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All truths are easy to understand once they are discovered; 

the point is to discover them. 

Galileo Galilei 
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ABSTRACT 

Techniques to produce core-shell morphology have been applied to the creation of 

poly(vinyl acetate) emulsions for use as wood adhesives. These strategies have been used 

to investigate the molecular origins of some of the shortcomings of poly( vinyl acetate) 

adhesives, and also to attempt to enhance the properties of these widely used adhesives. 

A model is presented to predict the incidence of particle formation, which was used to 

accurately predict that the polymerisation of vinyl acetate in the presence of large 

polystyrene seed particles would not be possible without the formation of secondary 

particles. Numerous attempts were made to reduce the incidence of secondary particle 

formation using the mechanistic basis of the model as a guide, without success. 

As a result, the inverse route to core-shell morphology was used to create the desired 

morphology. Microscopic characteristics that favoured the formation of particles 

containing one centrally located polystyrene core were investigated. Transmission electron 

microscopy techniques were developed to allow characterisation of the morphology 

produced in two-stage styrene-vinyl acetate polymerisations 

Latices having a range of morphologies, including the desired core-shell, were subjected to 

a range of physical tests to evaluate their performance as wood adhesives. The information 

gained from this testing was used to correlate performance between tests. The results have 

also been explained on the basis of microscopic structure. 
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1 Introduction 

Wood Gluing 

People have been bonding wood for thousands of years. Carvings in Thebes dating back 

more than 3000 years illustrate the gluing of a thin piece of veneer onto a plank of wood, 

with the glue pot and brush both shown. 1 The adhesives used in early times were mostly 

derived from natural products of either animal or plant origin. Synthetic polynlers 

developed in the twentieth century have almost exclusively replaced these types of 

adhesives. There is a huge range of these synthetic adhesives available, which are used for 

many applications depending on their physical properties and cost. Some general adhesive 

classes include formaldehyde-based resins, diisocyanates, silicone compounds and straight

chain polymers. Poly(vinyl acetate) fits into this last category, as do latex-based adhesives 

based on natural and synthetic rubber. 

1.2 Poly(vinyl acetate) Wood Adhesives 

Vinyl acetate was first synthesised in 1912 by Dr. Fritz Klatte of the Grisheim-Elektron 

Chemical Works.2 It is a colourless, flalllffiable liquid with a boiling point of 72.2°C. 

Most of the worldwide synthesis of vinyl acetate is carried out via the palladium-catalysed, 

vapour-phase oxidative addition of acetic acid to ethylene. 

Vinyl acetate was first polymerised to poly(vinyl acetate) in 1913.3 This overall procedure 

is illustrated in Figure 1.1, and it predominantly yields long poly(vinyl acetate) molecules. 

It was realised early in the development ofpoly(vinyl acetate) polymers that they exhibited 

excellent adhesion to a variety of substrates, including paper, wood, metal, plastic, 

ceramics, cloth, leather, felt and glass. Poly(vinyl acetate) was able to give a more 

consistent product than competing naturally occurring adhesive materials. At this stage 

poly(vinyl acetate) was produced by bulk or solution polymerisation of vinyl acetate. The 

resulting poly(vinyl acetate) polymers either needed to be or were already dissolved in an 

organic solvent, which facilitated their use as an adhesive. Despite the problems this gave 
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with flammability, toxicity, odour and high cost, poly(vinyl acetate) adhesives were used 

for a number of applications by the 1940s. 

Figure 
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Overall scheme for the polymerisation of vinyl acetate to form 

poly(vinyl acetate). 

The advantages of poly(vinyl acetate) adhesives coupled with the disadvantages of 

working with organic solvent systems gave impetus to the development of poly(vinyl 

acetate) production via emulsion polymerisation. The product of an emulsion 

polymerisation is a stable dispersion of polymer-containing particles in water. Poly(vinyl 

acetate) adhesives prepared by emulsion polymerisation were available commercially by 

the late 1930s, and by 1990 production had increased to over one million tonnes per 

annum. 

Poly(vinyl acetate) adhesives produced by emulsion polymerisation have gained III 

popularity for the following reasons: 

(i) They are relatively cheap. 

(ii) They form strong bonds to a wide variety of substrates. They can be formulated 

to bond almost any porous, and in some cases non-porous, surfaces. 

(iii) The intrinsic flow properties and the ease with which the rheology can be altered 

make them readily adaptable to high-speed application by machine. 

(iv) Their fast setting characteristics permit high speed bonding operations with 

minimal clamping times. 

(v) They are resistant to a wide variety of chemicals including weak acids and alkalis, 

fats and oils. 



Introduction 3 

(vi) The base emulsion recipe can be tailored to a wide variety of end uses. The 

latices can be compounded with a large number of chemicals, to give a wide range 

of performance characteristics. 

(vii) Having water as a continuous phase provides many process advantages, and also 

the advantage of it being the chemical released when the film dries. This has 

become increasingly important as more stringent volatile organic emISSIOn 

regulations have come into force. 

1.3 Free Radical Polymerisation 

Almost all polymerisation of vinyl acetate is accomplished by free radical means. The 

polymerisation can be carried out in a variety of mediums, e.g. bulk, solution or emulsion. 

Free radical polymerisation is a chain growth polymerisation, where the polymer chains 

grow by monomer addition to a reactive free radical site that is transferred to the new chain 

end with each addition. The basic processes that occur in a free radical polymerisation are 

independent of the medium in which the polymerisation is carried out. There are three 

basic processes that always occur. They are initiation, propagation and termination. ill 

addition to these three basic processes, chain transfer usually occurs. The processes are 

described as follows for the polymerisation of vinyl acetate. 

1.3.1 Initiation 

fuitiation generates the free radical active centres and normally involves two stages. The 

first of these is the formation of primary radicals. This can occur, for example, via the 

homolytic scission of a single bond (as shown in Figure 1.2) or from a single electron 

transfer. A common free radical initiator is the peroxydisulfate ion, which undergoes 

homolysis to yield two tetraoxidosulfate( .. l-) radicals, as illustrated in Figure 1.2. 

o 0 o 
~ II 11_ II . 
0--S--0--0--8--0 

II II 
---iJli=" 2 o-s-o 

II o 0 o 

1,2. Structure and thermal decomposition ofperoxydisulfate. 
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The second stage of initiation is the addition of one of these primary free radicals to a 

monomer molecule. The addition occurs across the monomer double bond, and 

regenerates the active site at the end of the molecule. This process is illustrated for vinyl 

acetate addition to a tetraoxidosulfate(.l-) radical in Figure 1.3. There are other possible 

fates for the primary radicals. Being highly reactive they may recombine, or participate in 

other (usually undesirable) side reactions. 

o 
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0-8-0-CH -C, 
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\ \ 
CH3 CH3 

Figure 1.3. The addition of vinyl acetate to a tetraoxidosu1fate( .1-) radical. 

1.3.2 Propagation 
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Figure 1.4. The propagation reaction for vinyl acetate adding to a poly(vinyl 

acetate) radical chain. 

Propagation is the reaction that is responsible for the growth of polymer chains, and hence 

the formation of polymer. It proceeds by rapid, sequential addition of monomer to the 

active centre. This reaction is illustrated for polymerisation of vinyl acetate in Figure 1.4. 

1.3.3 Termination 

Termination stops the growth of polymer chains by removing active radical centres. It 

takes place when two radicals encounter one another, and may occur in one of two ways, 

combination or disproportionation. Combination involves the coupling of two growing 

chains to form one inactive (or dead) chain. Disproportionation occurs when a hydrogen 
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atom is abstracted from one growing chain to another. This process forms t'.1vo dead 

chains, one with a saturated end-group, and the other with an unsaturated end-group. 

These two possible mechanisms are illustrated in Figure 1.5. 
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Figure Two possible termination mechanisms. 

1.3.4 Chain Transfer 

Apart from combination and disproportionation, there are a number of other reactions that 

stop the growth of a chain. These reactions are known collectively as chain transfer 

reactions, and involve the abstraction of an atom (usually hydrogen or halide) by an active 

radical site. It is possible for abstraction to occur from almost any molecule present in the 

reaction, including other parts ofthe polymer chain on which the radical is located. 

Intermolecular chain transfer generally results in long chain branches. This process occurs 

in the polymerisation of vinyl acetate4 when abstraction occurs from a pendant acetyl 

methyl group. The radical created is able to propagate, leading to the formation of a long 

branch. This process is illustrated in Figure 1.6. 

Chemicals can be added to the polymerisation to promote chain transfer, as a way of 

controlling the molecular weight. Thiols are frequently used in this role, as the sulfur

hydrogen bond is sufficiently weak to allow easy hydrogen abstraction by free radicals. 
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The sulfur-centred radical generated by this abstraction is able to propagate in the nonnal 

maImer. The process of chain transfer to a thiol is illustrated in Figure 1.7 for 

I-dodecanethiol, a commonly employed chain transfer agent. 
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Figure 1.6. Hydrogen abstraction followed by propagation to fonn a long 

chain graft. 

The chain transfer processes illustrated in Figure 1.6 and Figure 1.7 both lead to continued 

propagation. So while the radical has been transferred to another site to continue chain 

growth, the radical activity has not been lost. In some situations the radical created by the 

transfer process is sufficiently stable that further propagation does not occur. The likely 

fate for radicals such as this is to encounter another radical and tenninate. 
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Figure 1.7. Chain transfer using I-dodecanethiol. 

1.4 Emulsion Polymerisation 

7 

n 

Emulsion polymerisation provides a way of carrying out free radical polymerisation of 

many monomers including vinyl acetate. The product of an emulsion polymerisation is a 

latex. This consists of particles stabilised by electrostatic or steric interactions, dispersed 

in an aqueous phase. Each particle contains many polymer molecules. 

To illustrate the processes that occur in an emulsion polymerisation, the simple example of 

vinyl acetate polymerisation in the presence of peroxydisulfate initiator and surfactant will 

be discussed. This recipe is considerably less complex than recipes used to produce 

poly(vinyl acetate) emulsions used for wood adhesives, but the basic principles remain the 

same. The process of emulsion polymerisation is frequently broken down into three 

intervals.5 These three intervals will not occur in all polymerisations, but serve as a useful 

method of describing the overall process. 
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1.4. I Interval I 

Interval I encompasses the period of an ab initio polymerisation during which particle 

formation occurs. An ab initio polymerisation begins with an emulsion of surfactant

stabilised vinyl acetate droplets (typically a few microns in diameter) in water, created by 

mechanical stirring. Most monomers have some degree of water solubility, so a finite 

concentration will be dissolved in the aqueous phase. The emulsion is heated to allow the 

homolysis of peroxydisulfate initiator III the aqueous phase, to produce 

tetraoxidosulfate(.l-) free radicals that initiate polymerisation as shown in Figure 1.2. 

Vinyl acetate adds to the tetraoxidosulfate( .1-) radical as shown in Figure 1.3. This step 

produces a carbon centred radical which is able to sequentially add monomer in the same 

way, to produce a growing polymer chain in the aqueous phase. 

Vinyl acetate has limited water solubility, so as the oligomeric radicals grow they become 

even less water-soluble and tend to precipitate. The degree of polymerisation at which 

precipitation occurs is denoted jent, and is thought to be around 20 for vinyl acetate 

polymerisation.6 Particle formation by this mechanism is termed homogeneous 

nucleation.7
-
9 Processes that compete with the growth of aqueous radicals to this length are 

entry into particles, entry into surfactant micelles, entry into monomer droplets, and 

telmination. Entry into droplets is not thought to be significant for commercial vinyl 

acetate polymerisation, as the concentration of droplets is low. Entry into a particle or 

micelle can occur when the growing aqueous oligomer becomes surface active. This length 

is denoted z and will be lower thanjcrit. When a radical enters a micelle, which will be 

swollen with monomer, polymerisation will proceed at an accelerated rate compared with 

the aqueous phase. Particle formation via this route is termed micellar nucleation. IO
,l1 

Both homogeneous nucleation and micellar nucleation give rise to a precursor particle that 

is typically a few nanometres in diameter. Such particles are swollen with monomer, and 

are the main locus of polymerisation thereafter. Once an oligomer reaches length z it will 

enter any particle or micelle that it encounters. At early times in a polymerisation the 

number of particles will be low and the concentration of micelles high, and hence the 

probability of propagating to length jerit or entering a micelle will be high. At later times 

there will be sufficient particles to capture all aqueous radicals, and the micelles will 

disappear as the surfactant migrates to the surface of the newly created particles. Thus 

particle fomlation will cease when there are no longer surfactant micelles present, and all 
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aqueous oligomers terminate or enter a particle before they are able to grow to lengthjcrit. 

The number of new particles that will form is of the order of 1016 1018 
. The surfactant 

present in the emulsion will stabilise the newly created particle-water interface. Entry of 

radicals derived from the peroxydisulfate into the particles is also responsible for some 

pmticle stabilisation, as a result of the negatively charged sulfate group residing on the 

particle surface after entry. Entry is responsible for transferring the radical activity from 

the aqueous to the particle phase. Propagation in the particles will be responsible for them 

growing during Interval I, at the same time as particle formation is occurring. 

1.4.2 Interval II 

Interval II commences when particle formation ceases. At this point there will be both 

surfactant-stabilised monomer droplets and particles present in the emulsion. 

Polymerisation will continue in the particles, with the processes of initiation and 

termination maintaining a balance in the overall radical concentration. The particles will 

continue to grow during this interval by the propagation reaction. Monomer will continue 

to migrate from the monomer droplets into the particles to replenish that which is being 

polymerised. This migration of monomer will maintain the concentration of monomer in 

the particles at the saturation value. 

1.4.3 Interval III 

Interval III begins when all the monomer droplets are exhausted. Polymerisation will then 

consume the monomer that is dissolved in the aqueous phase and in the particles. 

Polymerisation will usually continue until all the monomer has reacted. 

1.4.4 Departure From Three-Interval Behaviour 

The breaking down of a polymerisation into three intervals is an entirely arbitrary one; 

there are other ways of classifying the stages of a polymerisation. Not all emulsion 

polymerisations go through the three intervals, and in other cases the distinction between 

the intervals is blurred. For instance in a seeded polymerisation (where the polymerisation 

is begun in the presence of a preformed latex) there may be no new particle formation, and 

hence no Interval I, or in a polymerisation where the monomer is added sufficiently slowly 

(known as starved-feed) that no monomer droplets foml, the polymerisation will not have 
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an Interval II. However, the three intervals do provide a convenient way of describing the 

conditions that are prevailing at a particular stage in an emulsion polymerisation. There 

are other processes thought to affect particle formation and growth in emulsion 

polymerisation systems, e.g. coagulation of particles. 

description of such mechanisms. 

acetate) IY>.u .... "",,, .. Production and 

ref. 12 for a more complete 

Poly(vinyl acetate) is able to be produced using a number of polymerisation methods, 

including bulk, solution and emulsion polymerisation. The emulsion method is used to 

produce the vast majority of wood adhesives, and is usually carried out in the presence of 

poly(vinyl alcohol) stabiliser. Poly(vinyl acetate) is manufactured industrially using both 

semi-batch and continuous methods. Semi-batch polymerisation involves adding a portion 

of the ingredients to the reaction vessel at the start of polymerisation, with the remaining 

ingredients added through the course of the polymerisation (as distinct from batch 

polymerisation where all ingredients are added at the start of polymerisation). Continuous 

polymerisation involves the constant addition of ingredients to the polymerising system, as 

well as removal of product latex at the same rate. Thus the system will be in equilibrium 

apart from start-up and shut-down transients. The polymerisation of vinyl acetate evolves 

a considerable amount of heat. This heat must be removed in order to maintain the 

emulsion at the desired temperature and thus prevent catastrophic auto acceleration that 

can accompany an increase in temperature. The temperature is primarily controlled by 

heat exchange with a coolant liquid circulated through an external jacket, or pipes within 

the reaction vesseL Monomer refluxing can provide an additional method of heat removal 

if the reaction is operated at sufficiently low pressure and high temperature. Commercial 

poly(vinyl acetate) latices are normally around 55% solids (i.e. 55% polymer by mass), and 

they can be used without modification. Poly( vinyl acetate) emulsions used for 

woodworking applications typically have an average particle radius around 500 nm. The 

particle size distribution is also typically very broad, with many particles present that are 

smaller and larger than the mean size. 
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Table 1.1. Components used to manufacture a commercial poly(vinyl acetate) 

wood adhesive. 

Component Chemical Parts by weight 

Initial reactor charge 

Continuous phase Water 42.49 

Protective colloid Poly(vinyl alcohol) (88% hydrolysed) 1.26 

Non-ionic surfactant Nonylphenyl ethoxylate 0.66 

Ionic surfactant Sodium dodecyl sulfate 0.03 

Buffer Sodium hydrogencarbonate 0.16 

Antifoaming agent Castor oil based formulation 0.04 

Initial monomer charge 

Vinyl acetate 2.50 

Initial initiator charge 

Initiator Sodium peroxydisulfate 0.11 

Solvent Water 0.60 

Continuous monomer feed 

Vinyl acetate 46.00 

Continuous initiator feed 

Initiator Sodium peroxydisulfate 0.02 

Solvent Water 0.60 

Final initiator feed 

Initiator Sodium peroxydisulfate 0.01 

Solvent Water 0.30 

Plasticiser 

Dibutyl phthalate 5.00 

Preservative 

Isothiazolone type 0.22 

100.00 

11 

A simple commercial recipe is as follows,13 with the specific quantities given in Table 1.1. 

The poly(vinyl alcohol) is dissolved in a portion of the initial charge of water. This 

poly(vinyl alcohol) solution is added to the reaction vessel along with the remaining initial 

charge and heated to 65°C with stirring. The initial monomer charge is added to the 
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reactor with the initial initiator solution when 65°C is attained, then the reactor is heated to 

80°C. When this temperature is attained the monomer and initiator feeds are begun at a 

steady rate to give addition over 4 hours. At the completion of the feed the final initiator 

solution is added and the temperature raised to 90°C. The temperature is maintained at this 

level for 20 minutes, then the vessel is cooled, with the dibutyl phthalate added at 65°C 

and the preservative at less than 35°C. Stirring through the course of the reaction should 

be just sufficient to keep the reaction mixture homogeneous and prevent the pooling of 

monomer on the surface of the latex (as discussed further in Chapter 2). 

1.5.1 Functions of Recipe Ingredients 

Each of the components in the above recipe has at least one function. A description of 

each constituent's role is detailed below. 

Water 

Water provides the continuous phase in which the polymer particles will be dispersed at 

the end of the polymerisation. It provides a medium in which the monomer can be 

emulsified, and in which the particles form. It allows high solids content to be achieved 

without problems with excessive viscosity or poor heat transfer (which would occur if the 

polymerisation was can-ied out in bulk or a solution with a low fraction of organic solvent). 

While the water molecules do not participate directly in the polymerisation reaction, 

impurities can affect the latex stability and particle size distribution. 

Protective Colloid 

Poly(vinyl alcohol) is the major protective colloid used in the manufacture of poly(vinyl 

acetate) wood adhesives. The addition of poly(vinyl alcohol) to poly(vinyl acetate) 

adhesive formulations confers many advantages to the product. The protective colloid 

serves to stabilise the latex to high solids contents, thus allowing the synthesis of 

concentrated latices. Poly(vinyl alcohol) adheres well to many porous substrates, thereby 

increasing the adhesion of the latex to wood. Poly(vinyl acetate) adhesives containing 

poly(vinyl alcohol) can be tailored to have the application and film forming properties 

desired for a particular process. 
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The properties of the adhesive are strongly influenced by the quantity and nature of 

poly(vinyl alcohol) used in the latex synthesis, or added subsequently. Poly(vinyl alcohol) 

Calmot be polymerised directly, as the vinyl alcohol monomer exists only in trace amounts 

as the enol form of acetaldehyde. This means that poly(vinyl alcohol) is produced 

exclusively from poly(vinyl acetate). The conversion to poly(vinyl alcohol) is generally 

accomplished by base-catalysed methanolysis of poly(vinyl acetate). The conversion of 

acetate groups to hydroxyl groups is often not taken to completion, resulting in partially 

hydrolysed grades of poly(vinyl alcohol). These grades are therefore more properly 

considered copolymers. The three main features used to characterise poly(vinyl alcohol) 

are molecular weight, degree of hydrolysis and the distribution of residual acetate groups. 

Characterisation of molecular weight is normally done by solution viscosity, as these two 

properties are closely related. Higher molecular weights give rise to higher solution 

viscosity. Measurements are carried out at 20°C for 4% solutions ofpoly(vinyl alcohol) in 

water as a reference state. To a small extent, the degree of hydrolysis and clustering of 

residual acetate groups also affects the measured viscosity, as does the degree of 

branching. The degree of hydrolysis plays an important part in the performance of a 

poly(vinyl acetate) adhesive. Degrees of hydrolysis used in commercial poly(vinyl 

acetate) wood adhesives range from 75 to 100%. Grades with lower degrees of hydrolysis 

are more soluble in water, and the resultant films tend to be more water sensitive. The 

arrangement of acetate groups on the polymer chain also affects the properties of the 

adhesive. Grades with a greater grouping of these residual groups are claimed to give 

higher surface activity,14,15 give greater latex stability and a smaller average particle size. 

It is not uncommon to use more than one grade of poly(vinyl alcohol) to confer the desired 

balance of properties to a poly(vinyl acetate) adhesive. Some commercially available 

poly(vinyl alcohol) is fonned from poly(vinyl acetate) that has been copolymerised with 

other monomers before hydrolysis is carried out. It is claimed that these copolymers can 

improve water resistance over the corresponding poly(vinyl alcohol) prepared from 

poly(vinyl acetate) homopolymer. Poly(vinyl alcohol) is often the target of cross-l1nlcing 

agents: the hydroxyl functionality provides a reactive group that is able to fonn strong 

bonds in combination with various cross-linlcers. 

Other protective colloids are used in much smaller quantities in some adhesive 

formulations. These include hydroxyethyl cellulose, starch ethers, gum arabic and 
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poly(vinyl pyrrolidone). Poly(vinyl alcohol) continues to provide the best overall 

perfonnance at low cost. 

Surfactant 

Surfactants differ from the protective colloids considered above in that they contain both 

hydrophobic and hydrophilic regions in their structure. Surfactants can be ionic or non

ionic, and some (e.g. those that contain acid or amine groups) can change their nature with 

pH: these are known as amphoterics. The two different parts of the molecule stabilise the 

interfaces between organic and aqueous parts of an emulsion. The hydrophobic portion of 

both types of surfactant molecule is often a hydrocarbon moiety with around 12 carbon 

atoms. The hydrophilic portion is usually a poly(ethylene oxide) chain for non-ionic 

surfactants and a sulfate group for the case of ionic stabilisers. Both types serve to 

disperse and stabilise the vinyl acetate monomer droplets, as well as conferring some 

stability to the poly(vinyl acetate) particles. The choice and amount of surfactant used also 

influences the particle size distribution in the fmallatex. 

