilizing chains [polyethylene oxide) was 

3 6 varied From 10 - 10 , although the molecular weight distribu-

tion of these soluble chains was rather broad. Napper has 

also studied non-aqueous sterically stabilized dispersions 

under Q-conditions. Studies of PMNA particles in 

alkanes (14) were limited to low molecular weight stabilizing 

chains [M < 5 000) again of a polydisperse nature. 
n 

For both 

aqueous and non-aqueous systems, Napper reported a loss of 

stability at 9-conditions or even at slightly better than 

9-conditions. 

The well-deFined non-aqueous dispersions prepared in the 

present work were studied as a Function of the solvency of 

the dispersion medium. Adding a non-solvent for POMS [e.g. 

ethanol) to a dispersion eventually produced flocculation. 

This flocculation has been followed with larger particles 

('> 1 r-m) under the optical microscope. The minimum volume 

fraction of non-solvent added to produce visible flocculation 

Was recorded as the critical flocculation volume [c.F.v.). 

The solvency of the dispersion medium was also reduced by 

lowering the temperature to give the critical flocculation 

temperature (c.f.t.). Flocculation could not be induced by 

cooling an aliphatic hydrocarbon-based dispersion, so the 

dispersion medium was changed to a heptane/ethanol mixture. 

All these studies were based upon stirred samples of 

dispersions. Thus,any inherent weak flocculation (Section 

5.3.1) was removed 'under shear, as was shown by 

rheological studies [Section 5.4.1). 

Q -condi tions for P<Ji-lS homopolymer were determined by a 

Cloud-point method as described in Section 4.8. The method 

used (42) was the same as that used by Napper (14), but since 
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the solubility parameters of FDMS and n-heptane are very close 

(both ~ 7.4 [17 )), the modiFica~ion of Suh and Clarke [125) 

was adopted. The determined a-temperature was checked by 

Following the phase separation of POMS at diFFerent molecular 

weight~ and applying the method of Talamini and Vidotto (126). 

The good agreement of the determined a-temperatures (Section 

4.5.2) conFirmed the applicability of the 5uh and Cl arks 

modiFication. 

Table 4.15 shows that For particles stabilized by the 

same stabilizer, both the c.F.v. and the c.F.t. were insensi

tive to the particle diameter over the range studied. This 

is in agreement with Napper's work with aqueous systems (150) 

and conFirms Fischer's prediction (11) that the interaction 

volume at constant surFace separation is almost directly 

proportional to the particle core radius. For non-aqueous 

systems, Napper Found a decrease in c.F.v. with increasing 

particle size, but this may be a result of incomplete surFace 

coverage of the larser particles. 

Table 4.16 shows the insensitivity of both c.F.v: and 

c.F.t. to the molecular weight of the PONS chains. The errors 

involved in the determination of the c.F.v. were rather large 

owing to the experimental diFFiculty associated with mixing 

the non-solvent into the dispersion mediu~. The closer 

agreement of c.F.t. values reFlects the m~re easily controlled 

experimental technique. 

The a-composition and a-temperature Por PO~S in equi

valent solvents were Found to be 33.7% (volume Fraction of 

added ethanol) and 339.0 ~ 1 ,. respectively. Hence, within 

experimental error, the c.F.t. values correspond closely to 

the determined a-temperature For rD~,S. The c.P.v. values all 



occur at slightly worse than a-conditions, but this could 

well be a result of the experimental difficulties mentioned 

above. 

The accuracy of this particular experimental procedure 

must be considered. Flocculation was recorded as the point 
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of a visible change in the turbidity of the stirred dispersion. 

The USe of instrumentation capable of measuring the optical 

density of the dispersion would,perhaps.have been more 

sensitive, and it is possible that the critical flocculation 

points recorded do not in Fact represent incipient Floccula-

tion. The reproducibility of both c.F.v. and c.f.t. deter-

minations was, however, good. The concept of G-conditions 

for a terminally adsorbed polymer molecule should be treated 

with caution, since these are not necessarily the same as 

the G-conditions For a free molecule in dilute solution. 

:11 th the above 1 imi tations in mind, however, these studies 

of Flocculation do suggest some significant Features. 

It is evident that the dispersions chosen were in Fact 

sterically stabilized, and that Flocculation VlSS indu~ed by 

changing the solvency conditions For the PONS layer. 