Buffer 

Vinyl acetate is soluble in water to about 2%, and is reasonably stable against hydrolysis in 

the pH range of 4.5 - 6.5. The self-catalysed hydrolysis of vinyl acetate to acetic acid and 

acetaldehyde can occur if the pH is not maintained to a minimum level. This hydrolysis is 

undesirable, as the resulting products serve to destabilise the latex and reduce the yield of 

polymer. The fonnation of acetic acid serves to increase the ionic strength and further 

lower the pH. The decomposition products of peroxydisulfate initiators can lower the pH 

of unbuffered latex to below pH 2, a situation that is undesirable for vinyl acetate 

polymerisation. If the pH exceeds the stable range then alkaline hydl'Olysis can occur to 

give acetate salts and acetaldehyde. Hydrolysis of poly(vinyl acetate) on a large scale is 

also undesirable. While hydroxyl groups that stabilise the latex are produced, the 

fonnation of excessive quantities of acetic acid can lead to latex instability. Thus buffers 

such as sodium hydrogencarbonate and sodium acetate are used to maintain the pH in the 

range of 4.5 6.5. 
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Foam Control Agent 

This class of chemicals includes both antifoaming and defoaming compounds. Air in the 

latex causes problems with both manufacture and application of the latex. Air in the latex 

increases the viscosity, which can be misleading when adding ingredients. Air can also 

reduce the accuracy of metering during application, leading to insufficient glue being 

deposited to form a strong bond. Commonly used antifoams are silicones, emulsified 

waxes and oils. 

Monomer 

The simplest poly(vinyl acetate) adhesives are synthesised with vinyl acetate as the only 

monomer. However, a range of monomers can be polymerised with vinyl acetate to alter 

the properties of the latex. Poly(vinyl acetate) has a glass transition temperature (Tg) of 

29°C 16 when not plasticised by water (the Tg of poly(vinyl acetate) is lowered by the 

presence of water in the film). Above this temperature poly(vinyl acetate) is rubbery and 

able to deform, whilst below this temperature it is glassy. Most monomers that are 

copolymerised with vinyl acetate are done so with the intention of lowering the film's Tg 

and thus increasing the flexibility of the film. Comonomers that have been polymerised in 

the normal manner with vinyl acetate include dibutyl maleate, butyl acrylate, 2-ethylhexyl 

acrylate and vinyl neo-decanoate (V eo Va 10). The resulting copolymers formed from 

these monomers and vinyl acetate all have glass transition temperatures below that of 

poly(vinyl acetate) homopolymer. Along with an increase in film flexibility these 

comonomers also improve adhesion to a number of substrates and decrease the water 

sensitivity of the dried film. However, the copolymers often have disadvantages such as 

poor heat resistance, relatively low strength and slow setting speed. The other monomer 

commonly copolymerised with vinyl acetate is ethylene. Ethylene has its triple point at 

9.5°C, so it is impossible to liquefy at any temperature above this value, but it will dissolve 

in the phases present in an emulsion polymerisation. The use of high pressures is able to 

increase the concentration of ethylene in the reaction mixture, and especially in the latex 

particles. The pressures used commercially are of the order of 2 MPa (i.e., about 20 

atmospheres), which can give up to 25% by mass ethylene incorporation into the chains. 

The high pressures needed for this reaction means the copolymer cannot be produced in a 

conventional polymerisation reactor. The copolymerisation of ethylene does give 

properties superior to those of other softening monomers for a lower incorporation of 
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comonomer. Monomers that are used to increase film flexibility are called internal 

plasticisers, as they are an integral part of the polymer chains. 

Initiator 

A method of generating radicals is needed to effect polymerisation. The simplest and 

most commonly used initiators are peroxydisulfate salts of sodium, potassium and 

ammonium. They are soluble in the water phase, where they homo lyse on heating to yield 

two tetraoxidosulfate( .. 1-) radicals, as illustrated by Figure 1 The radicals fonned from 

the homolysis are able to add monomer to begin polymerisation. 

Other initiators are used in the emulsion polymerisation of vinyl acetate. There are a 

number of other water-soluble initiators used in limited quantities in vinyl acetate emulsion 

polymerisation. Organic-phase initiators are sometimes used to polymerise monomer that 

remains at the completion of the monomer feed, as such initiators partition predominantly 

into the particles where the bulk of the residual monomer will be located. 

Redox initiators are sometimes used in place of the thennally decomposing aqueous

soluble initiators discussed above. Redox initiators consist of an oxidising agent and a 

reducing agent. The oxidising agent is frequently the same type of compound used as 

thennal initiator (e.g. peroxydisulfate), while commonly used reducing agents include 

sodium metabisulfite, sodium fonnaldehyde sulfoxylate and ascorbic acid. A redox couple 

is able to give a high flux of radicals at reduced temperature, thus allowing polymerisation 

to be carried out at a lower temperature than with a conventional thennal initiator. Low 

temperature also gives rise to less branching, which affects polymer properties. Operating 

at low temperature can also be an advantage in that it produces polymer with larger 

molecular weight, which can lead to stronger bond strength for the adhesive. However, 

operating at lower temperatures can eause problems with heat transfer, as a result of 

inereased viscosity and the lower temperature difference between the reaction medium and 

cooling fluid. The cooling effect from reflux is also not available at low temperatures. 

Plasticiser 

At temperatures below the the films cast from poly(vinyl acetate) homopolymer are 

glassy. This can cause problems in some instances where bond failure can occur due to the 

film being too inflexible. One method used to address the problem of film brittleness is the 
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copolymerisation with other monomers having lower Tg, as discussed above. Another 

commonly employed method is to add external plasticisers to the latex prior to film 

formation. These are normally added to the latex while it is still hot, so as to increase the 

ease with which the plasticiser is absorbed into the particles. Plasticisers act by partially 

solvating the polymer, to reduce the temperature at which the glass transition occurs. 

Essential properties for plasticisers are that they are good solvents for the polymer, and that 

they have a low vapour pressure at ambient service temperature. These two requirements 

are dictated by the need to have the plasticiser remain in the film long after it has formed. 

Dibutyl phthalate is commonly used as a plasticiser for poly(vinyl acetate) adhesives, as 

well as dibutyl glycol phthalate and tributyl phosphate, which are claimed to have even 

lower evaporation rates. 

Another effect of adding plasticiser is to lower the temperature at which a cohesive film 

will form. Poly(vinyl acetate) homopolymer stabilised solely with ionic surfactants will 

not normally form a film at temperatures significantly below the Tg • The addition of 

poly(vinyl alcohol) will serve to lower the temperature at which poly(vinyl acetate) will 

form a cohesive film (this temperature is known as the minimum filming temperature, 

abbreviated MFT) by partial plasticisation from water trapped by poly(vinyl alcohol) as a 

latex coalesces. The lowering of the MFT by poly(vinyl alcohol) addition is not normally 

enough to allow poly(vinyl acetate) films to form under low temperature conditions (or to 

form a film as quickly as might be desired). Plasticisers are used to reduce the viscosity in 

the particles, thereby allowing coalescence of particles at a lower temperature. However, 

for a lot of adhesive applications (especially those where the joint is exposed to 

considerable stress) the presence of plasticising agents can be undesirable as they increase 

the tendency of the film to creep under load. 

Plasticisers also increase the viscosity of the emulsion as a consequence of partitioning in 

the particles and swelling them. This will generally mean that plasticisers act as extenders 

by allowing more water to be added to the emulsion to maintain the same viscosity. 

Preservative 

Preservatives are added to the emulsion to protect the latex during storage, and also once it 

has dried to a film. Extra protection is needed when animal or plant based material is to be 

subsequently added to the latex, as these additives are susceptible to attack by 
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microorganisms. Microorganisms can generate foul odours, discolour the adhesive, lower 

the viscosity and weaken the bond. Preservatives added include phenol, chlorinated 

phenols and mercaptobenzothiazoles. 

1. Compounding of Adhesives 

The poly(vinyl acetate) adhesive described in the previous section could be used without 

further modification. However, an adhesive is usually compounded in order to make it 

more suitable for a particular application. Compounding can increase suitability for the 

application method, improve adhesion to the intended substrate and impart resistance to in

service conditions. Some of the chemicals added during the emulsion polymerisation 

process can also be post-added during compounding to further modify the adhesive's 

properties. Chemicals that fit this description are poly(vinyl alcohol), foam control agent, 

plasticiser and preservative. Many of the additives used in poly(vinyl acetate) 

compounding have more than one function or effect. This must be borne in mind when 

trying to achieve a desired modification to a specific property. It is also possible to confer 

a desired property to the final film, e.g. fire resistance, by employing a fire retardant 

chemical that already performs another function such as plasticisation or filling. The 

following classes of compounds are often added topoly(vinyl acetate) to modify properties 

m some way. 

Coalescents 

Coalescents or solvents operate by the same mechanism as plasticisers in order to lower the 

MFT; however their high vapour pressures mean they evaporate after the film has formed. 

The coalescent migration from the film once it has formed will give such a film increased 

strength when compared to the same latex with added plasticiser. This advantage of 

increased film strength is offset by the release of solvent to the atmosphere. One of 

poly(vinyl acetate)'s big advantages over other types of adhesive is that it does not release 

organic solvents as it cures. The inclusion of coalescents partially negates this advantage. 

Coalescents commonly added to poly(vinyl acetate) adhesives include ethanol, ethyl 

acetate and methyl ethyl ketone. 
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Viscosity Modifiers 

Wood adhesives are most commonly applied industrially by machine. Each type of glue

application machine has its own requirements for viscosity and rheology (flow 

characteristics). Thus compounds are added to the latex to modify the viscosity 

characteristics of the adhesive. Poly(vinyl alcohol) gives an increase in viscosity, so the 

effect of poly(vinyl alcohol) added during latex synthesis and any which is post-added 

needs to be determined in order to give the desired properties (not just in terms of 

viscosity). In addition to poly(vinyl alcohol), other chemicals added to modify the 

viscosity of latices include starch, hydroxyethyl cellulose and a variety of gums. Viscosity 

modifiers frequently have other effects on the latex, such as retarding the rate of water loss 

from the film. 

Tacldfiers 

Tackifiers increase the tackiness and setting speed of an adhesive. They operate by 

softening the poly(vinyl acetate), thus increasing the adhesion of both the wet latex and 

dried film. Tackifiers are insoluble in the aqueous phase, and must be dissolved in solvent 

or plasticiser in order to be added. Tackifiers are distinct from plasticisers in that they 

confer additional mechanical strength to the bond. Commonly employed tackifiers include 

coumarone-indene and various rosins and gums. 

Fillers 

A filler is a solid material which is cheaper than poly(vinyl acetate) and so is added to 

poly(vinyl acetate) emulsions to reduce cost by replacing polymer without reducing solids 

content. Fillers are generally inert, non-adhesive materials that reduce the penetration of 

the latex into the wood and alter the latex rheology. Fillers can also increase the strength 

and stiffness of the film. The addition of large amounts of fillers is sometimes employed 

to decrease the film strength for certain applications. Inorganic materials such as clay 

silica and talc are used, as are organic materials such as unmodified starch, nut shell flour 

and wood flour. 

Humectants 

A humectant is a hygroscopic substance that will absorb and retain moisture from the 

atmosphere. Moisture will swell any added poly(vinyl alcohol) or starch in the film, 
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thereby plasticising these materials and keeping the film flexible. Humectants also retain 

water during adhesive application and drying, thereby increasing the time between glue 

application and joint closure (open time) and slowing the setting speed. The open time is 

extended by the humectant keeping the adhesive surface wet, thereby preventing the 

formation of a skin. Commonly employed humectants include glycerine, propylene glycol 

and sucrose. 

Wetting Agents 

Wetting agents improve adhesion by helping to wet the substrate. This not only helps to 

promote intimate contact between the adhesive and substrate, but it also means the water is 

able to diffuse into the wood more quickly, thereby resulting in a faster setting speed. The 

wetting agents used are generally surface active, which also helps to reduce settling by 

stabilising the latex particles. Anionic wetting agents can cause foaming and may cause 

water sensitivity in the film. 

Other Additives 

Other chemicals are added to poly(vinyl acetate) adhesives in addition to those mentioned 

above. These include, pigments, tinters, dyes and additives to eliminate staining. 

1.6 Adhesive Bonding 

A convenient definition of an adhesive is a material that when applied to the surfaces of 

substrates can join them and resist their separation.17 In order to accomplish this an 

adhesive must possess two important properties: 

(i) It must wet the surfaces, that it must spread out and make intimate contact with 

the atoms or molecules of the substrate. This requirement dictates that adhesives 

will be liquids of relatively low viscosity when they are applied. 

(ii) It must harden to a cohesively strong solid in order to limit relative movement 

between the substrates. The hardening may occur by chemical reaction, by loss of 

solvent or dispersing medium (e.g. water), by cooling, or by a combination of 

these processes. The exceptions to this are so called pressure-sensitive adhesives 

(found on sticky tape and Post-it® Notes), which remain permanently tacky. 
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These two requirements usually dictate that adhesives either contain polymers or that 

polymers are fOIDled in the adhesive bond. Adhesive bonds that contain only linear or 

branched polymer chains will soften and flow on heating and will dissolve in suitable 

solvents. These types of adhesives are referred to as thermoplastics. When the adhesive 

bond contains cross-linking between chains to form a three-dimensional network, the 

polymer will not flow and will not dissolve in any solvent. These types of adhesives are 

classified as thelIDosets and they generally provide a superior level of adhesive 

performance. This increased performance is manifested in solvent and heat resistance, as 

well as the reduction or elimination of creep, which is deformation under load. 

1.6.1 Theories of Adhesion 

There are a number of theories as to how an adhesive functions. Not all are applicable to 

all systems, and in some cases a number of adhesion mechanisms will contribute to the 

total bond strength. Those theories that may have applicability to poly(vinyl acetate) based 

wood adhesives are presented below. 

Physical Absorption Theory 

Physical absorption will contribute to all adhesive bonds as all bonds involve molecules in 

close contact. This theory involves van der Waals forces across the interface between the 

adhesive and substrate. These interactions occur between permanent dipoles as well as 

induced dipoles. Interactions between permanent dipoles are the strongest, with 

interactions between induced dipoles the weakest. The potential energies of these 

interactions are inversely proportional to the 6th power of the separation distance. This 

means that the interaction between substrate and adhesive will be confined to the 

molecules at the surface. The strength of this type of adhesion relies on intimate contact 

between substrate and adhesive. Van der Waals forces are the weakest bonds that 

contribute to adhesion, but with sufficient density of bonding a strong joint can 

nevertheless be created. 

Chemical Bonding Theory 

The chemical bonding theory describes the formation of hydrogen, covalent or ionic bonds 

between the adhesive and substrate. ls Hydrogen bonding is thought to occur between the 

hydroxyl groups of wood cellulose and the hydroxyl groups ofpoly(vinyl alcohol) found in 
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most poly(vinyl acetate) wood adhesives. These interactions are stronger than the van der 

Waals forces discussed above. Covalent bonds can be formed between the wood and 

isocyanate groups that are sometimes added to poly(vinyl acetate) adhesives. These 

groups are able to form bonds with the hydroxyl groups found on cellulose. 

Mechanical Interlocking 

This mechanism can operate when a substrate has an irregular or porous surface,19 the 

adhesive enters the irregularities prior to hardening. This mode of adhesion is thought to 

be significant for wood adhesion, as the adhesive is able to enter the cells that have been 

opened up by sawing or planing. 18 The strength of a wood bond is influenced by whether 

the adhesive can flow into the cells; for instance the use of a blunt saw which closes these 

cells results in a weaker bond. The other factor that operates in conjunction with 

mechanical interlocking is the increase in surface area. Having the adhesive in contact 

with a greater portion of substrate surface will result in a stronger bond as a result of the 

two mechanisms described above. 

Weak Boundary Layer 

This theory proposes that a strong bond can only form when the surfaces to be joined are 

clean; some contaminants give a layer that is cohesively weak, so although the adhesive 

and substrate might bind well to this layer, it will be the point of joint failure. 

Contaminants can include oils, greases and wood dust. Thus, any contribution made by 

interactions described by this theory will generally weaken an adhesive joint. 

1.6.2 Adhesive and Cohesive Failure 

There are two components to the strength of an adhesive bond, adhesive and cohesive. 

The adhesive component describes the interactions between the adhesive and the substrate. 

If a bond ruptures at this interface it is termed adhesive failure. The cohesive component 

describes the bond strength resulting from the bulk adhesive; failure in this region is 

termed cohesive failure. The type of failure observed can be either of these two types, and 

depends on a number of factors. Some of these factors include substrate type, adhesive 

type, temperature, presence of solvents (including water), and mode of applied stress. 

There exists one other type of failure, that of the substrate. This will result from the 

adhesive bond being stronger than the bulk substrate, and it is usually a highly desirable 
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situation. The only occasion where substrate failure is undesirable is when the rigidity of 

the adhesive has not allowed the substrate sufficient flexibility to accommodate an applied 

strain. This is not common with latex based adhesives, which tend to be sufficiently 

flexible to prevent failure by this mode. 

1.6.3 Formation of an Adhesive Bondfrom a Latex Adhesive 

When early po1y(viny1 acetate) adhesives were employed to bond wood, the polymer 

tended to be dissolved in an organic solvent to facilitate application. Film curing occurred 

by loss of the solvent into the wood and the atmosphere, allowing the polymer chains to 

come together and hence form a cohesive bond. The polymer chains in a latex produced 

by emulsion po1ymerisation are located in discrete particles surrounded by water as a 

continuous phase. Water must be lost to allow the polymer particles to come together and 

hence permit a bond to form. Thus the film formation mechanism for po1y(viny1 acetate) 

emulsion adhesives is similar to the mechanism by which water-borne coatings (e.g. latex 

paints) form films. 

Film formation is a complex process, which is still not completely understood despite 

considerable study since the early 1950s.2o-22 These early studies broke the process of film 

fonnation down into three stages, which are illustrated in Figure 1.8 using a two 

dimensional representation. When a latex is applied to two pieces of wood, the particles 

are dispersed in a continuous aqueous phase. Stage 1 involves water being absorbed into 

the wood to allow the particles to come in contact. In the idealised illustration the particles 

are all the same size and pack in a regular fashion. Po1y(viny1 acetate) wood adhesives do 

not have uniformly sized particles, but in fact the size po1ydispersity allows the particles to 

come into even closer contact with each other (closer packing is possible with po1ydisperse 

samples - small particles can fit into the gaps between big particles). The next stage 

involves the particles deforming to make intimate contact with neighbouring particles. 

This step relies on the ambient temperature being above the MFT, to allow sufficient 

mobility of polymer molecules near the particle surface. Stage 3 will normally occur over 

a longer time period than the preceding stages and involves the inter-diffusion of polymer 

chains from adjacent particles to allow the cohesive strength of the film to increase. There 

is often a correlation between film strength and the disappearance of structure associated 

with the particles in the film. The coalescing process of stage 3 depends on the ambient 
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temperature being above the of the polymer. The difference in temperature 

requirements between these two stages relates to the plasticising effect of water, wbich 

often serves to lower the MFT significantly below the There is normally very little 

water left in the film by stage 3, wbich results in little or no plasticisation of the film. 

Stage 1 

water evaporates 

Stage 2 

particles deform 

Stage 3 

further coalescence 

Figure 1.8. A two dimensional representation of the stages involved in film 

formation. 

1. 7 Evaluation of Adhesive Performance 

The performance of a wood adhesive is dependent on a wide range of factors. These 

factors can be substrate related, such as surface treatment, smoothness and pH, or they can 

be environment related such as temperature, humidity and rate of change of these, or they 

can be a result of such effects as adhesive application method and time for curing. 
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1.7.1 Substrate-Free Testing 

This method has the major advantage that all effects and variability attributable to the 

wood substrate are removed. This is an important consideration as wood has an inherent 

variability, which is a result of environmental factors, and more importantly there is a 

variation that occurs between timber samples, even those sawn from the same tree. 

Removal of variability attributable to wood allows a more reproducible test to be 

conducted. There are however, drawbacks associated with testing wood adhesives in the 

absence of wood. The primary one is that the interactions between the adhesive and wood 

are unable to be assessed. These wood-adhesive interactions are an important part of a 

wood j oint. The next factor is that the mode of film formation will necessarily be different 

to the case where wood is present. This is especially true when the mode of water loss 

from a latex based adhesive is considered; the wood plays an important part in wicking 

away the moisture from a forming adhesive bond. In most cases the water will be lost to 

the atmosphere in substrate-free testing, as most substrates for casting films need to be 

non-porous to facilitate film removal. The film that is formed for testing in the absence of 

a wood substrate will often need to be thicker than the film formed to join two pieces of 

wood; this is in order to have sufficient strength to enable handling. It is normally only 

possible to carry out film testing in tension parallel to the film surface in the absence of a 

supporting substrate. This precludes testing of shear and tension perpendicular to the film 

surface, both of which can be carried out in a test involving wood. 

1.7.2 Using Standard Wood Substrates 

Employing a wood substrate on which to apply the adhesive to be tested enables 

reproduction of conditions found when the adhesive is used in a commercial setting. This 

includes not only the conditions that are present when the glue is being applied and is 

curing, but also those faced when the adhesive is in service. It is important to reduce the 

effects of substrate variability,23 and it is for this reason that hardwoods such as beech, 

maple and birch are chosen. Their high strength and low variability (both across and 

between test pieces) make them good choices. It is important not only to have low 

variation in the type of timber used for the testing, but also to have reproducibility in the 

testing procedure. This extends to such variables as test-piece size, wood preparation 

method, and wood moisture content. Testing can be carried out in a number of ways. The 
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simplest is to assess the percentage of wood failure that results when a bond is broken 

when a knife or chisel is inserted into the glue line. This method is subjective, as the wood 

failure must be quantified by eye. Mechanical testing can be carried out to assess the force 

needed to break a wood bond, usually in shear. This method relies on a tensile testing 

machine to detennine the loading needed for failure, and to provide stress-strain data. 

Other tests involve sUbjecting the glued sample to heat or moisture (often with a load 

applied) and assessing the time taken to failure. 

large number of tests have been devised to assess various properties of an adhesive. No 

single test will give an overall assessment of adhesive properties, and as a result it is often 

necessary to carry out a number of tests to characterise an adhesive. This is often true even 

when it is only a specific characteristic that is of interest. An exaggerated testing regime is 

sometimes necessary to shorten the time taken for a test, in order to enable assessment of 

long-term effects in a short timescale. Properties that are often assessed in this manner are 

the effects of exposure to heat and moisture. 

1.8 Shortcomings of Poly(vinyl acetate) Wood Adhesives 

Poly(vinyl acetate) adhesives have many desirable features that have resulted in their 

widespread use for a vast range of applications. The utility of poly(vinyl acetate) 

adhesives is enhanced considerably by their ability to be compounded, thus enabling them 

to be tailored for a large number of applications and service conditions. However, there 

are service conditions for which poly(vinyl acetate) based adhesives are not suited. Some 

improvement in the adhesive performance under these conditions can be obtained by 

modification of the base latex and subsequent compounding, but not to the extent where 

they can compete with other more suitable (but more expensive) adhesive types. Some of 

these conditions are detailed as follows. 

High Temperature 

Poly(vinyl acetate) adhesives have an inherent thermoplastic nature, which means they are 

not suited to applications requiring sustained resistance to high temperatures. The 

effective upper bound for service temperature is detemlined by the Tg of the film, and in 

most cases will not be significantly above 29°C, the Tg of poly(vinyl acetate). 

Copolymerisation with monomers having higher Tg values will increase this maximum 
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servIce temperature, with a corresponding trade-off in the MFT, which is also raised 

(making film formation more difficult). The elimination of chemicals with a plasticising 

effect from the film will also improve the high temperature resistance of the film. 

Water and Humidity 

Films cast from poly(vinyl acetate) emulsions stabilised with nonionic surfactants tend to 

have excellent resistance to water and humidity. However, most protective colloids added 

to poly(vinyl acetate) emulsions are susceptible to water, for example ethyl cellulose and 

partially hydrolysed grades of poly(vinyl alcohol). The incorporation of hydrophobic 

comonomer can help decrease the water sensitivity to a certain extent. The replacement of 

protective colloids with grades and types having lower water solubility is also carried out; 

poly(vinyl alcohol) with a degree of hydrolysis close to 100% is good in this respect. 

However, even with the use of relatively water-insoluble protective colloid, poly(vinyl 

acetate) adhesives are still not suited to prolonged exposure to water. 

Solvents 

Poly(vinyl acetate) adhesive films are thermoplastic, and therefore will always be 

susceptible to solvents. Chemicals such as ketones, esters and aromatic hydrocarbons that 

are true solvents for poly(vinyl acetate) homopolymer will dissolve the adhesive bond. 

Thus the adhesive should not be used in a situation where it will be exposed to these types 

of solvents. 

1.8.2 Manifestations ofPoly(vinyl acetate) Shortcomings 

At the most basic level, an adhesive can be considered unsuitable for a particular 

application ifthe bond does not remain sufficiently strong to cope with the demands placed 

upon it. This can entail bond failure by a number of mechanisms. Two commonly 

observed failure modes for poly(vinyl acetate) adhesives are creep and cohesive film 

failure. 

Creep is a deformation over time as a result of a sustained load. Creep occurs in poly(vinyl 

acetate) based films due to their thermoplastic nature. There is no extensive covalent 

bonding network present in a poly(vinyl acetate) film, which makes films plastic (rather 

than elastic). This plastic film behaviour is accentuated at high temperature or if 
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plasticising agents are present in the film. Both these conditions allow the polymer chains 

in the film to slide past one another more easily. The tendency of poly(vinyl acetate) 

adhesives to creep makes them unsuited to structural applications, or situations where 

prolonged bond loading occurs. 

Cohesive film failure can occur if the film is weakened by high temperature or by swelling 

with solvent. Once again the polymer chains are free to move in relation to each other, and 

the film strength is considerably reduced. Poly(vinyl acetate) adhesives cannot be exposed 

to water, solvents or high temperature, or bond failure by this route may occur. This 

precludes the use of poly(vinyl acetate) adhesives in outdoor and high temperature 

applications. 

1.8.3 Two-Pot Poly(vinyl acetate) Adhesives 

The poly(vinyl acetate) adhesives discussed up to this point have all been single 

component systems; the adhesive is applied straight from the container with no further 

chemicals being needed. This is a highly desirable property for an adhesive to possess. It 

means the adhesive can be stored for a considerable period after manufacture, and that no 

further components need to be mixed immediately prior to application. 

The shortcomings ofpoly(vinyl acetate) adhesives can be addressed (at least in part) by the 

addition of cross-linkers prior to use. These chemicals attempt to transfOilll the poly(vinyl 

acetate) film into one with some degree of thermoset nature. The cross-linking must take 

place after the film formation is substantially complete. Excessive cross-linking within the 

polymer particles prior to film formation can be a hindrance to the formation of a strong 

film, by not allowing particle coalescence to occur in the normal manner. The creation of 

cross-links has been shown to dramatically improve the water resistance of poly(vinyl 

acetate) adhesive films.24 However, the improvement in resistance to heat and solvents is 

not usually as significant. The need to form cross-links after film formation dictates that 

the cross-linking chemical normally must be added just prior to bonding. The requirement 

to mix a second component to the latex changes poly(vinyl acetate) adhesives from being 

so-called 'one-pot' adhesives into 'two-pot' adhesives. An improvement in adhesive 

performance can be obtained through the use of these two-pot systems, with a sacrifice in 

the convenience of use. Cross-linking can also be brought about by other means such as 
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heat or radiation, but again these methods are more time-consuming and complicated than 

the use of a true one-pot system. 

1.9 Aims ofthis Project 

Poly(vinyl acetate) adhesives are widely used because of their versatility. However, as has 

been detailed, there are a number of applications to which they are unsuited. Shortcomings 

such as low water resistance can be overcome to a certain extent through the use oftwo-pot 

systems, where cross-linking is effected with a specially added chemical, or through other 

methods that create cross-links during or after film formation. All these methods sacrifice 

the simplicity of a one-pot system. It would therefore be useful to develop a method to 

make poly(vinyl acetate) adhesives more water, humidity, heat, solvent or creep resistant 

whilst remaining a one-pot system. 

1.9.1 Use a/Rigid, Water-Resistant Reinforcing Agents 

Poly(vinyl acetate) has a Tg of 29ce and has been shown to be softened by the presence of 

water. There are other polymers with considerably higher Tg values, which are not affected 

by water. Polystyrene is one such example; it has a Tg of I aace, 16 and the dried polymer 

film is unaffected by exposure to water. It does not function as an emulsion adhesive, 

because the homopolymer latex will not normally form a film, and adhesion to materials is 

poor due to it being unable to deform and make intimate contact with the substrate surface. 

However, if some of the desirable traits of hardness and water resistance could be 

incorporated into a poly(vinyl acetate) latex, then an improved adhesive should result. The 

most obvious method would be copolymerisation of styrene with vinyl acetate. This will 

not provide a suitable product, as vinyl acetate does not readily copolymerise with styrene, 

and even if it did, the undesirable characteristics of polystyrene would be prominent in the 

resulting copolymer. This is a result of polystyrene reducing chain mobility to such an 

extent that film formation would not occur at ambient temperatures. 

Another option for including the desirable features of a hard and water resistant polymer 

into the emulsion would be to blend a polystyrene latex with a poly(vinyl acetate) 

adhesive. This incorporation of a rigid and water resistant material is carried out currently 

through the addition of inert fillers. Inert fillers are known to confer some performance 
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advantages to the film, but their utility is reduced for a number of reasons. They do not 

bond to either the substrate or latex by any process other than van der Waals forces. Thus 

addition of a large amount of filler will reduce the overall strength of the bond. It is 

postulated that if the bonding interaction between the filler and adhesive could be 

increased, then the film strength would be similarly increased. Another problem with 

inorganic fillers is that they form relatively large domains, whereas incorporation of 

polystyrene in emulsion-polymerised form offers the advantage of domains of sub-micron 

size, i.e., a more homogeneous material would result. 

The use of so-called core-shell polymers might provide a method of overcoming the 

limitations of conventional filler addition, while at the same time incorporating all the 

possible benefits. Core-shell involves the creation of particles comprising a core of one 

type of polymer completely surrounded by a shell layer of a second polymer. By creating 

core-shell particles having polystyrene cores and poly(vinyl acetate) shells, the rigid 

polymer will be incorporated in a manner not possible by post-addition of filler particles. 

The poly(vinyl acetate) will be able to participate in the formation of a film in the same 

manner as in the absence of the polystyrene cores. This is in contrast to the case where 

filler is post-added and the poly(vinyl acetate) needs to form a film around the filler. 

Because the polystyrene cores will be completely covered by a layer ofpoly(vinyl acetate), 

they will not have to bond directly to the wood, again in contrast to the post-added filler 

which is able to contact the wood directly. 

A final advantage of polystyrene in terms of commercial applications is that it IS 

reasonably cheap. 

1.9.2 Systematic Control of Microscopic Latex Properties 

As described earlier, a typical poly(vinyl acetate) adhesive contains many ingredients to 

fulfil a number of roles. Even the base emulsion is relatively complicated, with a large 

number of possible process variables. Development of poly( vinyl acetate) adhesives has 

tended to be largely the result of trial and error, where recipe changes are correlated with 

observed changes in adhesive performance. This project aimed to relate the observed 

physical performance to microscopic latex structure. This aim has resulted in the need to 

have good control over microscopic latex properties. To a large extent this was not 

possible by modifying commercial recipes, due mainly to their complicated makeup. An 
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example of this is control over particle size. Stabilising a latex with poly(vinyl alcohol) 

tends to produce large particle sizes, but the distribution is usually very polydisperse. This 

makes investigating the effect of particle size a difficult task. To simplify the task of 

producing latices with any desired microscopic characteristics it was decided to strip the 

recipes used down to their essentials and therefore create latices that might not necessarily 

function well as wood adhesives, but at least could be used for establishing structure

property relationships. 

1.10 Core-Shell Emulsion Polymers 

Structured particles have been known and used by industry for many years. The films 

from structured latex particles are often able to provide superior properties compared to 

latices prepared by physical blending of the constituent polymer latices, or by emulsion 

copolymerisation of the corresponding monomers. A common example is the modification 

of poly(methyl methacrylate)'s impact resistance with polybutadiene?5 The glassy 

poly(methyl methacrylate) forms a shell around polybutadiene, and this has a greater 

impact resistance than either the copolymer or a blend. 

1.10.1 Theory 

Early experiments conducted with three mutually immiscible liquids were taken as 

indicating that interfacial tensions are the main thermodynamic influence on morphology?6 

The system took on a form that minimised the energy of these interfaces. This was made 

possible by the low viscosities of the liquids involved, which allowed rearrangement to 

occur easily. It is now recognised that kinetic as well as thermodynamic considerations 

dictate the morphology that will form when less mobile molecules, such as polymer 

molecules are involved. 

Core-shell particles are commonly synthesised using emulsion polymerisation. When 

structured particles are created in this way, it is sometimes possible to create 

thermodynamically unfavourable morphologies by trapping the polymers involved, usually 

by having a high particle viscosity. For instance this technique can be used to trap a 

hydrophobic polymer on the particle surface and a hydrophilic monomer in the particle 

interior in forming core-shell morphology?5,27 
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Calculations employing varying degrees of sophistication are able to predict the observed 

morphology in some instances, but the observed morphology is affected by a large number 

ofvariables.27-3o 

1.10.2 Synthesis of Core-Shell Morphology 

The most common method of forming core-shell morphology is to use emulsion 

1 .. hn·· 31 po ymensatlOn tee lques. seeded polymerisation results in a shell polymer layer 

being formed around the seed latex particles. Starved feed of the shell monomer is used to 

give a high instantaneous conversion, which results in the main locus of polymerisation 

being near the particle surface.29 This tends to favour the formation of secondary polymer 

shells. In the case of a hydrophilic second-stage monomer, shells are able to form under 

batch conditions. The shell-water interface needs to be more stable than the seed-water 

interface for a uniform core-shell morphology to be produced.3o,32 

Shell formation around the seed particles is not the only outcome of a second stage 

polymerisation.33 The structure that forms is influenced by both ldnetic and 

thermodynamic parameters. Thus many other structures have been identified, including 

the following: confetti, acorn, raspberry, sandwich, hemisphere, islands and new particle 

formation. Often a variety of these structures are present simultaneously.27,28 Surfactants 

can playa vital role in determining the observed morphology by stabilising to different 

degrees the two component polymers?O Sometimes no surfactant is used in the secondary 

polymerisation to maximise the difference between the stabilities of the different possible 

interfacial regions.32 Some polymer combinations are not inherently suited to fonning 

core-shell morphology, but conditions can often be altered to make core-shell morphology 

possible. 

Solvent evaporation has also been successfully employed to achieve core-shell 

morphology.28 This involves the swelling of two polymers with a suitable solvent in a 

dispersing medium (usually water), followed by the solvent removal. This swelling with 

solvent allows the thermodynamically favoured morphology to form by reducing the 

viscosity of the polyn1ers. 

A special morphology is that of inverse core-shell. The seed polymer is found on the 

surface after the secondary polymerisation, with the newly fom1ed polymer in the core. 
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This is driven by thennodynamics, with the seed polymer having a much greater affinity 

for water. This can only occur in systems that are plastic enough for the necessary 

molecular rearrangements to occur. 34 

1.11 Thesis Outline 

The overall aim of the work undertaken as part of this thesis has been to gam an 

understanding of some of the structure-property relationships in poly(vinyl acetate) based 

wood adhesives. The general strategy adopted has been to use core-shell polymerisation to 

produce latices with carefully controlled microscopic structure, then to carry out a variety 

of physical testing on these latices. As will be seen, a major challenge was simply to 

obtain a desired morphology. Thus the bulk of this thesis is about the synthesis of latices, 

including understanding why the syntheses give the results they do. 

Chapter 2 gives a detailed description of the experimental methods used to produce the 

latices employed in the course of this work. The design and assembly of a reactor in which 

these latices were synthesised is also described, as are the basic techniques used to 

characterise the latices produced. Chapter 3 gives the description of a model used to 

predict the incidence of secondary particle fonnation in the presence of seed latices. The 

prediction of conditions that would not give rise to secondary particle fonnation was 

undertaken as the fonnation of new particles precludes the attaining of structured latex 

particles. The results from the use of this model to predict secondary particle fonnation are 

presented, as are the results when the model was applied to the simulation of ab initio 

polymerisation of both styrene and vinyl acetate. The synthesis of core-shell particles with 

polystyrene cores and poly(vinyl acetate) shells was attempted, and the results are 

presented in Chapter 4. The modelling of Chapter 3 was used to gain insight into reasons 

why production of large core-shell particles might not be possible, and to suggest possible 

ways to prevent secondary particle fonnation. Chapter 5 details the use of inverse core

shell polymerisation to overcome some of the difficulties encountered with the 

conventional core-shell route. The production of latices with variation in microscopic 

structure is reported. Investigations into conditions that would yield particles with one 

polystyrene domain per particle were carried out. Inverse core-shell methods were 

successfully employed to create structured particles from a commercial poly(vinyl acetate) 

adhesive. The evaluation of adhesive perfonnance of latices synthesised in this work is 



34 Chapter I 

reported in Chapter 6. A number of testing methods were trialled to enable comparison of 

latices across a variety of different protocols. Testing was carried out to evaluate the effect 

that microscopic latex characteristics had on performance. Chapter 7 provides a summary 

of the results contained in the thesis, together with conclusions that can be drawn from 

them, and future work that should be undertaken as a consequence. 
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Experimental Techniques 

2.1 Emulsion Polymerisation Reactors 

The number of chemical reactions and physical processes that occur in even the simplest 

emulsion polymerisation make it a very complex procedure. This complicated nature of an 

emulsion polymerisation reaction can mean that the characteristics of the product latex are 

strongly influenced by small variations in reaction conditions. This in tum dictates that 

reproducible control of reaction conditions is needed on an industrial scale, and even more 

so when scientific investigation is to be attempted. Without accurate control of reaction 

conditions it may be difficult or impossible to reproduce latices with acceptably low 

variance in microscopic characteristics such as particle size and molecular weight 

distribution that play such a large part in determining the physical properties of the final 

latex. Moreover, the extreme sensitivity of emulsion polymerisations to slight variations in 

conditions (seen as arising from nonlinearities in various terms in the evolution equations l
) 

can mean that a small change can have a large effect on the properties of the resultant 

latex. 

As this study aimed to look at how particular microscopic characteristics of poly(vinyl 

acetate) based emulsions affected physical properties related to adhesion, accurate and 

reproducible control of reaction conditions was vital. These conditions include 

temperature, stirring type, stirring rate and addition profile of ingredients. To facilitate 

these requirements a reactor vessel with its associated temperature control, stirring and 

monomer delivery systems was constructed and assembled at the University of Canterbury. 

The reactor design used in this project was based on one in use at the Technical University 

of Eindhoven. A design slightly modified from that in Eindhoven is in use at the Key 

Centre for Polymer Colloids, at the University of Sydney. The present design incorporates 

changes that address some of the shortcomings of the basic Eindhoven design, which came 

to light as a result of using the Sydney reactor. The reactor vessel was machined and 

assembled at the Forest Research Institute in Rotorua in parallel with a sister reactor that 

was commissioned at a similar time at that location. 
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Figure 2.1. Cross-section of the current reactor vesseL 

With reference to the numbers in Figure 1, the heart of the reactor is the glass and steel 

reaction vessel. This vessel is constructed from 100 (1) and 130 (2) mm external diameter 

heavy wall borosilicate glass tubes, having a wall thickness of 5 and 7 mm, respectively. 

Each glass cylinder is of 180 mm length, and is clamped between two 175 mm diameter 

stainless-steel end plates (3, 4). Glass fibre reinforced Teflon® (5) spacers are used to 

locate and seal the ends of the glass tubes against the end plates. To enable temperature 

control, water is circulated through the jacket formed by the two glass tubes, with fluid 

entry (6) and exit (7) via the end plates. Water flow through the jacket is nominally 7 litres 

per minute. There is no monomer condenser in the system - the internal glass wall has a 

nominal pressure rating of ~ 700 kPa, and a pressure release safety valve is attached, set to 

operate well below this value. The upper end plate is attached to the stainless steel reactor 

head (8). This contains inlets for nitrogen (9), monomer and initiator, as well as a 
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temperature probe (10) and the stirrer shaft: seal. A magnetic coupling (Applikon 

Z81312MG02) (11) designed for sealed bio-reactor systems is used to transfer the stirring 

torque into the vessel and overcome the problem of monomer leakage past stirrer shaft 

sealing glands. Stirring is provided by one or more impellers (12) mounted on the stirring 

shaft: (13). A ball valve (14) in the lower plate allows the reactor to be emptied. 

Accurate control of temperature is very important in maintaining reproducibility III 

emulsion polymerisations. This not only means having the ability to maintain a constant 

temperature under steady state conditions, but also being able to rapidly react to, and 

control, changes in temperature that result from reaction exotherm or chemical addition. In 

small-scale laboratory experiments the temperature is often maintained by immersing the 

reaction vessel in a thermostatted water bath, or circulating the thermostatted bath water 

through a water jacket surrounding the reactor. These methods are unable to maintain a set 

temperature in the reaction vessel unless a temperature probe in the reactor is used to 

provide feedback for the bath thermostat. This problem arises due to the exothermic nature 

of the polymerisation process, with heat dissipation becoming less effective as rate 

increases. This is especially a problem in vessels with small surface to volume ratios. 

Another problem associated with using a bath is the thermal inertia involved in altering the 

temperature. A large water bath has the advantage of being able to absorb large amounts 

of heat from the reaction vessel with only a minimal change in the bath temperature, but 

when heating or cooling of the bath water is required, the thermal inertia of a large water 

volume makes this a slow process. These problems have been addressed through the use 

of a small-volume water recirculation unit. Because the volume of water being circulated 

is small (around 2.5 L) it is not only possible to control exotherms, but also heating and 

cooling at the beginning and end of a polymerisation is accomplished quickly. The unit 

functions as follows, with reference to Figure 2.2. The jacket water is returned to the unit 

via the inlet at (A). The water then flows past a cooling coil (B) followed by a 2 kW heater 

element (C). The cooling coil has tap water fed through it, controlled by a solenoid valve. 

When the reactor temperature becomes too high, increasing the flow of water in the 

cooling coil reduces the temperature in the recirculated water, thereby controlling the 

reactor temperature. The water is fed back through the reactor jacket from the outlet (D). 

The heating unit and water lines are all insulated to reduce heat loss. Control of the reactor 

temperature is accomplished by computer control that takes temperature input from probes 
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placed in the heating unit (E), the reactor water jacket inlet and outlet, and inside the 

reactor. The computer controller then manipulates the power to the heater element and 

water flow to the cooling coil. This allows the temperature to be maintained to ±0.25°C 

under steady conditions, with exotherms for most monomer additions less than 

Figure 2.2. Cutaway diagram ofthe unit used to control the reactor 

temperature. 

Monomer, initiator and other chemicals could be added at controlled rates using two 

diaphragm pmnps (ProMinent Gamma G4b1601) that drew from glass reservoirs. 

Injection valves were employed in the reactor top plate where the pump lines passed into 

the reactor, to avoid problems with pumping rates being affected by changes in the 

reservoir height or reactor pressure. The pumps had a maximum capacity of around 1.2 

litres per hour (the exact value depended on the back-pressure and fluid viscosity). Both 

the stroke frequency and the stroke length were variable. The pumps were most accurate 

when the stroke length was at 100%, so the pumps were normally used in this 

configuration, with variation of the stroke frequency used to control the pumping rate. In 

order to determine the delivery rate for each pump, a series of calibration trials were 

carried out. This involved measuring the weight of specified monomer (or emulsion) that 

was pumped in a specified time, to detennine a calibration curve. The pumping rate was 
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found to scale linearly with stroke frequency. The slope of the calibration curve depended 

on the density of the fluid, and to a lesser extent the viscosity, with a greater mass per unit 

time being pumped for fluids of high density and low viscosity. A typical calibration result 

for styrene was that each pump stroke delivered 0.188 g of monomer. 

Nitrogen gas can be added to the reactor to flush out oxygen and provide an inelt blanket 

via a supply from an oxygen-free nitrogen cylinder. The line incorporates a pressure relief 

valve to protect the reactor from over-pressurising in the event of over-heating resulting in 

exceSSIVe monomer vapour pressure. 

Reactor Problems and Improvements 

reactor design was commissioned in March 1998 at the University of Canterbury. 

There have been a number of design improvements to the reactor set-up since that date. 

The monomers used in this project (primarily styrene and vinyl acetate) were not 

compatible with the Viton® O-rings originally used to seal the glass to the Teflon® spacers, 

and upper reactor end plate to the reactor head. Prolonged exposure to monomer degraded 

these seals to the point that they began to disintegrate. As a result the glass to metal seals 

were replaced with redesigned glass-fibre reinforced Teflon® items, where the glass sealing 

occurs on a ridge machined onto each sealing face rather than via an O-ring. The O-ring 

sealing the upper end plate to the reactor head was replaced at the same time with one of 

rectangular section cut from Teflon® sheet. A three-degree slope was also machined into 

the lower reactor endplate to assist in compete drainage of the reactor when it was emptied 

through the lower drain valve. While the magnetic coupler guaranteed no monomer 

leakage around the stirrer shaft, it was not without its problems. The first of these was that 

it was not possible to seal the monomer from the internal ball bearings in the reactor. This 

was due to the fact that any material soft enough to seal the bearings from monomer was 

likely to itself be susceptible to degradation by monomer attack. This meant that the seals 

protecting the bearing cavity and bearing seals needed to be removed. This solution 

resulted in no problems with jamming from swollen seals, but over time the bearings 

become wom and needed to be replaced before contamination from bearing swarf became 

a problem. Another problem was that of liquid being trapped in the bearing cavity and 

causing wear in the bearings, either by accelerating corrosion in the case of water, or 

polymerising and causing mechanical wear in the case of monomer. This problem was 
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largely overcome by drilling drain holes in the bottom of the bearing cavity. This solution 

was not effective when the contents of the reactor were above the level of the lower 

bearing, so this effectively set the upper limit of the reactor's capacity at approximately 

0.95 L. The lower limit of reactor capacity was determined by the position of the bottom 

of the stirrer shaft, which dictated the lowest position the stirrer paddle could be situated. 