Flocculation occurred when the dispersion medium was of much 

better solvency than that required for phase separation of 

the particular "stabilizing PONS chain in solution. The 

critical flocculation point was insensitive to the molecular 

weight of the POMS. These two observations suggest that the 

Flocculation of a dispersion is not a result of a dimensional 

collapse of the PONS chains. The dispersions reported in 

teble 4.16 contained PS anchor block of molecular weights 

8 800 - 44 ODD. The insensitivity of c.F.v. and c.F.t. to 

the anchor block length, again confirms that the anchor block 
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was not extended into the dispersion medium. 

The overall conclusion of these studies is that these 

sterically stabilized dispersions lose stability and 

flocculate close to the point when the dispersion medium 

becomes a 9-so1vent for the soluble stabilizing chains. 

11hilst the experimental techniques are open to improvement, 

there remains still the problem of defining 9-conditions for 

a relatively concentrated layer of terminally adsorbed polymer 

molecules. This problem must be resolved before more signi-

ficant conclusions can be drawn. 
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CHAPTER 6 

CONCLUSIONS 

Hell-defined systems of sterically stabilized polymer 

particles have been prepared. The particles were either PS 

or PMMA and the stabilizing mechanism was provided by a 

surface layer of FOMS. The stabilizing layer was anchored 

to the particle by incorporating the POMS into an AB block 

copolymer of PS-POMS. 

High vacuum purification and polymerization techniques 

produced better-defined PS-POMS stabilizers than inert gas 

blanket techniques. Anionic polymerization gave stabilizers 

of narrow molecular weight distribution (M /~ < 1.2) which w n 

produced well-defined layers of PDMS at the particle surface. 

Three types of dispersion polymerization were compared: 

(i) the radical dispersion polymerization of styrene 

(ii) the anionic dispersion polymerization of styrene 

(iii) the radical dispersion polymerization of methyl 

methacrylate 

A comparison of the rates of oolymerization yielded the 

following order for the above systems: 

(11) ) (ili) ':» (1) 

Phase separation st~dies have led to an estimate of the 

threshold molecular weight For precipitation of PS in the 

dispersion medium. It was shown that most of the polymeriza-

tion in (i) actually occurs in solution. A reaction between 

polystyryl anions and the PDMS stabilizing chains in (ii) was 



identiFied, and methods of minimising this adverse eFFect 

were developed. 
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The particle size and distribution of sizes was 

inFluenced by the composition and concentration of stabilizer 

present in the dispersion medium, and by the solvency of the 

medium. Smaller particles resulted From either an increase 

in the concentration of the stabilizer, en increase in the 

POMS block molecular weight or a decrease in the solvency of 

the dispersion medium. The particle sizes were estimated by 

transmission electron microscopy and veriFied by SAXS. 

The presence of the surFace layer of PDMS was detected 

by both light scattering and SAXS studies, although it is 

doubtFul iF these techniques detected the Full extent of the 

surFace layer. Scattering studies also suggested that in at 

least two of the PMMA dispersions, there was limited particle 

Flocculation. The rheology of these dispersions has shown 

any Flocculation to be weak, and this type of behaviour was 

accounted For in terms of a secondary-minimum type of eFFect. 

The surFace coverage of the particles by PO~,S chains was 

shown to be a Function of the molecular weight of the PONS, 

and was complete For all the particle sizes considered. 

~odels were suggested For the packing of PO MS chains at the 

particle surFace. Rheological studies have suggested that a 

good approximation might be a model in which each PONS chain 

occupies an ovoid volume. =stimates of the PONS layer thick-

ness From surFace coverage data, and of the hydrodynamic 

layer thickness From rheology both suggested that the PONS 

chains are in an extended conFiguration. This conFiguration 

lies between random coil and a Fully extended chain, and is 

a result of interactions between neighbouring chains. 
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The mechanism of ancho~ing of the POMS chains to the 

su~Faces of PS and PMMA pa~ticles is believed to be diFFe~ent. 

The PS block of a stabilize~ molecule is thought to be inco~-

po~ated within the mat~ix of a PS particle, and would.the~eFo~e, 
. 

exhibit a conFigu~ation as in a bulk polyme~. Owing to the 

incompatibility of PS and PMMA, a collapsed state was suggested 

Fo~ the PS ancho~ block on a PMMA pa~ticle. The ancho~ing 

eFFiciency in both systems was shown to be good. Su~Face 

cove~age inFormation, ~heology and Flocculation studies have 

all conFi~med that the PS ancho~ block was not signiFicantlY 

extended into the dispe~sion medium. 