Thus the smallest volume of liquid that could be stirred in the reactor was 0.25 L. 

A Stuart Turner closed-vane centrifugal pump was used to circulate water through the 

cooling jacket of the reactor. The design of the heating unit was responsible for limiting 

the maximum temperature of the reactor jacket water to approximately 94°C. The reactor 

jacket and plumbing provided significant resistance to flow, which meant there was 

sufficient residence time for water next to the heating element to cause localised boiling in 

the heater unit when the mean water temperature approached 94°C. This boiling caused 

severe cavitation and a loss of pumping effectiveness, which in tum tripped the flow 

switch and shut the reactor down. To prevent the reactor jacket water from exceeding the 

temperature at which the localised boiling occurred, the heater controller was programmed 

to cease heating when the jacket temperature reached 93°C. none of the reactions 

carried out in association with this work required a reaction temperature above 90°C, this 

did not cause a problem. However, this limitation would need to be overcome if 

polymerisations above this temperature were to be attempted. 

Adding approximately 5% ethylene glycol to the circulated water made very little 

difference to the temperature at which the onset of the boiling was observed. A number of 

other possible solutions to the problem of localised boiling exist, but none were trianed, as 

reaction temperatures above 90°C were not been required. Replacing the pump with a 

model that would circulate the water at a greater rate is one possible solution. This would 

reduce the heating experienced by the water as it passed the heater element. Another was 

to redesign the heating unit so as to increase the flow velocity in the vicinity of the heating 

element, thereby preventing the water in close proximity to the element from reaching its 

boiling point. Replacing the cooling fluid with a liquid having a higher boiling point was a 

further option. This had the disadvantage that the system is kept at a constant level using 

tap water; if this were continued then it would result in gradual dilution of the circulated 

water. Also overflow loss could create problems with wastewater contamination; fhrther, 
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care would need to be taken when disassembling the jacket in order to prevent loss of the 

cooling fluid down the drain. 

2.3 Flow Characteristics in Stirred Reactors 

In an emulsion polymerisation, a mixer (i.e. stirrer) of some description is usually required 

to minimise concentration and temperature gradients in the reaction vessel. Especially for 

those reactions involving fast or batch addition of monomer, the requirements for a mixer 

extend to providing sufficient shear to emulsify monomer that is not dissolved in the 

particle or water phases. In setting up the reactor used in the course of this work it was 

found that impeller choice and location were very important considerations. Hence an 

extensive discussion ofthese factors is presented. 

2.3.1 General Considerations Regarding Flow and Impellers 

A variety of turbine designs are available to accomplish this stirring; the best choice 

depends mainly on the viscosity of the final emulsion. These turbines can be classified as 

either axial or radial according to the type of flow they generate. 
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Figure 2.3. Flow patterns for axial (left) and radial (right) turbines. 
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Axial flow impellers create flow in a direction parallel to the stirrer shaft (either up or 

down), whilst a radial flow impeller discharges flow horizontally away from the blades. 

These two flow types are illustrated in Figure 2.3. The type of flow that is achieved is 

detennined by the design of the impeller. lmpellers with pitched blades nonnally generate 

axial flows, but this is not the case if the impeller is located too close to the vessel floor, or 

is larger than approximately half the vessel diameter. In these cases the mixing reverts to a 

more radial flow, as there is not sufficient clearance between the vessel and impeller to set 

up an axial flow. 2 

All impeller geometries generate a balance of flow and shear; for the same power input a 

marine propeller will generate more flow than a pitch blade turbine and a Rushton turbine 

(see Figure 2.4 for illustration of these three impeller types). In choosing an impeller 

design the desired balance of shear and flow must be taken into account. Because of their 

pitched blades the marine propeller and pitched blade turbine tend to generate axial flows, 

whereas the flow pattern set up from a Rushton turbine tends to be radial. 

Figure 2.4. Three common impeller types: flat blade or Rushton turbine (left), 

pitched blade impeller (centre) and marine type propeller (right). 

When the stirrer is positioned centrally in the vessel, solid body rotation will result in a 

loss of mixing efficiency and a surface vortex will develop. At high stirrer speeds the 

vortex can reach the impeller, resulting in a huge loss in mixing efficiency. The fonnation 

of a vortex can be prevented in a number of ways. The most common is to position four 

vertical baffles at the outside of the reactor, of width typically 10-12% that of the reactor, 

and running the height of the reactor. Other alternatives which reduce the solid body 

rotation are to move the stirrer shaft away from the reactor centre, to tilt it at an angle away 
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from the vertical or to insert a stator ring, which is a stationary ring of vanes around the 

discharge perimeter of the impeller that have the effect of redirecting flow. 

2.3.2 General Considerations Regarding Reactor Geometry 

Much of the information in the literature on optimising reactor geometry and stirrer types 

is based on empirical observation, rather than from any underlying mechanistic 

understanding. This is due in no small part to the complexities of turbulent fluid flow in 

systems such as stirred reactors. However, despite their empirical origins, these 

relationships can provide good guidelines as to conditions that will be conducive to 

effective stirring. The reactor used for the work in this thesis had cylindrical tanle 

geometry. The optimal geometry for such a reactor3 is illustrated in Figure 2.5. These 

guidelines have evolved from numerous studies, undertaken from the late 1940s to early 

1960s, of power consumption by stirrers. 
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Figure 2.5. Standard cylindrical tank geometry. 
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This geometry should be thought of as a starting point for the design of a vessel being 

mixed using a turbulent flow regime. Departure from this geometry increases the 

possibility of mixing becoming less efficient, or that an increase in stirrer power will be 

required. Another possible effect of departing from this standard geometry is a change in 

the gross fluid flow. This can occur if an impeller is too large, or is positioned too close to 

the reactor walls or floor. For vertical cylindrical tanks with height greater than diameter, 
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multiple turbines on the mixer shaft are needed to maintain good mixing.4 The empirical 

relationship calls for dual radial flow turbines with a height to diameter ratio approaching 

1.2 1 and dual radial flow turbines when this ratio approaches 2.0. 

2.3.3 The University of Canterbury Reactor 

The basic reactor layout and geometry was determined by the desire to have the same 

as those in use at the University of Sydney and the Forest Research Institute in 

Rotorua. The requirement that the reactors be the same has since been rendered much less 

important by the gradual discovery that within reasonable limits, the latices produced by 

the reactor were not dependent on its design. 

From a mixing standpoint the reactor dimensions were not ideal. This arose because the 

original plans were drawn up without reference to the type of information outlined in 

Subsection 2.3.1 and Subsection 2.3.2. With the reactor filled to its nominal maximum 

capacity, the ratio of liquid height to width is l: 1.56, which was outside the range for 

effective mixing with one radial turbine. This ratio was only just in the region that can be 

mixed with one efficient axial turbine. Of course this ratio of liquid height to width 

changes depending on the volume in the reactor, and filling the reactor to less than its 

capacity was one way in which this ratio could be made more favourable. 

From a temperature control standpoint, having a high ratio of height to width was more 

desirable. For the same volume, having a larger height to width ratio would result in a 

larger water-jacketed surface area for the design in use, where the jacketing is only in the 

reactor walls. This larger surface area would allow for a greater flow of heat into or out of 

the reactor, which translates to faster heating and cooling. However, this advantage of heat 

control would be more than offset by the disadvantage of inefficient mixing, especially as 

there were not many situations in the present study where a greater heating or cooling rate 

was needed. 

For the reasons listed above it was necessary to have an impeller imparting axial flow to 

the reactor contents. A marine type impeller of 50 mm diameter was trialled, but was 

found to be ineffective as the flow it created was radial in nature (in accordance with the 

W> 0.5 relationship given earlier). 
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2.4 Stirrer Configurations 

For a lot of the polymerisations carried out in the reactor, the issue of stirring was 

relatively unimportant. However, in some reactions the rate and type of stirring was 

critical to the outcome of the polymerisation, there often existing only a small margin 

between an over-stirred reaction characterised by shear-induced coagulation and an under

stirred reaction characterised by bulk polymerisation in a non-emulsified monomer layer. 

The type, number, speed and location of the stirrer paddles had a large effect on the mixing 

characteristics of the reactor. The geometry of the reactor and location of probes also 

determined the flow patterns that were set up and, in the case of the reactor used in this 

work, impose limitations that had to be overcome. ill order to mix the contents and 

emulsify any free monomer a turbulent flow regime was necessary. It was also necessary 

to circulate the contents of the reactor in the vertical direction to ensure mixing of 

monomer that would otherwise tend to pool on top of the aqueous phase due to its lower 

density and immiscibility with the aqueous phase. 

2.4.1 Determining Optimum Stirring Conditions 

The reactions that posed the biggest challenges in terms of finding an optimal stirring 

regime were the surfactant-free polymerisations described in a Subsection 2.6.3. The 

absence of added surfactant in these recipes meant that stability to shear-induced 

coagulation was considerably reduced when compared with a conventional surfactant

stabilised emulsion. Reactions of this type necessitated an investigation into conditions 

that would provide optimal stirring. 

The theory outlined in the previous section was utilised to determine conditions that might 

favour good mixing. For any given reaction, the reactor geometry was determined by the 

volume of the contents; thus attention centred on the stirrer paddle to alter mixing 

behaviour. The parameters that could be varied were the type, position and rotational 

speed of the impeller. The reactor design in use provided the facility to have any turbine 

design mounted in any position from 34 to 140 mm above the reactor floor. After trying a 

number of different stirrer blade types, at different heights and speeds, the most effective 

layout was a turbine, with 6 blades pitched at 45°, just below the unstirred monomer/water 

interface. 
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The optimum stirrer type and position was found by determining the minimum stirrer 

speed needed to completely emulsify a layer of organic solvent into water. The conditions 

in the reactor were chosen to approximate those found in the surfactant-free styrene 

polymerisation reactions being investigated. An inert solvent was used in the place of 

monomer to avoid problems with unwanted polymerisation. Toluene was chosen as it 

closely approximates the density and hydrophobicity of styrene. The reactor was prepared 

by adding 900 g of triply-distilled water and 90 g toluene. The reactor was not heated for 

the purpose of this trial in order to facilitate altering the position of the turbine. 

Temperature change was considered not to have a significant effect on the optimum 

position determined, as variations in temperature should only affect the results 

quantitatively. 

With the paddle in the optimum position, less stirring energy was required to emulsify the 

monomer layer,4 which in turn meant that less shear was needed to emulsify the monomer. 

Excessive shear was found to cause coagUlation of the polymer particles, which after a 

while would become visible as deposits on the stirrer blades and temperature probe. This 

shear-induced coagulation arose when the energy being imparted to emulsion was 

sufficient to bring particles together with sufficient energy to overcome the electrostatic 

repulsion that confers stability to a latex. Of course in a surfactant-free system this 

repulsion is considerably reduced compared to an analogous surfactant-stabilised system. 

These deposits would accumulate on surfaces with low flow across them, in this case the 

leeward side of paddle blades and probe. In contrast with other types of coagulation, there 

was no sharp cut-off between stable and unstable conditions. hI other systems there is 

often a threshold, past which accelerated coagulation will rapidly occur until a large 

portion of the particles have aggregated. However, particles that have been removed by 

shear-induced coagUlation rapidly coagulate with other such particles until they were able 

to deposit in a low turbulence region of the reactor, and thus coagulation will only occur 

gradually. This meant that the shear-induced coagulation was occurring at a reasonably 

constant rate, and thus the coagUlation would be slowed or stopped if the stirring was 

reduced or halted. 

In most cases it was not possible to stir the surfactant-free emulsions described in 

Subsection 2.6.3 fast enough to emulsify the entire monomer layer and at the same time 

have an acceptably low level of shear-induced coagulation. Unfortunately, deciding on a 
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stirrer speed must be done by a process of trial and error, i.e., by observing at the end of a 

polymerisation the amount of coagulum that can be attributed to shear-induced coagulation 

and also polymer that formed in monomer that was not stirred sufficiently, and then 

adjusting the stirrer speed accordingly. These two requirements occur at different times, 

with more stirring being required at the start of the polymerisation to emulsify the 

monomer and prevent bulk polymerisation occurring in this layer, and less required at later 

times to prevent shear induced coagulation from occurring. This change in stirring 

requirement with time could be used to combat the problem of shear-induced coagulation. 

The two methods below were not investigated, but have the potential to help with this 

problem. They are to add the monomer gradually, or to reduce the stirrer speed with time. 

Adding the monomer gradually would result in less energy being needed to emulsify the 

smaller organic volume that would be present at early stages in the polymerisation, and 

hence a lower stirrer speed could be employed throughout the entire course of the reaction. 

As long as the monomer was added at a sufficient rate so that monomer droplets were 

always present (i.e. conditions were always Interval I or II) while the monomer was being 

added, then the reaction would proceed in the same manner as if all the monomer was 

added at the start of the reaction. Altering the stirring rate through the reaction would 

enable the stirring rate to be high at the start when the monomer layer needed emulsifying, 

and lower as the need to mix the two phases was reduced. This method assumes that the 

rate of stirring does not have any effect on the reaction apart from controlling the rate of 

shear-induced coagulation, i.e. that such processes as particle nucleation and growth are 

independent of shear. 

The main problem with these two methods is that they cannot be applied to a particular 

reaction until either the reaction has been carried out once or else modelled with sufficient 

accuracy to allow prediction of the rate of disappearance of the monomer layer. This is 

because changing the reaction conditions, such as initiator or monomer concentration, will 

have an effect on the rate of monomer consumption. It is only when the monomer 

consumption is known in advance (or is measured on-line e.g. with gas chromatography,) 

that a suitable monomer feed or stirrer profile can be devised which will not result in either 

too little monomer being delivered or formation of a monomer layer. 

Vortexing can provide a significant problem in the reactor, especially at high stirrer speeds, 

as the stirrer shaft was centrally located, with no baffling provided except for the presence 
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of the temperature probe. A baffle cage was constructed to address this problem, using the 

dimensions derived from the standard tanle geometry outlined in Subsection 2.3.2. Using 

this cage in the reactor was found to cause regions of stagnant or low flow adjacent to the 

baffles. The reduced flow in these regions resulted in problems with monomer separation 

and resultant bulle polymerisation that were deemed more unacceptable than the vortexing 

that the cage was built to solve. It was possible that a modification of the baffle cage, so 

that there was a small separation of the baffles from the reactor walls, might reduce the 

problem of stagnant flow regions to an acceptable leveL4 Another avenue to reduce the 

vortexing problem was to tilt the stirrer in the reactor. This method was investigated by 

positioning the reactor at various angles relative to the stirrer and noting the minimum 

stirrer speed needed to emulsify a layer of toluene and the degree of vortexing that 

occurred. While satisfactory results were observed in these trials, it was not considered to 

be important enough to justify the significant modifications to the reactor top plate that 

would have been needed in order to implement this solution permanently. 

2.5 Description of uJU ....... ~ ... Jl Procedures 

2.5.1 Materials Used 

Water 

Either triply distilled or Milli-Q (18.2 M n cm- I
) water was used in all experiments. 

Monomers 

Styrene (Sty) (Huntsman), methyl methacrylate (MMA) (Mitsubishi Rayon), butyl acrylate 

(BDH laboratory reagent grade) (BA) and vinyl acetate (VAc) (Celanese) were all obtained 

from the commercial sources indicated, stabilised with 4-methoxyphenol. The inhibitor 

and other impurities were removed from the styrene, methyl methacrylate and butyl 

acrylate by distillation under reduced pressure; typical operating conditions are given in 

Table 2.1. The first and last 10% of distillate was discarded, and the remainder kept at ODC 

in the dark for not longer than a week before use. It was especially important to distil 

styrene at as Iowa temperature as was practical, in order to reduce thermal polymerisation. 

Inhibitor was removed from vinyl acetate by passing the monomer through a column 

packed with quaternary ammonium anion exchange resin (Aldrich 30,631-2). The first and 
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last 10% of monomer through the column was discarded, with the remainder being kept in 

the dark at O°C for not longer than a week before use. 

. Typical distillation conditions for monomer purification. 

Monomer Distillation Temperature 
;oC 

Styrene 36 

MMA 43 

BA 43 

Surface-active monomers 

Approximate Distillation 
Pressure Imm Hg 

10 

80 

20 

The sodium salt of vinyl sulfonic acid (SVS) (Aldrich, 25 wt% solution in water, stabilised 

with 100 ppm 4-methoxyphenol) and sodium l-allyloxy-2-hydroxypropane sulfonate (to 

be referred to by its trade name, Sipomer COPS 1) (Rhone Poulenc) were used as received. 

Initiators 

The initiators used in this work, namely potassium peroxydisulfate (KPS) (BDH AnaiaR 

grade), ammonium peroxydisulfate (APS) (BDH AnalaR grade), benzoyl peroxide (BPO) 

(BDH, stabilised with 25% water) and 2,2'-azobis(2-cyanopropane) (AIBN) (Akzo) were 

used as received. 

Surfactants 

Sodium dihexylsulfosuccinate (Cytec MA 80) and sodium dioctylsulfosuccinate (Cytec 

OT 75) were used as received. 

Other chemicals 

Cyclohexane, 5-isocyanato-l-(isocyanatomethyl)-1,3 ,3-trimethyl (IPDI) (Bayer), 

I-dodecanethiol (DDM) (Aldrich), potassuim dihydrogenorthophosphate (BDH AnaiaR 

grade), sodium chloride (Scharlau reagent grade), sodium hydrogencarbonate (BDH 

AnalaR grade) and sodium metabisulfite (Riedel De Haen, reagent grade) were all used 

as received. 
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2.5.2 Experimental Methods 

Gravimetry 

This method was used to determine the solids content of a latex and to determine 

conversion of monomer into polymer. It operates on the assumption that monomer will 

evaporate when heated to moderate temperatures, but polymer will remain. It was 

important to realise that some chemicals present in the latex will not evaporate with the 

water and monomer and as a result must be taken into account when calculating the 

monomer conversion from solids content. Most chemicals will either evaporate quickly or 

remain indefinitely; some however, evaporated only slowly, and thus it was important to 

specify the amount to be dried as well as the time and temperature of drying. Species that 

evaporated at an intermediate rate were found to be a very small fraction of the total weight 

for most latices. 

The procedure adopted was to weigh a 5 em diameter aluminium pan, then deposit 

approximately 1 g of latex into it. After reweighing this was placed into an oven at 60°C 

to dry overnight. The pan was reweighed after cooling, and solids content calculated by 

assuming that water, monomer and low molecular weight organic solvents (e.g. the alcohol 

used in MA 80 surfactant) had evaporated. 

In cases where there was minimal coagulum present at the end of a reaction, the percent 

solids content could be used as an indication of the completeness of monomer conversion 

into polymer. However, in cases where significant coagulation had occurred during the 

course of the reaction, care must be exercised in interpreting the results obtained from 

gravimetry. If complete conversion of monomer to polymer was assumed, gravimetry will 

provide information on the degree of coagulation that has occurred. When significant 

coagUlation had occurred it was important to filter the latex through glass wool or similar 

material to remove lumps from the latex. This step ensured that the solids determination 

was carried out only on the latex, and did not include coagulated material. This will avoid 

errors fi.-om having an inhomogeneous latex which included coagulum. 

Dialysis 

This technique was used to remove excess surfactant, unreacted monomer, ionic species 

and aqueous-soluble oligomers from various latices. The procedure adopted involved 
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placing cellulose acetate tubing into near boiling water for a short period to soften it. The 

tubing was then tied at one end and latex poured in the other end. After tying the open end 

and washing the sausage under distilled water, it was placed in a large beaker of distilled 

water. The water was changed daily until the resistivity approached that of the distilled 

water (0.048 M Q cm,I). The ratio of water to latex was approximately 25: 1. 

2.6 Reaction Conditions 

All polymerisations carried out in association with this work were done in the reactor 

described in Section 2.1 or in the similar reactor located in the Key Centre for Polymer 

Colloids at the University of Sydney. Below are listed the reaction conditions and 

materials used in each type of reaction. 

2.6.1 Methyl Methacrylate Ab Initio Polymerisations 

A number of methyl methacrylate polymerisations were carried out to check that the three 

reactors associated with the PGSF project "Industrial Adhesives Technology" (at the 

University of Canterbury, the University of Sydney and Forest Research in Rotorua) all 

produced the same latex when the same polymerisation was carried out at each location. 

The reproducibility was primarily assessed using capillary hydrodynamic fractionation (see 

Subsection 2.7.1 for description of this technique) to compare the particle size distribution 

of latices produced. This technique revealed that the various latices produced using the 

methyl methacrylate recipe CF:MM1 below were indistinguishable, within the 

measurement uncertainties of the CHDF. It should be noted that there are other ways of 

characterising latices to assess the reproducibility of an experiment (such as measurement 

of chain length distribution). For this project it was considered sufficient that the latices 

had the same particle size distribution, as this was one of the most important microscopic 

characteristics where reproducibility was required. In some respects the CF:MM1 recipe 

was not a good test of reproducibility, as the particle size distribution obtained was not 

greatly affected by reaction conditions and reactor geometry, in contrast to the surfactant

fi-ee recipes discussed in Subsection 2.6.3. The two recipes used were based on those 

reported in the Ph.D. thesis of Matt Ballard.5 As well as being used as a model recipe to 

determine the variation between reactors in various locations, latices produced were also 

used as seeds in core-shell polymerisations. 
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Method 

The MA 80 (surfactant) and sodium hydrogencarbonate (buffer) were weighed into a 

beaker with approximately half the initial charge of water. This was stirred on a hotplate 

until the NaHC03 had all dissolved, and the surfactant was dispersed. The solution was 

then added to the reactor and washed in with the remaining initial charge of water. 

Monomer was added and the reactor heated to the reaction temperature. Stirring was 

begun at the indicated rate and a flow of nitrogen was started to flush oxygen from the 

reactor. 

It was considered that the methyl methacrylate could be added with the other ingredients 

before heating was begun, because the rate of thermal polymerisation for methyl 

methacrylate is considerably slower than for styrene. This factor meant that the 

polymerisation would start with the addition of initiator solution, and not as a result of 

spontaneous thermal initiation as the reactor was heated to the reaction temperature. The 

situation is further helped by the low reaction temperature of 60°C, which resulted in less 

thermal initiation than when higher temperatures were employed. Ten minutes were 

allowed after the reactor had attained the set temperature for full chemical equilibrium to 
... ~ 

be reached and for the temperature to stabilise. At this point KPS, which with heating had 

been dissolved in a small quantity of water, was added. Care was taken to ensure this 

quantity of initiator solution did not approach 60°C, so that thermal decomposition did not 

significantly affect the initiator concentration prior to addition to the reactor. Not heating 

the initiator solution to the reaction temperature before addition meant that the reactor 

contents were cooled slightly when the initiator was added, but this was usually a small 

change, as the volume added was small in comparison with the reactor volume. 

After initiator addition, the reactor was sealed and left for 3 hours. After this, in some 

cases the temperature was then increased to 80°C, and the reactor vessel opened up to 

allow residual monomer to evaporate. In these cases the recorded solids content could be 

higher than the theoretical maximum if the polymerisation had gone to 100% conversion. 

This could be explained by loss of water from the latex before a sample was taken. 
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Table 2.2. Reaction conditions for methyl methacrylate seed polymerisations. 

CF:MMI CF:MM2 

Temperature 1°C 60 60 

Stirring 

Turbine type 2 >< Rushton type 2 x Rushton type 
impellers impellers 

Distance from reactor floor Imm 74 and 140 74 and 140 

Speed Irpm 300 300 

Water Ig 700 430 

MASO/g 20 3.7 

NaHC03 /g 1.0 0.7 

Methyl methacrylate Ig 190 176 

K2S20 S Ig 3.0 0.7 

Water Ig 50 50 

Reaction time /hours 3 3 

% solids content 23.5 27.5 

Average particle radius Inm 33 75 

Measurement technique CHDF TEM 

The stirrer configuration used in these reactions was a 'first guess' at what might constitute 

an effective setup. The configuration was determined without having carried out the 

evaluations described in Subsection 2.4.1, and without reference to the texts mentioned in 

Section 2.3. That this stirrer setup provided adequate stirring for the reaction was 

fortuitous, but it should be noted that the configuration described in Table 2.2 does comply 

with criteria for good mixing. The most important of these criteria was that two axial 

impellers of the Rushton type were needed when the height to diameter ratio exceeded 

1.2 - 1.5; in this case the ratio was outside the range that could be mixed adequately with 

one Rushton impeller. There is no reason why the stirrer regime could not be changed to 

that described in Table 2.3 for surfactant-stabilised styrene polymerisation in the light of 

the information obtained since these methyl methacrylate polymerisations were carried out. 
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2.6.2 Surfactant-Stabilised Ab Initio Styrene Polymerisations 

The two styrene recipes given below are based on those described in the Ph.D. thesis of 

Paul Clay,6 here the recipes have been scaled down so that they could be carried out in the 

smaller reactor of this work. These latices were used as seeds in subsequent 

polymerisations of vinyl acetate with the intention of creating core-shell morphology. 

Table Reaction conditions for smaller styrene seed polymerisations. 

CF:STI CF:ST2 

Temperature 1°C 90 80 

Stirring 

Turbine type 6 pitched blades 6 pitched blades 

Distance from reactor floor /mm 34 34 

Speed Irpm 450 500 

Water Ig 560 642 

MA 80/g 10.82 7.4 

NaHC03 /g 0.94 1.3 

Styrene /g 247 298 

K2S2Os/g 0.95 1 

Water Ig 30 50 

Reaction time !hours 3 3 

% solids content 30.5 30.7 

Average particle radius Inm 44 130 

11easurementtechnique CHDF TE11 

Method 

The procedures for making polystyrene seed latices with surfactant were similar to those 

described in Subsection 2.6.1 for making the ab initio poly(methyl methacrylate) seeds. 

The 11A 80 (surfactant) and sodium hydrogencarbonate (buffer) were dissolved in a 

quantity of water and added to the reactor, washed in with the remaining initial charge of 

water. The reactor was heated to the reaction temperature, stirring was begun at the 

indicated rate and a flow of nitrogen was started, to flush oxygen from the reactor. When 

the reactor had attained the set temperature, styrene was added and the temperature 
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returned to the set point. Then a further ten minutes was allowed for a full chemical 

equilibrium to be established and for the reactor temperature to stabilise. At this point 

KPS, which had been dissolved in a small quantity of water, usually with the aid of some 

heating, was added. After initiator addition, the reactor was sealed and left for 3 hours to 

allow a high conversion of monomer. 

2.6.3 Surfactant-Free Styrene Polymerisations 

Large particle-size polystyrene latices were desired for use as seeds in the production of 

core-shell particles. Polystyrene latices of the desired 500 nm radius cannot be readily 

synthesised by varying the conditions described for production of the surfactant-stabilised 

latices described above. However, the use of surfactant-free conditions does allow these 

large particle sizes to be created. The recipes used to produce large, monodisperse 

polystyrene latices were based on those of Goodwin et a1.7 The recipes are able to be 

tailored to give any particle size from 125 to over 500 nm radius. 

Table 2.4. Reaction conditions for surfactant free styrene seed 

polymerisations. 

CF:ST3 CF:ST4 

Temperature /DC 80 70 

Stirring 

Turbine type 6 pitched blades 6 pitched blades 

Distance from reactor floor /mm 74 and 140 74 and 140 

Speed/rpm 300 300 

Water /g 875 875 

Styrene /g 91.25 91.25 

K2S20 8 /g 0.67 0.81 

Water /g 25 25 

NaCl/g 0.81 

Reaction time /hours 24 24 

% solids content 8.6 8.3 

Average particle radius /nm 200 405 

Measurement technique TEM TEM 
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In contrast to the surfactant-stabilised polymerisations, the reactions described in this 

subsection were reasonably sensitive to stirring conditions. absence of surfactant 

meant the particles were less colloidally stable, and hence prone to shear-induced 

coagulation. As detailed in Section 2.4, a number of stirrer configurations were trialled in 

order to detem1ine a set-up that would produce satisfactorily low levels of coagulation. 

The configuration listed below was used for all surfactant-free polymerisations to malce 

latices for use as seeds in subsequent polymerisations. 

Method 

The initial charge of water was added to the reactor and heated to the reaction temperature. 

Stirring was begun at the indicated rate and a flow of nitrogen was started, to flush oxygen 

from the reactor. Styrene and any sodium chloride were added, and a further 10 min were 

allowed after the reactor was back to the reaction temperature, for chemical equilibrium to 

be established and to allow the temperature to stabilise. At this point potassium 

peroxydisulfate, which had been dissolved in a small quantity of water, usually with some 

heating, was added. After initiator addition the reactor was sealed and left for 24 hours to 

allow a high conversion of monomer. The reaction time for the surfactant-free reactions 

was longer than the surfactant-stabilised recipes due to the larger particle size of the 

former. 

2.6.4 Vinyl Acetate Ab Initio Polymerisations 

In order to carry out the inverse core-shell polymerisations described in Chapter 5 it was 

necessary to create poly(vinyl acetate) seeds. The following recipes were based on those 

used by Hank De Bruyn.8 It was found necessary to add the monomer gradually in the 

case of these vinyl acetate polymerisations, as batch addition at the start of the 

polymerisation resulted in an uncontrollable exotherm. Adding monomer gradually is also 

reported to reduce the polydispersity of these latices.8 This method of monomer addition is 

likely to result in more chain transfer to polymer and hence branching than a faster 

addition of monomer would produce. This is a result of a lower monomer concentration in 

the particles, leading to a greater probability of chain transfer as opposed to propagation. 
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Table 2.5. Reaction conditions for vinyl acetate seed polymerisations. 

CF:VA1 CF:VA2 CF:VA3 CF:VA4 

Temperature IDC 70 70 70 70 

Stirring 

Turbine type 6 pitched 6 pitched 6 pitched 6 pitched 
blades blades blades blades 

Distance from reactor floor Imm 34 34 34 34 

Speed Irpm 300 300 300 300 

Water Ig 470 470 470 470 

MA 80/g 5.0 5.0 5.0 5.0 

OT 75 Ig 5.0 5.0 5.0 5.0 

NaHC03 /g 1.0 1.0 1.0 1.0 

K2S20 g Ig 1.0 1.0 1.0 1.0 

Water Ig 30 30 30 30 

1-Dodecanethiol/g 2.0 0.2 2.0 

Sipomer COPS 1/g 2.0 

Vinyl Acetate 

Initial charge Ig 30 30 30 30 

Remainder I g 170 170 170 170 

Feed rate Ig min-! 0.945 0.945 0.945 0.945 

Reaction time after monomer feed 1 1 1 1 
Ihours 

% solids content 29.8 30.1 29.5 30.1 

Average particle radius Inm 66 65 65 60 

Measurement technique CHDF CHDF CHDF TEM 

Method 

The MA 80 and OT 75 (surfactants) and NaHC03 (buffer) were weighed into a beaker 

with approximately half the initial charge of water. This was stirred on a hotplate until the 

NaHC03 had all dissolved, and the surfactant was dispersed. This mixture was then added 

to the reactor, and washed in with the remaining initial charge of water. The reactor was 

heated to the reaction temperature, stirring was begun at the indicated rate and a flow of 

nitrogen was started to flush oxygen from the reactor. When the reactor had attained the 
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set temperature the KPS, which had been dissolved in a small quantity of water, was 

added, followed immediately by the initial charge of vinyl acetate together with any chain 

transfer agent and Sipomer COPS I (surface active monomer). The reactor was sealed and 

the feed of vinyl acetate was begun at the specified rate. After monomer addition was 

complete, the reactor was left for one hour to allow polymerisation of remaining monomer. 

2.6.5 General Procedure for Vinyl Acetate Polymerisations in the Presence of 

Polystyrene and Poly(methyl methacrylate) Seeds 

It was the intention of these recipes to put a shell of poly(vinyl acetate) onto the 

polystyrene seed latex particles, and so all recipes were formulated with this goal in mind. 

In the case of the smaller seeds described in Subsection 2.6.1 this was easily accomplished 

with a starved feed of vinyl acetate; however, the larger seeds proved more difficult, so a 

variety of other strategies were needed. (The reasons for this behaviour are developed in 

Chapter 3.) 

The general procedure was as follows; specific variations will be d~alt with in Chapter 4. 

As some seed latices did not have any pH buffering it ~as' necessary to add sodium 

hydrogencarbonate buffer solution to these reactions. Small anlounts of sodium hydroxide 

solution were also added to obtain a large shift in the pH prior to the commencement of the 

reaction. This was necessary, as polystyrene latex made using the recipes described in 

Subsection 2.6.3, which do not contain buffer, often had a pH of below 3.0. As discussed 

in Subsection 1.5.1, buffering of vinyl acetate polymerisations was very important to 

prevent hydrolysis, and subsequent coagulation of the latex. Care had to be taken in the 

addition of buffer solutions that the local pH or ionic strength did not exceed a value that 

could cause coagulation. This problem could be avoided by using more dilute buffer 

solutions, or by being careful to agitate thoroughly when they were added so as to rapidly 

disperse regions of high ionic strength. It was observed that the small amount of coagulum 

fonned on addition of the buffer solution could result in a significant amount of coagulum 

fonnation through the course of the reaction, whereas none would occur if there were not 

any coagulum to nucleate further aggregation. This was verified by filtering the latex after 

buffering to remove coagulum. If this was done coagulation was not observed in the 

subsequent reaction. 
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The required volume of buffer solution was added to the seed latex, which was then 

filtered to remove coagulum if necessary. This was then added to the reactor, along with 

water to reduce the final solids content so as to have a stable latex at the end of the 

reaction. The reactor was heated to the reaction temperature while being stirred and 

purged with nitrogen. Once the reaction had reached the desired temperature, potassium 

persulfate dissolved in a small quantity of water was added. A feed of vinyl acetate was 

started, and was continued until the desired amount had been added. The reaction was left 

for a further hour after the completion of the monomer feed to allow reaction of remaining 

monomer. 

2.6.6 General Procedure for Styrene Polymerisations in the Presence of Poly(vinyl 

acetate) Seeds 

These reactions were carried out with the intention of creating core-shell morphology via 

the inverse core-shell route, i.e. polymerising a second monomer that will migrate into the 

centre of the seed particles to form cores. In this case that meant creating conditions so 

that polystyrene would migrate to the centre of the poly(vinyl acetate) seed particles as it 

formed. 

The general procedure is described below; specific variations will be covered in Chapter 5. 

The poly(vinyl acetate) seed latex was added to the reactor along with water. The addition 

of buffer was not normally needed as the seed latices normally had enough residual buffer 

to control pH change during the styrene polymerisation, especially in the case where the 

initiator used was not persulfate. In some cases it was desired to pre-swell the seed with 

monomer before heating was commenced, in which case the desired amount was added at 

this point. The reactor was then heated to reaction temperature, stirring commenced and 

nitrogen purging begun. In the cases where the seed had been pre-swelled with monomer, 

the purging would be less rigorous so as not to flush excessive monomer from the reactor. 

When the reactor had attained the desired temperature and been allowed to equilibrate for 

ten minutes, the initiator and monomer were added. In the case of persulfate initiator this 

was dissolved in a small quantity of water and then added. Organic initiators such as BPO 

and AIBN were dissolved in the remaining monomer and then added. After addition of 

monomer the reactor would be sealed and left for three hours for the polymerisation to go 

to completion. 
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2.6.7 Miscellaneous Polymerisations 

The other polymerisations carried out in association with this work that do not fit into any 

of the preceding sections will be described as they arise in subsequent chapters. 

U'JlAJI""., Methods 

important aspect of this work involved accurate determination of the particle 

distribution of a latex. This was used to detemline whether new particles had formed in 

the carrying out seeded polymerisations, as well as providing a way to assess 

reproducibility of various recipes. Also, the particle size distribution is fundamental 

information in its own right. Numerous particle-sizing techniques are available, and in the 

course of this work four were used at various times. 

2.7.1 Capillmy Hydrodynamic Fractionation 

All particle size measurements carried out by capillary hydrodynamic fractionation 

(CHDF) were done using the Matec Applied Sciences CHDF 1100 at the University of 

Sydney's Key Centre for Polymer Colloids (KCPC). This machine was fitted with a C570 

high sensitivity column and used GR500™ eluent at a flow rate of 1.40 mL min-I. 

CHDF is able to provide a relative determination of particle size and particle size 

distribution, in that standards must be used first to calibrate the instrument. A dilute latex 

sample is introduced into the instrument, where it flows with a carrier stream through a 

capillary tube. The flow profile in the capillary is parabolic in nature, with the greatest 

velocity found in the centre of the capillary tube. Smaller particles experience a greater 

portion of this velocity profile, and thus elute after larger particles, which are constrained 

by their to spend more time in the centre of the capillary. As this method physically 

separates the latex particles on the basis of size prior to detection, it is able to report a 

particle distlibution, not just an average particle size. A number of problems were 

encmmtered in using this instrument, which meant that information obtained was always 

checked against another method. Situations that routinely gave problems or questionable 

results were: latices with particles larger than the column cut-off (which was 

approximately 350 nm radius for the column used), softer particles (which were able to 

coagulate in the column) and small particle sizes in the presence of larger ones. 
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2.7.2 Photon Correlation Spectroscopy 

Photon correlation spectroscopy (PCS) was carried out usmg a Malvern Instruments 

System 4700c at the University of Sydney's KCPC. This method uses laser light to 

measure diffusion coefficients, and from that calculate an average particle size. The 

average diameter obtained ii'om PCS is equal to the square root of the 8th moment divided 

by the 6th moment, -v<r8>I<r6>, and falls between the weight average and z-average 

diameter.9 This results in the reported diameter being skewed to larger particle sizes. This 

factor, in conjunction with the instrument reliably reporting only an average particle size 

(claims of accurately obtaining particle size distributions are greatly exaggerated), results 

in the technique being completely unsuitable for detecting crops of smaller particles 

formed by secondary nucleation in the presence of larger seed particles. 

2.7.3 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) IS a very versatile technique in emulsion 

polymer science. Not only can it be used to determine particle size distributions and detect 

secondary particle formation, but it can also be used to examine particle morphology (see 

Section 4.2 for more details relating to this work). At its simplest, TEM can be used with 

little effort (especially for harder polymers which are not affected by preparation for TEM 

or by the electrons used to image the sample) to detect secondary nucleation. A rough 

estimate of average particle size is also easy to obtain. More accurate determination of 

average particle size or particle size distribution is more time consuming, requiring the 

addition of a standard to the TEM grid and more detailed image analysis. 

TEM carried out as part of this project was done using a Phillips EM 400 at the Australian 

Key Centre for Microscopy and Microanalysis (located at the University of Sydney) and a 

JEOL JEM-1200 EX in the Plant and Microbial Sciences Department of the University of 

Canterbury. 

2.7.4 Disc Centrifuge Photosedimentation 

A limited number of samples were sent to Dulux Australia in Melbourne for 

characterisation of particle size using disc centrifige photo sedimentation (DCP). This was 
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done to compare the results obtained with those obtained from the three methods listed 

above. 

DCP operation is based on the principle of sedimentation in a disc centrifuge.9 The 

sedimentation behaviour of particles depends on the particle density and the density and 

viscosity of the liquid through which the particles sediment. When using this method for 

copolymer and blend emulsions, care must be taken, as relatively minor errors in 

composition (and hence density) can have quite a profound effect on the measured 

diameter. 

2.7.5 Comparison of Particle Sizing Methods 

A number of latices were subjected to particle size determination using the techniques 

outlined above to allow comparison between the methods. A straight comparison was not 

always easy, especially for the case where PCS was used as the average reported is skewed 

toward larger particle sizes. It was found that for relatively monodisperse hompolymer 

latices there was good agreement between the' four techniques. However, if the particle 

size distribution was broad, or the particles comprised of more 'than one polymer type then 

the results from each method varied considerably. Under situations such at these TEM was 

felt to be the most reliable method, based on the differences between expected and 

measured particle sizes. 

As a result of these comparisons, TEM was the main method used for particle sizing. In 

most situations all that was required was a rough estimate of the mean particle radius; 

when an accurate particle size was required suitable polymer latex standards were used to 

enable accurate calibration. 
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Particle Formation 

3.1 

Modelling of various aspects of emulsion polymerisation is often undeliaken to gam 

insight into the processes involved. One such example is particle fonnation and growth, 

where simulation of experimental results can be used to refine proposed models. These 

models can then be applied to the simulation of systems, to investigate the microscopic 

processes. 

This chapter sets out to make predictions as to the occurrence of secondary particle 

fonnation in the system currently under investigation; that of poly(vinyl acetate) 

polymerisation in the presence of polystyrene seed particles. As has been detailed in the 

previous chapter, this was the system being investigated with a view to improved adhesive 

perfonnance. Two important features characterised the systems being studied. The most 

important from a modelling perspective was that they were systems to which no surfactant 

was added. The absence of surfactant (or indeed any polymerisation conducted below the 

critical micelle concentration) meant that nucleation via the micellar route did not need to 

be considered. The other factor (which will be seen to have significant consequences for 

new particle fonnation) was that the desired seed size was of the order of 500 nm, which 

was larger than is commonly found in emulsion polymerisation. 

As just explained, it was desired to synthesise latex particles with polystyrene cores and 

poly(vinyl acetate) shells and with a total radius of approximately 500 nm. At least two 

possibilities exist for creating such polystyrene core-poly(vinyl acetate) shell particles. 

The most immediate idea was to start from a polystyrene seed and to grow a poly(vinyl 

acetate) shell onto and around it, a technique which has been applied to this system by 

Hergeth and co-workers. I
-
3 An alternative was to start with a poly(vinyl acetate) seed and 

perfonn a second-stage emulsion polymerisation of styrene, whereupon the different 

hydrophobicity of the polymers would suggest that core-shell inversion would occur, 

leaving a polystyrene core and a poly(vinyl acetate) shel1.4
-
6 Whichever the chosen route, 

it was essential to avoid secondary particle fonnation during the second-stage growth. It 
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was especially useful to have guidance from modelling in seeking to find conditions where 

this new nucleation could be avoided, as opposed to purely empirical searching for the 

right conditions. The present chapter used and extends a model for this purpose7 which, 

although simple in application, was rigorously based on the mechanisms deduced over the 

years for particle fonnation and growth in emulsion polymerisations. 

It should be noted that the model described in this chapter was specifically tailored for 

surfactant-free conditions, although this restriction could be removed without too much 

difficulty.8 It did not matter how a seed latex was generated, but the investigations have in 

mind that the second stage polymerisation was carried out in the absence of surfactant. 

The presence of surfactant could only act to encourage the fonnation of new particles, so in 

effect the modelling results were indicating the circumstances under which successful 

core-shell generation was most likely. Of course, it must always be borne in mind that 

there needed to be sufficient stabiliser to prevent coagulation of mature particles, which 

became more probable in the absence of secondary particle fonnation as particle surface 

area increased, unless stabilising species were added, or were fonned, during the second

stage polymerisation process. 

3.2 Particle Formation Models 

Extensive models for particle fonnation (and hence for secondary particle fonnation) have 

been presented in the literature (e.g. refs. 9-19). In the past, a major difficulty in a priori 

prediction was that such models have contained many parameters whose values were 

unknown, and needed to be fitted to experiment; this reduced the predictive power of such 

models. However, ongoing advances in the determination of rate parameters (such as the 

PLP method for detennining the propagation rate coefficieneo-22
) and in mechanistic 

knowledge8 have reduced the extent of this problem. The most recent and most extensive 

particle fonnation model, when applied to systems wherein most rate parameters have been 

detennined independently, is able to produce acceptable accord with a large range of 

observations, including rate, particle number and amount of secondary nucleation for a 

variety of monomers. 19
,23-25 However, this model requires extensive computational 

resources (typically many hours of run time on current work stations). While this enables 

prediction of important experimental details with acceptable reliability, tIns treatment is 

difficult to use for simply exploring an extensive parameter space in order to find a range 
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of experimental conditions for which secondary nucleation does not occur. In fact this is a 

task that does not require precise quantitative agreement between model and experiment; 

rather, all that is required is an accurate qualitative assessment of whether the number of 

new particles is negligible or significant For this purpose one can take the essential details 

of the large-scale model, incorporate them into a simplified model, and then use this 

simplified model to search for conditions under which secondary nucleation does not 

occur. Although the numerical predictions of the simplified model may only be semi

quantitatively corrcct, they should still be qualitatiVely correct This can be confirmed by 

comparing results of the simplified model with corresponding results from the more 

complete treatment 19,23-25 This is the approach that is adopted in Section 3.8. 

The model used in this chapter is a slightly extended version of that put forward by 

Morrison and Gilbert7 for particle formation by secondary nucleation (i.e., systems with 

surfactant concentration below the critical micelle concentration). If the number 

concentration of newly-formed particles, Nnew, is found to be low compared to that of the 

seed, Nseed, then it may be expected that polymerisation will occur in seed particles, i.e., 

core-shell polymerisation will dominate, without vitiation by extensive secondary 

nucleation. Thus the simulations should shed light on when core-shell morphologies are 

possible in two-stage emulsion polymerisations. 