Non-aqueous dispe~sions lost stability when the dispe~sion 

medium was changed to a Q-solvent Fo~ the stabilizing PONS 

chains. Thus,the mechanism of stabilization was conFirmed to 

be ste~ic stabilization. 
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CHAPTER 7 

RECOMMENDATIONS FOR FUTURE WORK 

The present work has provided a method For prepering 

model sterically stabilized polymer dispersions. The 

stabilizing polymer layers were well-deFined and of suFFi

ciently high molecular weight For conventional polymer 

solution theories to be applicable. These dispersions would, 

thereFore, provide an ideal model For experimental justiFi

cation of the theories of steric stabilization. The large 

surFace area of such a particulate system also ofFers a good 

basis for studies of adsorbed polymer molecules. 

Compression studies could be used to obtain inFormation 

about the extent and magnitude of the steric Forces. 

Compression of a monolayer of e dispersion along the lines of 

work by Doroszowski and Lambourne ( 15 .39 ), or perhaps even 

better, three-dimensional compression studies as perFormed by 

ottewill et al. (152) and Homola and Robertson (153),would 

provide useFul inFormation. 

The hydrodynamic volume of the particles, measured in 

the present study by rhc~logy, could also be estimated by 

centriFugal methods [154), or even ~he newly emerging technique 

of hydrodynamic chromatography. [1551. 

Small-angle X-ray studies have been used to obtain 

inFormation about the dimensions of block copolymer micelles 

( 134 ) • The preliminary SAXS studies reported in the present 

work could be extended along the same lines to cover the 

ranGe of dispersions prspared. Likewise, the preliminary 

lisht scattering studies could be extended to include the 
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diFFerent types of particles prepared. Light scattering From 

a stirred sample of a dispersion might be used to identiFy 

the extent of the limited Flocculation suggested. 

The conFiguration of both the anchor block and the 

stabilizing block of the adsorbed stabilizer is of interest. 

Work is currently in progress involving neutron scattering 

studies From the dispersions [155). Such a technique could 

be used to measure the radius of gyration of each block, and 

hence the conFiguration could be predicted. 
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APP::::~IOIX 

CALCULATION OF MOLECULAR ~IMENSIoNS OF POMS 

(a) Root mean sguare (r.m.s.) end-ta-and distance 

The r.m.s. end-ta-end distance was calculated From the 

intrinsic viscosity ('2,1. The t~ark-Hauwink equation relates 

(~] to the molecular weight M of a polymer according to 

where K abd a are constants For a given polymer/solvent system 

at a temperature T. 

For POMS in cyclohexane, at 308 K, the Following relationship 

has been shown to hold 

(157 ) 

The intrinsic viscosity of a molecule is proportional to the 

eFFective hydrodynamic volume of the molecule in solution 

divided by its molecular weight (32). The efFective volume 

is proportional to the cube of a linear dimension of the 

d 1 . I . h' H . F < 2>Y.. h d . . ran om y Co~ ~ng c a~n. ence, ~ r ~s t e ~mens~on 

chosen, 

where p is a universal viscosity constant, which will be taken 

23 ':1 
as 2.1 X 10 cc g Thus the r.m.s. end-to-end length of 

POMS at various molecular weights was calculated. 

These r.m.s. dimensions were calculated at 308 K. The 

change in dimensions of a molecule with temperature can be 

calculated (158). This was found to be very small For a POMS 



o molecule over a 10 range. 

Cb) Radius of gyration 

The radius of gyration of a molecule (s2)Y. is defined 

as the,r.m.s. distance of the elements of the chain from its 

centre of gravity. For linear polymer molecules, the mean 

square end-to-end distance and the square of the radius of 

gyration are simply related: 

= 

(c) Extended chain dimensions 

An extended POMS chain on a crystal lattice adopts the 

conformation of lowest energy. This has been shown to be 

helical, with six repeat units per revolution (158). 

Crystallographic measurements yielded a value of 0.138 nm For 

the linear repeat unit length (17). Hence.the fully extended 

chain length was calculated for PDMS of various molecular 

weights. 

(d) Hydrodynamic volume 

The hydrodynamic volume of a chain can be derived from 

Einstein's equation, by assuming the molecule and associated 

solvent can be,represented by a non-draining equivalent 

sphere. The hydrodynamic volume [V
h

) can thus be obtained 

from the intrinsic viscosity, 

[l1,J = -1 2.5 No V
h 

[M) 

where No is Avagadro's Number. 

The hydrodynamic radius or diameter can then be obtained from 



[e) Root mean sgua~e volume 

The ~.m.s. volume was calculated f~om the ~adius of 

gy~ation: 

r·.m.s. volume = 