3.3 Model Description 

The (secondary) nucleation treatment of Morrison and Gilbert is as follows. The aqueous 

kinetics of (seeded) emulsion polymerisation are based on the homogeneous nucleation 

theory first proposed by Fitch and Tsai,26 updated to include more recent developments in 

aqueous-phase emulsion polymerisation chemistry, while retaining the simplicity of the 

original theory.7 The basic idea is that particles are formed as a result of growth of 

aqueous phase radicals until they "precipitate" out and thereby become particles. 

Formation of particles exclusively by this mechanism is confined to systems wherein the 

surfactant concentration is kept significantly below the critical micelle concentration 

(cmc). In fact secondary particle formation is very hard to avoid if micelles are present, 

since the rate of entry of surface-active oligomeric radicals into micelles is extremely 

rapid, and this results in particle formation by this means.8 The particular formulation 

given here should not be used for investigating systems with sufficient added surfactant 
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that micelles could form; however, it is noted that the simple treatment could be extended 

to account for this common situation. 8 

The simplified model is as follows? Primary radicals, I", are created in the aqueous phase 

by decomposition of initiator species. These add to monomer relatively quickly, so that 

effectively one has 

. . . kd 2 IM" lrutiator ~ 1 (3.1) 

The assumption that fates other than propagation will not occur should be valid for 

initiators such as peroxydisulfate, where the first propagation step is fast, but may not hold 

for initiators with a less reactive primary radical. The model could be extended to account 

for other initiator fates to overcome this problem if modelling of systems initiated by other 

radicals were to be attempted. These IM~ species can then react further with monomer in 

the aqueous phase: 

.. k/.,aq .. 
IMi+M---~) IMi+l, i 21 (3.2) 

At the same time, these species can at any stage terminate with any other aqueous phase 

radical, denoted TO: 

kt,aq 
IM; + TO --~) dead oligomer(s) (3.3) 

If a radical does not undergo termination, then after a number of propagation steps it will 

become a surface-active oligomer and will enter any particle that it encounters. The degree 

of polymerisation at which entry becomes possible is denoted z and depends on the 

monomer and the initiator end group. 

IM; + latex particle ---J> entry, i = z, ... , jClit 1 (3.4) 

The rate coefficient for entry, , is assumed to be diffusion-controlled, and hence depends 

on the diffusion coefficients of oligomeric radicals. It is not known precisely how these 

diffusion coefficients depend on chain length; so they are taken as being given by Dw/i, 

where Dw is the diffusion coefficient for IMi in water. This represents quite a strong chain 

length dependence, but calculations with a weaker chain length dependence (e.g. Dwl{i) 
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did not give significantly different results. Aqueous phase radicals may enter either seed 

or new particles, so both these contributions need to be summed. The overall frequency of 

entry for an IMi species is therefore given by: 

i (Dw~ ( Nseed~ Ie = 4n -1-' ) Rnew NA + Rseed NA ) NA (3.5) 

The Smoluchowski equation is used here to predict rate coefficients for diffusion

controlled processes. It has been assumed that a particle diffuses very slowly compared to 

a small aqueous-phase radical and that such a species has negligible size compared to a 

particle, the swollen radius of which is designated R. For later convenience the entry 

frequencies rather than entry rate coefficients are used; and hence the inclusion of molar 

concentrations NINA, where NA is Avogadro's constant. 

In using Equation 3.5, Rseed is given by whatever experimental conditions are chosen and 

will change negligibly during the period of new particle formation. On the other hand, the 

growth of new particles does .need to be accounted for in stipulating a matter that is, 

dealt with below. In the model, such new particles are formed by aqueous phase growth of 

radicals to a critical chain lengthjcrit at which they become insoluble in the aqueous phase, 

and thus undergo a coil-to-globule-like transition and form a particle: 

(3.6) 

This step is assumed to be instantaneous on the timescale of other kinetic events, i.e., a 

new particle is assumed to form as soon as the degree of polymerisation jCrit is reached. 

Once formed, a new particle swells with monomer and begins to grow by further 

propagation of the chain. The rate coefficient, K, for the growth in unswollen volume of a 

particle is given by:8 

K= nlyMo Cp 

dpmewNA 
(3.7) 

Here n is the average number of radicals per particle, kp is the (long-chain) propagation 

rate coefficient, Mo is the molecular mass of (second-stage) monomer, Cp its concentration 

in the particle, and dP,new the density of polymer. This equation is used to calculate a 

value of Rnew for use in Equation by assuming that (a) n = 1 and (b) all new particles 
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have a volume equal to that they would have if they fonned at time = O. These 

assumptions are obviously questionable. In fact one can include specific expressions for n 

using well-established models for this quantity,S but calculations using this additional 

sophistication showed insignificant effects compared to the effect of the presence or 

absence of extensive particle fonnation.27 The second assumption is justified on the 

grounds that the rate of new particle fonnation is highest at t = 0 and the nucleation period 

is only brief (e.g., see the results of Figure 3.1). Both assumptions were properly tested by 

carrying out simulations using a more sophisticated model (results presented in Section 

3.8). The success of these assumptions indicated that entry into newly fonned particles 

wais a very minor event in the type of system studied here, which meant that the value of 

dNnew/dt was essentially a result of competition between the processes of aqueous phase 

growth and entry into seed particles. (However, in situations where there was extensive 

secondary particle fonnation, entry into new particles did become significant, so that 

eventually new particle fonnation stopped.) It is noted that extensions to the present 

treatment to allow Ii to be calculated correctly can be implemented without much effort,27 

however, it requires considerable effort to dispense with the assumption that all particles 

have the same volume. This entails solving another set of differential equations at each 

time step to allow for the creation and growth of new particles, which greatly increases 

computation time. 

It is important to note that the process described by Equation 3.6 is taken as being the only 

means by which particle number can change. In other words, there is assumed to be no 

coagulation of particles. reality there is probably some coagulation involving 

"precursor" particles, especially since the conditions considered here are seeded systems 

without added surfactant (i.e., there is no surfactant to stabilise newly fonned particles). 

Any coagulation will reduce Nnew, i.e., the present model calculates an upper bound for 

Nnew. Comparison with more complete simulations (given in Section 3.8) shows that 

ignoring coagulation can lead to significant overestimation of the particle number, 

especially when large numbers of new particles are fonning. However, because ignoring 

coagulation will overestimate the number of new particles, the present treatment should 

always indicate regions in which new particle fonnation can be avoided (while at the same 

time realising that this region may be more extensive than the model indicates). Other 

limitations of the present model include that its implementation here ignores the size 

dependence of several quantities in the system (e.g. of Cp, which is lmown from theory to 
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be smaller for very small particles28
) and it ignores particle-phase kinetics (e.g. see 

discussion below on exit). More complete treatments19
,23-25 take all these factors into 

account by evaluating the time evolution of the complete particle size distribution. 

In implementing the above model, steady state aqueous-phase radical conditions were 

assumed, giving: 

(3.8) 

. 1 ° ls?;ag [IMi-1]CW 
[IM;] = U C k [TO]' i = 2, ... , z-l 

'''P,aq w + t,aq 
(3.9) 

[IM;] = 1.1 C k [TO] {,i , i = z, ... ,}erit-l 
IIp,aq W + t,aq + j e 

(3.10) 

icrit -1 

[T"] = I [IM;] (3.11) 
;=1 

In the above equations, Cw is the aqueous phase concentration of monomer. Implicit in 

Equation 3.11 is the assumption that over the period of nucleation there is negligible 

contribution of exit to the overall aqueous phase radical concentration. If radicals exiting 

from particles do contribute significantly to [TO], then the rate of aqueous phase 

termination will be increased, and so the rate of new particle formation will be reduced; 

again, this can be readily incorporated into the present model27 but the effect is not large. 

This minor effect again means that the model overestimates the number of new particles, 

and so leads to a conservative estimate of the true region of negligible secondary 

nucleation (see above). 

Equations 3.8-3.11 cannot be solved analytically, but are easily evaluated using an iterative 

technique, with the initial guess for [TO] being the value from ignoring loss of aqueous 

radicals by entry and nucleation: 

(3.12) 
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With the aqueous phase radical population distribution established, the rate of new particle 

formation is calculated as that of propagation of chains containing one monomer unit fewer 

than the number required to form a new particle (see Equation 3.6): 

(3.13) 

This equation was solved by numerical integration. In an initial study a variety of methods 

were used, including the explicit Euler, fourth-order Runge-Kutta and Gear methods (all 

algorithms were generously provided by Mark Rees). All were found to give identical 

numerical results without any significant difference in computing time, which was always 

of order seconds (or less) of CPU time. The fourth-order Runge-Kutta algorithm method 

was used for all the simulation results presented here. 

As developed here the method is for secondary nucleation, I.e., particle formation in 

seeded systems. However, it is clear that the model may equally be used for particle 

formation in ab initio systems (with low surfactant concentration). Calculations for both 

these types of system will be presented. 

3.3.1 Starved-Feed Conditions 

The model was used to simulate both polymerisations under saturated monomer conditions 

(i.e., both aqueous and particle phases saturated with monomer) and also under starved

feed conditions. The latter was implemented as follows. In order to specify the degree of 

starved feed in the system, the total saturated monomer amount was first calculated: 

d C sat T7 C sat TT • saturate monomer amount w y aq + p y particles (3.14) 

Here Cwsat and Cp
sat are the saturated monomer concentrations in the aqueous and particle 

phases respectively, while Vaq is the volume of the aqueous phase and Vparticles is that of the 

particle phase (when saturated with monomer). The amount of monomer in the system can 

then be set to a fraction of the saturated monomer amount, e.g. a fraction of 1 would mean 

that the particle and aqueous phases were saturated with monomer. This fraction is the 

index used to quantify the degree of starved-feed. 
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Having specified, as above, the total amount of monomer in the aqueous and seed particle 

phases, the concentration of monomer in each of these phases must be calculated. The 

difficulty here is that the partitioning of monomers such as vinyl acetate between aqueous 

d . I h' 829 an partic e p ases IS not constant. ' The following empirical relation gives good 

agreement with experimental data for equilibrium partitioning of monomers such as vinyl 

acetate and methyl methacrylate8
,30,31 at all except high weight-fraction polymer: 32 

Cw [Cp ] 0.6 

Cw
sat = C/at (3.15) 

The values of Cw and Cp are evaluated iteratively using the above relation and the 

specified total monomer amount. 8 This procedure also yields swollen particle volume, 

from which Rseed is calculated (for use in Equation 3.5). The seed particle value for Cp is 

also assumed to hold for new particles. From the unswollen volume of a new particle, 

calculated as Kt (see Equation 3.7 and discussion thereof), and from the value of Cp , the 

swollen volume of a new particle is calculated, and hence Rnew is obtained (for use in 

Equation 3.5). Notice that this procedure made the reasonable assumption that new 

particles take up negligible volume in the system and thus that they exert negligible 

influence in determining the partitioning of monomer between the particle and water 

phases. (This assumption is not valid in general, but it should not lead to significant error 

here, because the volume of the new particle phase will be relatively small during the brief 

period of new particle formation.) 

Values of Cw and Cp are held constant throughout simulations, even for those of illterval 

III (starved-feed) conditions. This is justified because the periods of nucleation are so brief 

that there will be negligible consumption of monomer during them. 

3.3.2 Seed particle concentration 

The program input characterising the seed particles consists of x, the percent solids by 

weight (of the unswollen latex), and rseed, the unswollen seed radius (note that R denotes a 

swollen radius, as for example in Equation 3.5). The following equation is then used to 

calculate the number concentration of seed particles in the unswollen latex: 
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(3.16) 

Here dp,seed is the density of seed polymer and dw the density of water (note that a 

monodisperse seed particle distribution is implicit in the above equation, as it also is 

throughout this work, e.g. also Equation 3.5). By asswning saturated monomer conditions, 

Vparticles and thence Vaq are next calculated for use in Equation 3.14. The fraction of 

saturated monomer amount is then specified, and the actual monomer concentrations in the 

particle and aqueous phases calculated, as described above. The expansion in system 

volwne due to monomer swelling of particle and aqueous phases is then factored in to 

calculate Nseed, the nwnber concentration of particles in the polymerising system (the value 

used in Equation 3.5). 

3.3.3 Catalysed Initiator Decomposition 

An additional minor extension of the model is to take account of catalysed initiator 

decomposition. For example, it has been known for many years that the presence of vinyl 

acetate accelerates the consumption of per sulfate initiator.33 The likely mechanism for this 

is transfer to initiator: 34 

k .. 
-0 S M" S 0 2- If,tmt '0 S M SO' SO ". 4-i+28---~) 4-i- 4+ 4 (3.17) 

The newly formed tetraoxidosulfate(.I-) radical is able to react with monomer in the usual 

manner to begin the formation of a new chain. The total nwnber of aqueous radicals 

remains unchanged by this reaction, but the chain length distribution of aqueous phase 

radicals will be altered if ktr,init is sufficiently large. The reaction will have the effect of 

lowering the rate of particle formation because it reduces the number of chains that are 

able to grow to length jerit- In fact this effect is enhanced because of termination being 

diffusion controlled: reaction 3.17 converts long and therefore relatively slowly 

terminating oligomers into short and therefore more rapidly terminating oligomers. Thus 

there is an increase in the overall rate of aqueous phase termination and so it is more 

difficult for an oligomer to grow to lengthjcrit. This subtle effect is not taken into account 

by the model, which assumes chain-length-independent aqueous phase termination. So the 
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model will tend to underestimate the reduction in particle formation rate that the transfer to 

initiator reaction will cause. However, this oversight is not expected to be misleading: the 

model should still give a qualitative guide as to the effect of transfer to initiator on 

(secondary) particle formation. Once again it should be noted that insofar as the model 

does err, it leads to underestimation of the true region of no secondary nucleation. 

The other effect that reaction 3.17 will have is to reduce the initiator concentration at a rate 

in excess of that in the absence of catalysing monomer. This is unlikely to affect particle 

formation significantly (which is predicted to be over in a matter of minutes in this 

system), and consequently has not been incorporated into the model, which assumes 

negligible consumption of initiator over the period of nucleation. However, if kinetic 

simulations to longer times are to be attempted, initiator consumption should be taken into 

account. 

To account for reaction 3.17 in simulations, appropriate loss terms are added to Equations 

3.8-3.10, and an appropriate gain term for reinitiation is added to Equation 3.8. These 

updated expressions are given by Equations 3.18-3.20. 

• 2kd[I] + ktr,init[I] [r] 
[1MI] = kf"aq Cw + ktr,init[I] + kt,aq[r] 

(3.18) 

i=2, ... ,z-l (3.19) 

[1M;] = lri C k []-] k [TO] -ri , i = z, ... ,jcrit-l 
''")J,aq w + h',init -- + t,aq + j e 

(3.20) 

For the purposes of this modelling, complete reinitiation of SO/- was assumed, an 

assumption consistent with Equation 3.1. 

3.4 Parameter Values 

The model is first applied to polymerisation of vinyl acetate in the presence of polystyrene 

seed particles without added surfactant. Many of the required rate parameters are lmown 

for this system, and are as listed in Table 3.1 for 80°C, the temperature in both the 
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experiments of Hergeth and Schmutzlerl and those carried out in association with the 

present work. which will be discussed further in Chapter 

Table Parameter values used for simulating vinyl acetate polymerisation 

in the presence of polystyrene seed at 80a C. 

Parameter Value Source 

Initiator concentration [I] 1 x 10-3 mol 

Initiator dissociation rate coefficient kd 8.60 x 10-5 S·1 37 

Aqueous phase propagation rate coefficient 14,aq 2.58 X 104 Lmor1 38 

for monomeric radicals 

Aqueous phase propagation rate coefficient kJ,aq 1.29 X 104 LmOrl 38 

for longer chains 

Aqueous phase termination rate coefficient kt,aq 1.13 X 1010 Lmor1 s-1 8 

Saturated aqueous phase monomer Cw
sat 0.3 mol L-1 39 

concentration 

Saturated particle phase monomer C sat 7.7 mol 8 
p 

concentration 

Diffusion coefficient for IMi in water Dw 1.88 x 10-9 m2 S-1 8 

Density of new polymer dp,new 1.15 kg 40 

Density of seed polymer dP,seed 1.044 kg 41 

Density of water dw 0.972 kgL-1 42 

Minimum chain length for radical entry 7 8 
Z 

into a particle 

Chain length for particle formation by jerit 20 8 

homogeneous nucleation 

Regarding the parameter values in Table 3.1, the following should be noted. 

kJ,aq is probably larger than kp, the long chain value, and here has simply been set 

equal to 2kp, due to the absence of any more detailed information.35 The sensitivity 
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of results to the value of ki"aq was investigated and for the systems of the present 

work was found to have very little effect on results. 

.. The value of Cp
sat for swelling of polystyrene by vinyl acetate is unknown, so for 

this value Cp
sat for swelling ofpoly(vinyl acetate) by vinyl acetate is used. While 

the value of C/al has a considerable quantitative effect on results, it does not have a 

qualitative effect. In other words, even if the guess for Cp
sat were significantly 

astray, the true value would still yield the same qualitative results from simulations. 

The value of kt,aq is that for small aqueous phase radicals. While this value is 

appropriate for systems such as styrene, which have low z and jerit values 

(approximately 2 and 5 respectively), it may be less so for the longer oligomer 

radicals formed in vinyl acetate systems. This effect was not investigated in the 

present work, but it is noted. 

G The values for z andjcrit were obtained from semi-empirical relationships that take 

into account the balance between hydrophilic character imparted by the persulfate 

end-group and the hydrophobic character imparted by the growing polymer chain.36 

Especially in the case of vinyl acetate where the values for z andjcrit are large, it is 

unlikely that such sharp cut-offs exist between non-entry/entry and no 

nucleation/nucleation. This approximation is noted, but the formulation of a more 

realistic model would require much more experimental data than are cunently 

available. 

A parameter not listed in Table 3.1 is ktr,init: fitting the data of Morris and Parts33 gave 

ktr' 't = 3 x 103 L mol-1 
,till at 80°C, the value initially used.43 

3.5 Modelling Results 

The model predicts new particle number as a function of time, so the first step was to 

establish the length of time over which new particles are typically formed. Figure 3.1 

shows the results of a simulation for vinyl acetate emulsion polymerisation in the presence 

of polystyrene seed with unswollen radius rsccd 200 nrn and 10% solids content. The 

results showed a very short period of particle formation. As will be seen, the simple model 

predicted very similar lengths of time for particle formation as a more sophisticated 
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model19
,23-25 that included effects such as coagulation. Thus for the seeded systems being 

considered here, it was considered likely that secondary particle formation was indeed over 

very quickly. 
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Figure 3.1. Predicted time evolution of new poly(vinyl acetate) particle 

concentration in the presence of a 10% solids content polystyrene 

seed of200 nm unswollen radius. The broken line shows the time 

chosen as the end of new particle formation. 

The results in Figure 3.1 are for a system with considerable new particle formation. In 

simulations with the present model that yielded lower Nnew, new particle formation 

occurred over a slightly longer timescale. Based on such simulations, a value of 600 s 

(shown as a broken line in Figure 3.1) was chosen as a time at which particle formation is 

effectively over in all simulations. Therefore all reported values of Nnew in polystyrene 

seeded systems are the values of this quantity at t 600 s, the polymerisation time at which 

most simulations were stopped. It is noted that new particle formation was not always 

completely over at this time. In fact, for simulations with very low Nnew, the model gave a 

constant and extremely low rate of particle formation that persisted for a long time. This 

was because such simulations were characterised by negligible entry into new particles 
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(Nnew being extremely low). Consequently all entry was into seed particles, and because in 

the model this occurred at a constant rate, there was also a constant rate of new particle 

formation for a relatively long time. However, this rate was extremely low, because 

almost all aqueous phase radicals were captured by seed particles rather than growing to 

become new particles. While, technically, nucleation was not over at t 600 s in such 

simulations, effectively it was over, because Nnew was so much lower than Nseed that one 

could say that essentially no secondary nucleation had occurred. 

3.5.1 Effect of Particle Size and Solids Content 

of simulations to evaluate the effect of particle size and solids content on 

secondary nucleation were carried out. The results are shown in Figure 3.2 in terms of 

concentration of new particles. Two trends are evident from this fignre: 

(i) For each solids content, N new increased as rseed increased. This was because the 

rate of particle formation was intimately connected with that of entry into pre

existing particles, since these two processes compete.7 The rate of entry of 

aqueous radicals into pre-existing particles was determined amongst other things 

by the product of seed particle number and size (Equation 3.5). For constant 

particle number, entry would actually be enhanced (and hence new particle 

number decreased) with increasing Rseed. However, this effect was swamped by 

the much stronger effect of decreasing Nseed, because, at constant solids content, 

nseed has an inverse cubic dependence on unswollen particle radius (Equation 

3.16). Hence there was a strong decrease in the frequency of entry, so there was a 

large increase in the number of oligomers growing to 1Cl'ito and thus there was more 

particle formation. It is stressed that this very important effect was due to Nseed 

necessarily decreasing as rseed increased, i.e., it was a concentration effect. For 

each system there came a point where the number of new particles formed 

reached a ceiling value, which was the number that would have formed in the 

absence of seed. In other words as rseed was increased, eventually Nseed became so 

low that entry into seed particles was a negligible process. 

(ii) The second trend was that as solids content increased, Nnew decreased. This was 

because entry was promoted as Nseed increased with increasing solids content 
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(Equation 3.16). (Note that when solids content is referred to, this means the 

quantity x in Equation 3.16, i.e., the solids content of the unswollen seed latex.) 

: 
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Figure 3.2. Predicted new particle number as a function of seed particle 

radius for emulsion polymerisation of vinyl acetate in the 

presence of polystyrene seed. Results are shown for three 

selected seed particle concentrations. 

300 

The aim of this modelling was to determine conditions under which secondary particle 

formation would be avoided. As can be seen, the model predicted that particle formation 

always occurred to some extent. A cut-off was needed between new particle formation and 

no new particle formation. An arbitrary but acceptable criterion for deciding if significant 

secondary particle formation had occurred was when the number of new particles did not 

exceed 1 % of the number of seed particles (as a reminder, NnewlNseed, which is for the 

swollen system, will equal nnew1nseed, the value for the unswollen system). This criteria was 

reasonable, as those methods used to detect the presence of secondary particles (e.g. TEM 

and CHDF) are unable to detect particles lower than this level; this was especially the case 

for TEM as those paliicles that form will be necessarily smaller and hence hard to see in 

the presence of the much larger seed particles. 
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Figure 3.3. Predicted value of NnewlNseed versus seed particle radius for four 

selected seed particle concentrations. The shaded region 

represents that of negligible new particle fonnation. 

Therefore the results of Figure 3.2 were re-presented as NnewlNseed in Figure 3.3, in which 

the region of negligible secondary nucleation has been shaded. It was evident that core

shell polymerisation (which required that there be only minor secondary particle 

fonnation) should be possible as long as a small enough rseed was employed. However, it 

can be seen that as seed particle radius increased, higher solids contents were predicted to 

be needed to avoid secondary nucleation. Of course the extent to which solids content 

could be increased was limited, so an rseed was reached beyond which significant secondary 

nucleation was unavoidable. For the present results this point was for rseed of ~ 150 nm. 

Hence the simulations indicated that for polystyrene seeds greater in radius than 150 nm, 

vinyl acetate would tend to fonn new particles rather than polymerise inside the 

polystyrene seed particles, no matter what the solids content. This suggested that it would 

not be possible to make poly(vinyl acetate) shell-polystyrene core particles directly from 

large polystyrene seed particles (radius of order 0.5 !lm). 
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3. Starved-Feed Conditions 

A series of simulations were carried out to assess the effect of lowering the overall 

monomer concentration (starved-feed conditions). Results are shown in 3.4 for a 

range of seed particle concentrations, all for an unswollen seed particle radius of 200 nm. 

2 
. . ................................... " ........... '.l... " 

0r--------------.----____ _ 
-2 

-4 

-6 

-8 

-10 

1.0 0.8 0.6 0.4 0.2 
Fraction of Saturated Monomer Amount 

Figure 3.4. Predicted value of NnewlNseed versus fraction of saturated 

monomer amount in the system for 200 nm radius particles of 

three solids contents. 

0.0 

As already seen in Figure 3.2 and Figure 3.3, increased seed concentration resulted in 

lower N new. More importantly, the results showed the expected trend, which is that as 

monomer amount was reduced, new particle formation was suppressed, because of lower 

aqueous phase growth of oligomeric radicals (although it also must be remembered that the 

only partial swelling of seed particles resulted in them having smaller radii, an effect which 

reduced entry rates and so promoted new particle formation). However, a large reduction 

in the monomer concentration was needed in order to lower the incidence of new particle 

fonnation to a significant extent, especially at lower solids contents. As an example of the 

use of these simulation data, the starved-feed conditions of the experiments of Hergeth and 

Schmutzlerl were unlikely to have resulted in significant promotion of core-shell 
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polymerisation over new poly( vinyl acetate) particle fonnation, as the seed polymer 

concentration used was under 3%. 

3.5.3 Catalysed Initiator Decomposition 

Further calculations were carried out to assess the effect of catalysed initiator dissociation, 

and to assess the effect of changing the rate coefficient of this reaction under various 

conditions. 

Table 3.2, Effect of varying ktr,init on the number of newly created particles. 

ktr,init I L mor1 
S-l Nnewl L-1 Percent change 

0 1.308 X 1016 

1x103 1.307 X 1016 -0.04 

3x103 1.306 X 1016 -0.13 

3x104 1.291 X 1016 -1.31 

Table 3.2 gives the concentration of newly fonned particles for various values of ktr,init with 

rseed = 200 nm and x = 10%. As expected (see earlier discussion), in all cases the number 

of newly created particles was reduced when compared with the case when no transfer to 

initiator was allowed. However, it can be seen that changing ktr,init has very little 

quantitative effect on the number of new particles that fonn. Therefore for the systems 

under investigation it could be assumed that transfer to initiator had a negligible effect in 

reducing the extent of secondary nucleation. 

3,6 Discussion of Previous Experimental Results 

Taking the simulation results of Section 3.5 into account, it is appropriate to comment on 

the experimental results reported by Hergeth and Schmutzler. 1 They carried out 

experiments designed to create a core-shell morphology. Polystyrene latexes were 

synthesised with initiation by potassium persulfate in a surfactant-free system at 80°C. 

These latexes were used as seeds in subsequent starved-feed, potassium persulfate-initiated 

polymerisations of vinyl acetate. These conditions might be expected to favour the 
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fonnation of shells, as opposed to other morphologies or secondary particle fonnation, 

because of the following well-known general principles: 

(II The seed particles were created without added surfactant, and none was added in 

the second stage polymerisation. The absence of surfactant makes it more difficult 

for any new particles to form (whatever the mechanism of particle fonnation). 

Ell The vinyl acetate was added under starved feed conditions, rather than all being 

added at the start of the second stage polymerisation. This reduced the 

concentration of monomer in the aqueous phase, thereby slowing the propagation 

rate of aqueous radicals to a length where they could fonn particles by 

homogeneous nucleation, i.e., there was greater opportunity for radicals to enter 

particles. 

ED The high concentration of initiator (7 x 10-1 mol L-1 persulfate) would nonnally 

tend to favour new particle fonnation because it leads to higher aqueous-phase 

radical concentrations, which result in higher rates of growth to length jcrit. 

However, in this case there was starved feed addition of vinyl acetate, so an 

increased initiator concentration assisted in maintaining a low monomer 

concentration in the aqueous phase by causing fast monomer consumption. 

The above are only qualitative factors. Quantitative modelling of the experiments of 

Hergeth and Schmutzler was undertaken, in which a polystyrene seed of 2.3% solids and 

153 run unswollen radius was used. From the results above it is evident that the present 

simulations predict that such conditions should not achieve significant core-shell 

polymerisation. However, this is not to say that no core-shell particles were made, just that 

a much larger portion of the vinyl acetate went into making secondary poly( vinyl acetate) 

particles, rather than fonning shells. 

In Chapter 4 this issue was explored experimentally: the Hergeth and Schmutzler recipe 

was reproduced, and transmission electron microscopy of the resulting latex revealed the 

fonnation of a large number of new poly(vinyl acetate) particles. While some shell 

fonnation may have occurred, a significant fraction of the poly( vinyl acetate) was located 

in new particles rather than on existing ones. A wider array of experimental results is also 

presented, all of which are also qualitatively consistent with the above modelling results. 
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... " ...... ''"'' Core-Shell Polymerisation 

The simulations of secondary particle nucleation for vinyl acetate with a polystyrene seed 

indicated that it would not be possible to prevent particle formation using seeds with 

particle radii greater than approximately 150 nm. A number of simulations were carried 

out to assess the viability of making larger core-shell particles using an inverse core-shell 

route. The procedure for creating core-shell morphology by this method involves creating 

a latex that will become the particles' shells, and polymerising a second monomer that will 

migrate to the centre of the particles to become the core. This requires the core polymer to 

be more hydrophobic than the shell, and that there is sufficient polymer mobility to allow 

the core to migrate to the centre of the seed. The nucleation model has no power to predict 

the morphology that will form (for which extensive models have been developed by 

Durant, Sundberg and co-workers44
-
46 and by Gonzalez-Ortiz and Asua47

-49); however, 

inverse core-shell morphology would not form unless the growing aqueous radicals were 

captured by existing particles, rather than being able to form new particles. fu other words, 

one first requires favourable kinetics in order to obtain core-shell morphology. If the 

kinetics are favourable, then it becomes a question of whether the thermodynamics gives a 

core-shell morphology, an issue this model does not attempt to deal with. 

The model assumes that secondary particle formation occurs when aqueous radicals 

propagate to lengthjcrit without entry or termination occurring. The probability of reaching 

jerit depends, amongst other factors, on the rate of propagation in the aqueous phase. fu the 

case of the situation discussed, namely that of vinyl acetate polymerisation in the presence 

of a polystyrene seed, the rate of propagation to a length where homogeneous nucleation 

occurs is very rapid. This fast aqueous-phase propagation is a consequence of the high 

water solubility and high propagation rate coefficient of vinyl acetate. Using this 

information it is possible to imagine that a monomer with a slower aqueous-phase 

propagation frequency would allow more time for entry or termination events to occur 

before the radical propagated sufficiently to become a new particle. This extra time 

available for entry into existing particles would result in fewer seed particles being needed 

to prevent secondary particle formation. This in tum allows the use of larger seed particles 

without the occurrence of secondary particle formation. 
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Table 3.3. Parameter values used for simulating styrene polymerisation in the 

presence ofpoly(vinyl acetate) seed at 80°C. 

Parameter Value Source 

[I] 1 x 10-3 mol L-1 

kd 8.60 X 10-5 S-1 37 

kJ,aq 1326 Lmorl s-1 50 

kd,aq 663 Lmorl s-1 50 

kt,aq 1.13 X 1010 L morl S-1 8 

Cwsat 6.23 X 10-3 mol L-1 51 

C sat 5.8 mol L-1 41 
p 

Dw 1.88 X 10-9 m2 S-1 8 

dp,new 1.044 kgC1 41 

dp,seed 1.15 kg L-1 40 

d w 0.972 kgL-1 42 

Z 2 8 

lerit 5 8 

A stated aim of this section of modelling was to obtain conditions to enable synthesis of 

core-shell polymers where polystyrene fomls the core and poly(vinyl acetate) the shell. In 

some instances phase inversion can occur, to create so called inverse core-shell polymers. 

In the present case that would mean using a poly(vinyl acetate) latex as a seed in a styrene 

polymerisation in order to achieve the desired morphology, in which case the morphology 

would be indistinguishable from that formed by the conventional core-shell route (were 

such possible). Styrene has a much lower propagation rate coefficient and water solubility 

than vinyl acetate, which would result in a slower rate of aqueous propagation. This 

should translate into a reduced propensity for particle formation, despite styrene's low 

water solubility also reducing value of lerit. So the model was used to assess the predicted 
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incidence of new particle fonnation in the situation where styrene IS the second 

polymerised monomer. 

Parameter values that were changed for the inverse system are given in Table 3.3. The 

value of ~,aq has once again been set equal to twice the long chain propagation rate 

coefficient for styrene, 2kp, in the absence of any specific infonnation on its exact value. 

The influence of ~,aq choice should be greater in the case of styrene polymerisation where 

there are fewer propagation steps before entry or homogeneous nucleation, but simulations 

revealed very little effect from altering the rate of this first propagation step. The value of 

Cpsat is for styrene swelling polystyrene particles, which may not be justified in this case 

where styrene swells the poly(vinyl acetate) seed particles. The diffusion coefficients for 

styrene and vinyl acetate oligomers were taken to be the same. The tennination rate 

coefficient is also assumed to be the same as for vinyl acetate. The rate coefficient for 

transfer to initiator (ktr,init) was set equal to zero as this reaction is not thought to be 

significant for styrene polymerisation. 

Results are shown in Figure It can be seen that the numbers of new particles generated 

were now many orders of magnitude lower than the conventional core-shell system 

considered previously. 

If the same criterion for effectively no new particle fonnation (one new particle per 100 

seed particles) was used, then it can be seen that even for a 300 nm radius seed, inverse 

core-shell polymerisation should still be possible without secondary nucleation, even for 

low solids content seed. This result for the inverse core-shell system can be contrasted 

with that for the core-shell system presented earlier, where the maximum seed particle size 

that could be used without secondary nucleation was 150 nm radius, and that only with 

high solids content. Thus the model predicts that it will be possible to prevent secondary 

particle fonnation in the presence of large seeds by polymerising styrene in situations 

where vinyl acetate polymerisation would generate new particles. However, it should be 

noted that avoiding secondary nucleation was only one hurdle on the way to growing the 

desired core-shell system, because as mentioned earlier, there was no guarantee that the 

desired morphology (core-shell) would fonn. 
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Figure 3.S. Predicted value of NnewlNseed versus seed particle radius for three 

selected poly(vinyl acetate) seed particle concentrations. 
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What is especially significant about the results of this section is that they are quantitative. 

The qualitative idea involved here is easily grasped but it is only a principle that might 

work; the simulations quantitatively say when it can be expected to work. 

3.8 Comparison With Results from More Complete Model 

The simple model proposed and discussed in this chapter included a number of 

assumptions that may possibly have a significant effect on the accuracy of any predictions 

made. 

To assess the validity of these assumptions, calculations were made using a more 

sophisticated (and much more computationally demanding) treatment, details of which are 

published elsewhere?3 This model includes compartmentalisation, coagulation and the 

complete particle-size dependence of all quantities, and calculates the time evolution of the 

complete particle size distribution. Comparing output generated using the same input 

parameters for both models allows us to assess the effects of the assumptions made in 

formulating the simple model. 
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Figure 3.6. Results of an ab initio styrene system: predicted number of new 

particles as a function of time for the simple model (Equations 3.1 

- 3.17) and more complete treatmene3 in which better account 

was taken of particle growth; coagulation was ignored for these 

particular calculations. 

Figure 3.6 shows polystyrene particle number versus time in an ab initio system calculated 

with both the simple and extended models. The same kinetic parameters were used in both 

the simple model and the more sophisticated treatment of Coen et a1.23 (these were given in 

Table 3.3, and were the same as those used in the modelling of inverse core-shell 

polymerisation, with parameter values appropriate for 80°C). The effects of coagulation 

were not been included in the more complex model for the purposes of the comparison 

illustrated in Figure 3.6. This was to allow a more direct assessment of the effects of other 

features of the more complex model, notably a more physically reasonable treatment of 

particle growth. The instability in the output for the extended model (oscillations in Nnew 

as a function of time) arose from minor numerical instabilities: the extended model 

calculates the complete size distribution on a discrete basis, and so there are particle bins 

where there is only a minuscule particle concentration, and small numerical errors in this 

size range lead to the oscillations. It should be noted that the particle formation is 
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predicted to occur over a longer time in styrene polymerisation compared to that for the 

seeded vinyl acetate system discussed earlier (Figure 1); this is due to slower propagation 

of styrene. Another reason for the long particle nucleation period is that, unlike the seeded 

systems discussed earlier, the only particles into which radicals may enter are those formed 

during this nucleation period. Sufficient time is needed to allow these newly-formed 

particles to grow to a point where they capture all aqueous radicals. As can be seen in 

Figure 3.6, the main difference in particle formation rates between these two models was at 

early times. This difference can be attributed mainly to the extended model taking better 

account of the growth of the newly formed particles. The simplified model assumes that 

n 1 for new particles, which will be an overestimate. It also assumes that all particles 

have the size of a particle formed at time zero, whereas in fact many particles will be 

smaller than this. Further, the simplified model ignores the fact that Cp is reduced for very 

small particle sizes, and so it overestimates the rate of new particle growth. These three 

assumptions all result in overestimations of (average) new particle size, and thus 

overestimation in the rate of entry. Hence the rate of new particle formation must be 

underestimated by the simplified model. The predictions from the two models diverged at 

very early times (which perhaps suggested that the Cp and Ii = 1 assumptions were 

damaging). Despite this, the two models gave qualitatively similar Nnew(t) curves, and they 

also predicted fmal Nnew values which were very close. For seeded particle systems, where 

perforce there is less new particle formation, one might anticipate that the simplified model 

functions even more accurately. 

Having established that the basic assumptions of the simplified model are sound for the 

systems under consideration, it was of interest to investigate whether coagulation might be 

occurring in these systems. This was done using the more sophisticated treatment, which 

allowed coagulation of precursor particles to be taken into account. For this purpose, the 

simple "cut-off' model of ref. 23 was used (i.e., the one coagulation rate coefficient was 

used for coagulation involving any particle smaller than a given size, and zero coagulation 

is assumed for any other pair), although much better treatments have been developed.9
,12,19 

Figure 3.7 illustrates the effect of including coagulation of precursor particles for vinyl 

acetate polymerisation using a range of polystyrene seed particle sizes (the seed particle 

solids being constant at 10%). All reported new particle concentrations are for a 600 
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second cut-off. The more complete simulations used a cut-off radius of 10 nm, and 

coagulation rate coefficient of 1010 L morl 
S·l for particles smaller than this.23 
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Figure 3.7. Plot of Nnew as a function of polystyrene seed particle radius, with 

solids content ofunswollen seed always 10%. 

At higher seed particle sizes, where the most new particles are being formed (this situation 

most closely approximates that of an ab initio polymerisation discussed previously), there 

was little difference in final particle number between the simple model and extended 

model without coagulation (as already seen in Figure 3.6). For obvious reasons the 

addition of coagulation to the model reduces the number of new particles that form. It can 

be seen that the effect that including coagulation had is greatest at larger seed particle 

This can be explained by the fact that there was a considerably higher number of 

new particles forming, resulting in a higher concentration of particles under the 10 nm 

coagulation cut-off radius in the case of the large seed, which resulted in a higher rate of 

coagulation. This suggests that the simple model is of limited quantitative use in ab initio 

systems in which large numbers of new particles form. 

At small seed particle sizes the simple and extended models diverged, but the addition of 

coagulation to the advanced model had very little effect on final particle number. For 
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small particle sizes the simple model overestimated the number of new particles that form. 

There are a number of reasons for this, the most important of which is once again the better 

account of particle growth taken by the advanced model. In the simple model it is assumed 

that seed particles do not grow as a result ofpolymerisation. This assumption is reasonable 

for large seed particle sizes, but for smaller particles there would be a large change in 

particle size due to growth, which would affect the entry rate. In the simple model where 

this seed growth was not taken into account there was thus an underestimation of entry 

rate, especially for small particles, with resulting overestimation of particle formation. The 

fact that the two models diverged for smaller seed sizes was not quite as important as it 

might seem at first glance. This is because fewer new particles formed when the seed 

particle size was low, and also there were more seed particles for a given solids content. 

For both these reasons the ratio of new to seed particles was very low, i.e., it does not 

matter that the Nnew from the simple model is quantitatively in error: the simple model is 

still qualitatively correct in predicting negligible secondary nucleation. 

It can be seen from Figure 3.6 and Figure 3.7 that the simple model was usually in 

acceptable qualitative and semi-quantitative agreement with the more complex model 

(apart from the one limitation mentioned above). This gives us confidence that simulations 

carried out using the simple model should yield meaningful results. It was the intention of 

this modelling to determine merely whether secondary nucleation would occur, rather than 

to necessarily quantify the amount expected. However, the comparisons with the more 

complex model have illustrated that the assumptions made in the simple one have not had a 

large effect on the accuracy of the predictions. Thus the simple model can be used to 

accurately predict the occurrence of secondary particle formation, using much less time 

than it would take with the complex model. 

3.9 Ab Initio Systems 

So far the model has been employed to investigate second stage emulsion polymerisations, 

i.e., polymerisation in the presence of a preformed seed. However, the model is equally 

capable of handling ab initio systems. Previously the model has been used for making 

predictions about some ab initio styrene systems. 8 For completeness, the model was 

applied to the cases of ab initio styrene and vinyl acetate polymerisations in which the 

surfactant concentration is below the critical micelle concentration. This is the first time 
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that such results have been presented for vinyl acetate, and a much wider range of 

conditions (in comparison to the previous work8
) have also been considered for styrene. 

The results are of interest because surfactant-free, ab initio systems are commonly used to 

make large and monodisperse seed latexes; this is especially the case for styrene. 

For the results presented below, parameter values for simulations are as in Table 3.1 or 

Table 3.3, except for the temperature variations of the following equations (in which Tis 

the temperature in Kelvin). 

The Arrhenius expression for the long chain aqueous propagation rate coefficient of 

styrene50 is given by Equation 3.21, and the corresponding expression for the vinyl acetate 

propagation rate coefficient3S is given by Equation 3.22. The propagation rate coefficient 

for one-mers, IlP~aq, was always taken as twice the long chain value for both of these 

monomers. 

styr . k i IL 1-1 -1 = 107.63 -32.51 kJ mol- I/(R]) ene. p,aq mo s e (3.21) 

Vinyl acetate: kJ,aq IL morl s-l = 107.166 e-20.66 kJ mo]-I/(R1) (3.22) 

The temperature dependencies of the dissociation rate coefficient for potassium persulfate 

initiator37 (Equation 3.23), the termination rate coefficientS (Equation 3.24) and the 

diffusion coefficient for an IMi species in waterS (Equation 3.25) for both monomers were 

calculated as follows: 

mol-1/(R]) (3.23) 

1 IL 1-1 6 x 109 e-20 kJ mol-I/{R x (1/1'- 11323.15)) 
1Ct,aq mo (3.24) 

Dw 1m2 S-1 109 e-20 kJ mol-I/(R x (liT - 1/323.15)) (3.25) 

Vinyl acetate and poly(vinyl acetate) densities were calculated usmg the empirical 

relationships below:4o 

dvinyl acetate Ikg 0.9584 1.3276 x 10-3 (T - 273.15) (3.26) 

dpoly(vinyl acetate) /kg L-I 1.2098 - 8.0608 X 10-4 (T - 273.15) (3.27) 



Modelling Particle Formation 95 

There are other parameters that may also have a temperature dependence, but in the 

absence of any specific information, these parameters have been assumed to be 

temperature independent. Two parameters that do have an empirical temperature 

dependence are z and }crit8 However, it was decided to fix these two parameters at the 

value for 80°C for two reasons. Firstly, they are expected to vary with saturated aqueous 

monomer concentration, which will also vary with temperature but which is here assumed 

to be temperature independent. So it is internally consistent to assume constant z andjcrit. 

Secondly, their values are both integers, so a small change in temperature could result in a 

jump in the value, a situation that was considered undesirable for model comparisons at 

varying temperatures. Both the ab initio styrene and vinyl acetate polymerisations were 

modelled using a transfer to initiator rate coefficient (ktr,init) of zero, for reasons already 

discussed. 

All simulations were carried out to 1200 seconds, because as described in Section 3.8, the 

nucleation period for an ab initio polymerisation is longer than for a seeded one. While 

some nucleation may still have been occurring at this point in time, it will be small, and 

will not affect the qualitative results presented. 

3.9.1 Styrene Results 

First of all the results obtained for styrene systems are presented. Figure 3.8 shows the 

variation of Nnew with initiator concentration at constant temperature, while in Figure 3.9. 

the results are presented to show the variation of Nnew with temperature for constant [1]. A 

perhaps surprising result of Figure 3.8 is that Nnew goes through a maximum. The reason 

for this was as follows. At low [1] the dominant effect of increasing [I] was to increase all 

aqueous phase radical concentrations. Thus as [1] was increased, more aqueous phase 

oligomers reached the critical chain length for new particle formation, and so a greater 

number of new particles was formed. However, as the radical concentration was increased 

still further, the effect of increasing rates of generation of free radicals by initiation was 

more than offset by faster rates of termination, and so particle numbers declined. 

In Figure 3.9 it can be seen that Nnew increased with temperature for lower initiator 

concentrations. However, at higher initiator concentrations there was a reversal of this 

trend, with higher temperatures resulting in a reduced rate of particle formation. 
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This is believed to be another manifestation of the effect just discussed in connection with 

Figure 3.8, i.e., at high initiator concentrations the increase in temperature was sufficient to 

generate enough radicals for increased termination to dominate, which gave a lower Nnew. 

That said, care must be taken not to seek to understand these temperature variations in 

overly simplistic terms: because many parameter values vary with temperature, many 

factors contribute to the variation of Nnew with temperature. 

3.9.2 Vinyl Acetate Results 

Figure 3.10 and Figure 3.11 illustrate the dependence of Nnew on initiator concentration and 

temperature, respectively, for ab initio vinyl acetate systems. In the plot of Nnew versus 

initiator concentration in Figure 3.10, it can be seen that the number of new particles 

increased with initiator concentration. 

~ 

'...J 
CD 

~o 
..--3: 

'" t:: 

<: 

8 

7 

6 

5 

4 

3 

2 

o 
-4.5 

-"'50 

-60 
Temperature 

10C -'-70 
-8-80 

""'-90 

-4 -3.5 -3 -2.5 -2 -1.5 

10910 (Initiator Concentration Imol L-1
) 

Figure 3,10. Predicted Nnew versus initiator concentration for different 

temperatures in ab initio vinyl acetate systems. 

-1 

This can once again be explained by the increase in the number of radicals being generated 

leading to more radicals growing to the length where nucleation occurred. The only trace 

of deviation from this behaviour was that at 90°C, where at high initiator concentration, a 
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slight reduction in the value for Nnew was noted. This was the only point on the plot where 

there were sufficient radicals for termination to begin to dominate, resulting in reduced 

nucleation. This is in contrast to styrene, a difference which will be explained in 

Subsection 3.9.3. In Figure 3.11 a similar trend is observed, where increasing the 

temperature resulted in a larger radical flux, and hence more new particle generation. 

Once again there was only one stage which did not follow this trend, that at the highest 

initiator concentration and temperature, where a slight drop-off in the number of new 

particles occurred. 
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Figure 3.11. Predicted Nnew versus temperature for different initiator 

concentrations in ab initio vinyl acetate systems. 

3.9.3 Comparison of Styrene and Vinyl acetate Results 

90 

Finally, the styrene results as a whole are compared with the vinyl acetate results as a 

whole. The dominant and most significant difference was that Nnew were about two orders 

of magnitude higher for vinyl acetate than for styrene. What this reflected was the much, 

much higher frequency of propagation of vinyl acetate in the aqueous phase, which more 

than offset the requirement that a vinyl acetate oligomer must grow to a longer length 

before it precipitates out to form a new particle. In other words, because the frequency of 
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propagation of styrene was so low, its radicals were much longer-lived in the aqueous 

phase, and so they had an overwhelming likelihood to terminate or enter rather than form a 

new particle. The rapidity of vinyl acetate propagation in the aqueous phase explains why 

a decrease in Nnew at high initiator concentration is not observed for vinyl acetate. 

Propagation to length jerit occurs sufficiently quickly that termination is not effective in 

removing radicals from the aqueous phase. The consequence of all this is that surfactant

free, ab initio styrene systems produce much larger particles than do equivalent vinyl 

acetate systems, as is well lrnown experimentally, and as has been exploited for making 

large and monodisperse particles. The results also explain the monodispersity: this was 

because Interval I was so fast on the timescale of the polymerisation (see above), i.e., on 

the timescale of the whole polymerisation, that particle formation was over almost 

instantaneously, with the result that all particles were formed essentially at the same time, 

and so had equal time in which to grow. This was in contrast to a conventional surfactant 

stabilised polymerisation where the micellar nucleation operates as an alternative particle 

generation mechanism. In some cases the micelles can persist for a long time, resulting in 

particle formation by this route long after particle generation by homogeneous nucleation 

has ceased. Of course, as mentioned earlier, particle formation in a seeded system can be 

over much faster than it is in an ab initio system. This is a major reason why seeds are 

often employed in an emulsion polymerisation, so as to discourage new particle formation, 

and hence give a more monodisperse and controlled particle size distribution. While the 

modelling indicated that such monodispersity should also be possible in systems such as 

vinyl acetate, the modelling also indicated that in vinyl acetate systems it would not be 

possible to obtain the large partic1e sizes which are possible in styrene systems. 

3.10 Conclusions 

A simple nucleation model was able to give acceptable semi-quantitative accord with the 

predictions of final particle number from more complete models. The modelling here 

predicts that conventional second-stage polymerisation conditions were unlikely to 

produce core-shell morphology with vinyl acetate monomer and a large styrene seed. This 

was due to a combination of factors, the most important of which has been shown to be 

particle concentration. However, the model predicts that it should be possible to produce 

the desired morphology with large seeds using inverse core-shell polymerisation. Both 
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these predictions will be verified experimentally in Chapter 4. The model also shows 

promise for qualitative and semi-quantitative handling of ab initio surfactant-free systems; 

this is also investigated in Chapter 4. 
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4 Poly(vinyl Shell Seed Particles 

General Considerations Regarding Core-Shell Production 

A major aim of this work was to create latices whose particles had polystyrene cores and 

poly(vinyl acetate) shells. already outlined, it was important that core-shell 

morphology be obtained rather than other possible morphologies or even a population of 

new particles. The primary reason for the requirement that core-shell particles be formed 

was the desire to assess the wood adhesion performance characteristics of this morphology. 

It was initially envisaged that these particles would be made using the conventional 

method of creating a seed latex and then polymerising the second monomer (in this case 

vinyl acetate) to create the shell. As will be shown, this method was able to create the 

desired morphology (i.e., core-shell particles in the absence of secondary particle 

formation) in the case where the polystyrene seed particles were smalL However, as 

predicted by the modelling in Section 3.5, this strategy did not work in the case of larger 

seed particles. TEM of the resultant latices showed that there was extensive new 

poly(vinyl acetate) particle formation in synthesis with a large seed. Numerous strategies 

were trialled in order to address this problem; the results are outlined in this chapter. 

Transmission Electron Microscope Techniques for Determination of Secondary 

Nucleation and Particle Morphology 

4.2.1 Overview 

Transmission electron microscopy (TEM) is a very versatile and powerful technique in the 

field of emulsion polymer science. It can be used for many tasks, including particle sizing, 

morphology determination and film structure investigation. In this chapter both particle 

sizing and morphology determination were of utmost importance. Therefore this chapter 

begins with an overview of TEM and with specific details of all the TEM and TEM -related 

techniques that were used and played an important part in this work. 



Poly(vinyl acetate) Shell Formation on Seed Particles 105 

Transmission electron mIcroscopy IS analogous to light mIcroscopy, except that the 

specimen is illuminated by electrons rather than light. The lenses used to focus the 

electrons have a very similar arrangement and function as the lenses in a light microscope, 

but they are electromagnetic coils rather than glass. TEM image is normally formed 

from the electrons that are able to pass through the sample without being deflected by the 

atoms present. Thus areas that appear darker in the image represent regions of higher 

scattering. 

The small size of latex particles (typically 10 to 500 nm in radius) means they cannot 

normally be imaged using light microscopy. Electron microscopes have inherently greater 

resolution, which allows the observation of individual particles and, in most cases, internal 

morphology as well. 

TEM is the most common method used to determine particle structure; however, this 

technique is not without drawbacks. These relate mainly to specimen preparation and that 

it is impossible to use electron microscopy to examine a wet sample, except under special 

conditions. l Polymer latex consists of a colloidally-stable suspension of paIiicles in water. 

The mobility of the polymer particles makes latices unsuitable for direct TEM imaging. 

The latex must be prepared in some way to immobilise the particles. Another common 

problem with imaging polymer materials is that there tends to be little contrast between 

different polymer phases. This arises because most polymers are comprised of light atoms, 

and so have similar scattering power. Selective staining with heavy atoms is often needed 

to overcome this problem. To achieve an enhanced contrast the stain must deposit onto or 

react selectively with a particular functional group or polymer type. In addition, soft 

polymer particles tend to coalesce when dried during sample preparation, and/or the 

individual particles will flatten without the support of the aqueous phase. Some polymers, 

especially those with a low glass transition temperature, are also prone to damage by the 

electron beam, meaning that they must be 'hardened' in some way prior to exrunination by 

TEM. 

The procedures outlined below were used in the course of this work to overcome the above 

problems so as to image latex particles containing polystyrene and poly(vinyl acetate). 

The methods described here have been used to check for secondary poly(vinyl acetate) 
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particle fonnation, as well as to detennine the mOIphology that fonned in seeded systems 

(this is of special relevance to Chapter 5). 

4.2.2 Depositing Latices on Grids 

This type of sample preparation can be relatively fast and simple when compared with 

alternative methods such as embedding and subsequent sectioning. The general procedure 

used for preparing grids by this method for TEM examination was as follows. Grids were 

initially coated with a thin film of Fonnvar® (poly(vinyl fonnal» or Piolofonn™ 

(poly(vinyl butyral», then a thin carbon coating was deposited to increase the strength and 

conductivity of the film. An amount of latex was diluted with either distilled water or with 

a staining solution. This dilution needed to be sufficient to allow coverage of the TEM 

grid to be less than a monolayer of particles. A small sample of the diluted sample was 

dropped onto the grid and allowed to dry overnight at room temperature. In some cases a 

vapour stain (such as ruthenium tetroxide) was also applied, so as to further enhance phase 

contrast (see below). Grids prepared in this manner were used to check for the presence of 

secondary nucleation, to measure particle size and to detennine particle morphology. 

Poly(vinyl acetate) is a relatively soft polymer, so it was often necessary to prevent the 

latex particles deforming as the latex dried, and also during exposure to the electron beam. 

A number of staining methods are outlined below. The general techniques are known2 but 

a certain amount of trial and error was needed to tailor them to the specific task of imaging 

composite polystyrene-poly(vinyl acetate) particles to achieve the desired contrast. 

Phosphotungstic Acid Negative Staining 

Phosphotungstic acid (PTA) acts as a negative stain,2 in that it deposits on the support film 

around the particles, allowing the particles to appear lighter on a dark background (the 

heavier atoms of PTA scatter more electrons and so appear darker). Negative staining was 

often important when attempting to fmd small particles, or to better define the edge of 

composite particles that had been selectively stained with ruthenium tetroxide (see below). 

The procedure adopted was to mix a small volume of latex with a 0.1 % by weight solution 

of PTA in water. A drop of the resultant solution was then placed on a grid and allowed to 

dry. Care needed to be taken when viewing the grid so that the lighter occlusions often 
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visible in the stain were not assigned as particles. This was especially important when the 

grid was being used to establish whether secondary particle formation had occurred. 

Uranyl Acetate Negative Staining 

Uranyl acetate (UAc) acts as a negative stain in the same way as PTA. The electron dense 

uranium atoms provide greater electron scattering than the polymer particles and hence the 

grid around the latex particles appears darker. 

The procedure adopted was to place one drop oflatex in 1 mL of 0.1 % by weight uranyl 

acetate in water solution. After 10 minutes a drop of this solution was placed on a grid and 

allowed to dry. The stain would deposit on the support film covering the grid as the 

diluted latex sample dried. The resulting grids appeared less prone to staining artefacts 

than those employing PTA as a negative stain. 

Ruthenium Tetroxide Staining 

Ruthenium tetroxide will react with a number of functional groups, including unsaturated 

hydrocarbons, alcohols, ethers, amines and aromatics? It is known to react with 

polystyrene/ but not with poly(vinyl acetate). Thus ruthenium tetroxide is an excellent 

stain for enhancing the contrast between polystyrene and poly(vinyl acetate) domains. 

Lid 

Grid Mesh 

Water Ru04 solution 

4.1. Illustration of chamber used for ruthenium tetroxide vapour 

staining. 
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Vapour staining was found to be the most effective method of using this material. A 2% 

ruthenium tetroxide solution in water was first prepared by dissolving ruthenium (III) 

chloride and sodium periodate and allowing reaction to occur. This solution could be 

stored in a freezer for a number of weeks before a reduction in staining power was noted. 

This was easily checked by exposing a small piece of natural rubber glove to the vapour, 

and noting the time taken for black staining to be visible. Around 10 mL of this solution 

was placed in a specially constructed stainless-steel chamber, which is illustrated in Figure 

4.1. The chamber was supported on small legs to allow good heat transfer from the bath to 

the ruthenium tetroxide solution. The bath was kept at 40°C to increase the ruthenium 

tetroxide vapour pressure in the chamber and thus accelerate staining rate. The TEM grids 

supporting the polymer to be stained were placed on the mesh for 1 to 5 minutes to effect 

staining. 

Figure 4.2. TEM micrographs of the same composite polystyrene/poly( vinyl 

acetate) latex stained with uranyl acetate. The one on the right 

has additionally been stained with ruthenium tetroxide to enhance 

the polystyrene domain contrast (darker areas). 

Figure 4.2 illustrates the effectiveness of the ruthenium tetroxide stain. The two 

micrographs show the same latex sample, prepared in the same manner. Uranyl acetate has 

been used as a negative stain to define the edge of the particles (i.e. the particles appear 
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light against the darker uranyl acetate-stained grid. Additionally~ the grid shown on the 

right had been stained with ruthenium tetroxide vapour. The polystyrene domains are 

clearly visible as the darker regions in the particles~ whereas without the stain there is little 

contrast between the two polymer types. 

Osmium Tetroxide Staining 

Osmium tetroxide (OS04) reacts in a similar way to ruthenium tetroxide, but its oxidising 

power is not as great. It is not able to react with aromatic groups, which meant it could not 

be used interchangeably with ruthenium tetroxide to selectively stain polystyrene. It is 

able to stain alcohol functionality, so acetate groups that have been hydrolysed on the 

poly(vinyl acetate) chains can be stained.4 AB a result osmium tetroxide was used mainly 

in conjunction with added poly(vinyl alcohol), as detailed below. 

Poly(vinyl alcohol}/Osmium Tetroxide Treatment 

The rationale behind the addition of poly(vinyl alcohol) was to put a cross-linkable 

functionality onto the outside of the particles. Subsequent cross-linking with osmium 

tetroxide would stop the particle deforming on drying and under the electron beam. The 

localisation of the stain to the particle surface would also better defme the particle edge. A 

0.5% solution by weight of 88% hydrolysed poly(vinyl alcohol) (MW ~25000) was 

prepared and mixed with an equal volume of latex. This was then left for an hour to allow 

the system to come to equilibrium. One drop of this solution was then placed in 1 mL of 

2% osmium tetroxide solution for ten minutes for cross-linking to occur. A drop of this 

solution was placed on a Formvar®-coated grid and allowed to dry. This method allowed 

poly(vinyl acetate) particles to be identified, seemingly with very little coagulation or 

deformation. This staining technique was developed as part of this work. It could be used, 

for example, to determine the size of poly(vinyl acetate) particles or to confirm thin shells 

of poly(vinyl acetate). It also has much potential for use in conjunction with sectioning 

(see below). 

3 Sectioning 

One way to address the problem of particle deformation was to embed the latex particles in 

epoxy resin. The epoxy resin was cured, which allowed sections to be cut from it with an 

ultramicrotome. This method was time-consuming, but it did allow the internal structure 
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of the particles to be imaged in a way that was potentially less ambiguous than using the 

method of depositing diluted latex onto a grid. The improvement was due to the sections 

usually being thinner than the latex particle diameter, thus allowing a three dimensional 

interpretation of internal particle structure. 

The procedure adopted in this work was based on a biological specimen preparation 

technique that had been used successfully to image modified natural rubber lattices.s This 

technique involved the use of Spurr's resin to immobilise the latex particles and allow 

them to be sectioned. Spurr's resin is a commonly employed embedding material for 

biological work, and its components are outlined in Table 4.1.6 

Table 4.1. Components of Spurr's resin. 

Component Function Relative Weight 

Vinylcyclohexene diepoxide (ERL 4206) Plasticiser 25 parts 

Diglycidyl ether of polypropylene glycol (DER 736) Plasticiser 15 parts 

Nonenyl succinic anhydride (NSA) Hardener 65 parts 

2-Dimethylaminoethanol (DMAE) Accelerator 1 pal1 

Spurr's resin is highly hydrophobic, so all water must be removed from the latex prior to 

embedding. The removal of the aqueous phase must be accomplished without allowing the 

particles to coalesce, or the morphology of the particles will be lost. The procedure 

employed to replace the continuous water phase of a latex with Spurr's resin is as follows. 

The latex was often first stained with either osmium tetroxide or ruthenium tetroxide. 

These chemicals selectively stain the polymer, as described above. A limited amount of 

unreacted stain will also deposit in the polymer due to diffusion, but the extent to which 

this occurs is unknown. 2 mL of latex (usually between 10 and 30% solids) was mixed 

with 2 mL of 2% osmium tetroxide or ruthenium tetroxide solution and left for an hour. 

The latex was then washed in two changes of water to remove free stain. This was 

accomplished by centrifuging the sample until a solid plug of polymer formed at the 

bottom of the tube (normally about 10 minutes). The supernatant liquid containing 

unreacted stain was pipetted off and replaced with distilled water. The tube was then 
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shaken to re-suspend the particles. The sample was then dehydrated to allow compatibility 

with the resin. This was accomplished by replacing the water with ethanol after 

centrifuging. The biological technique calls for a gradual ethanol replacement, starting 

with a 50150 mix of water and ethanol and working up to 100% ethanol. This is done so 

that ethanol gradually supplants water within the cells, so as not to damage them due to 

excessive osmotic pressure. Obviously this procedure is not necessary in the case of latex 

samples. So the latex was simply washed four times in 100% ethanol before being placed 

in a 50/50 mixture of Spurr's resin and ethanol. The mixture was gently mixed for 24 

hours before being centrifuged to allow the supernatant liquor to be removed and replaced 

with 100% resin. The tube was mixed for a further 24 hours before the resin was replaced 

with fresh resin. The resin mixture was placed in a BEE~ capsule, then this plastic 

capsule was placed in an oven overnight at 70°C to link the resin molecules into a network 

structure. 

The resulting block was then cut into 90 nm sections able to be viewed by TEM. This 

sectioning was carried out using an ultramicrotome employing a glass knife and water 

bath.2 The sections were picked up from the bath using a TEM microscope grid. The grid 

was either viewed directly, or stained to enhance particle contrast. 

4.2.4 Staining Sections 

The idea of sectioning is to preserve particle shape. However, of itself it does not highlight 

composition, so staining of sections was often needed for the same reasons that it was 

needed for the case where whole latex particles were deposited onto a gri d. Most material 

used to embed samples (including Spurr's resin) had a similar electron density to that of 

the polymer being embedded. Thus staining was needed to define not only the internal 

particle structure, but also the particle interface with the embedding resin. The stains 

reviewed in the previous section could often be used to stain sectioned samples. Osmium 

tetroxide solution was often added to the latex prior to embedding, to stain hydrolysed 

poly(vinyl acetate) chains, and to absorb in a non-specific way to stain the particles in 

relation to the Spurr's resin (i.e., to highlight particle boundaries). Ruthenium tetroxide 

could be used in the same way. It had the additional advantage of being able to selectively 

stain polystyrene. This selective polystyrene staining could also be accomplished by 
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carrying out the vapour staining procedure outlined above on the sections when they had 

been collected on a grid 

A procedure using hydrazine was developed at BASF for use on methacrylates/ but it 

could be used in principle for any ester-containing polymer.2 The hydrazine (or hydrazine 

monohydrate) reduces ester (or acid) groups in the polymer structure. This yields 

functional groups that will react with osmium tetroxide. The grids supporting the 

sectioned samples need to be constructed from a chemically inert metal such as gold, as 

hydrazine monohydrate will dissolve copper grids. The grids containing sectioned samples 

were exposed to hydrazine monohydrate vapour for 24 hours at SO°C to effect the 

reduction. The grids were then exposed to osmium tetroxide vapours for an hour at room 

temperature, using the general method described earlier for ruthenium tetroxide vapour 

staining, to allow the introduced reactive functional groups to be stained. This method was 

trialled as part ofthis work (to look for poly(vinyl acetate), but it gave inconclusive results. 

Phosphotungstic acid (PTA) could be used to selectively stain poly(vinyl acetate) 

domains.s The procedure adopted was to float grids containing polymer sections on a 2% 

PTA solution for varying lengths of time. 

4.3 Putting Poly(vinyl acetate) Shells onto Small Seeds 

The modelling calculations in Chapter 3 indicated that secondary nucleation could be 

avoided if latices with small particle diameters were used as seeds. The minimum particle 

size needed to avoid secondary particle formation depended on the solids content of the 

seed latex (the combination of particle size and solids content determines the number of 

seed particles, which is important in controlling secondary nucleation). The small seed 

particles used in this study were all made using conventional surfactant-stabilised recipes, 

which allowed a higher solids content than for the larger seeds that will be discussed in 

Section 4.4. This higher solids content had the advantage of reducing the chance of 

secondary particle formation for a given particle size (as shown in Figure 3.3). 

4.3.1 Poly(methyl methacrylate) Seeds 

The first seeds used in core-shell experiments were poly(methyl methacrylate) latices that 

had been created for the purpose of comparing the reactors in use at various locations. 
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They fulfilled the primary requirements for a seed, as discussed in Chapter 1, i.e., they 

were glassy at room temperature and they were not affected by water. They were also 

small enough such that the model predicted no secondary particle formation would occur. 

It should be stressed that while the modelling was specifically undertaken to evaluate 

poly(vinyl acetate) particle formation in the presence of polystyrene seeds, it is equally 

applicable to all seed latices (or in fact other types of particles such as inorganic fillers). 

4.2. Reaction conditions for core-shell polymerisation with poly(methyl 

methacrylate) seeds. 

Temperature 1°C 

Stirring 

Turbine type 

Distance from reactor floor Imm 

Speed/rpm 

Seed latex recipe (Table 2.2) 

Unswollen seed radius Inm 

Seed latex Ig 

Water Ig 

K2S20g Ig 

Water/g 

Vinyl acetate 

Amountadded/g 

Feed rate Ig min-1 

PMMAIV Ac mass ratio 

Post-addition reaction period Imin 

CF:MM-VAI 

80 

6 pitched 
blades 

34 

220 

CF:MMI 

150 

723 

1.9 

50 

1.5 

0.39 

60 

CF:MM-VA2 

80 

6 pitched 
blades 

34 

220 

CF:MMI 

520 

280 

1.9 

25 

200 

1.5 

0.50 

60 

CF:MM-VA3 

80 

6 pitched 
blades 

34 

220 

CF:MM2 

500 

300 

3.8 

25 

200 

1.5 

0.69 

60 

The general procedure for second-stage vinyl acetate polymerisation was gIven III 

Subsection 2.6.5; conditions for the present experiments are given in Table 4.2. The 

poly(methyl methacrylate) seeds used in these experiments had been dialysed to remove 

electrolyte, surfactant, initiator and residual monomer. In the reaction CF:MM-VAI the 

seed latex was diluted by the addition of water prior to the start of polymerisation. This 
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had the effect of diluting the seed particle concentration to around 3%. The modelling 

results from Chapter 3 predicted that this combination of solids content and radius (which 

is ~ 35 nm unswollen) was in the region where secondary particle formation was predicted 

not to occur (see Figure 3.3). The amount of added initiator was calculated to give the 

same concentration as that used by Hergeth and Schmutzler in their core-shell 

experiments.9 The vinyl acetate was added to the reactor using a Waters 6000A 

chromatography pump. The other two recipes detailed in Table 4.2, CF:MM-VA2 and 

CF:MM -V A3, were carried out in the same manner to provide two latices that were used in 

preliminary tensile strength testing (see Section 6.4 for these results). These two latices 

had different seed particle sizes, and hence a different core size when the core-shell 

morphology had formed. These two experiments were only to provide samples for 

physical testing; they were not used for investigating secondary nucleation. 

Note that the above experiments were all controlled feed; the addition rate of monomer 

was such that the system always contained less then the saturated monomer amount. 

CHDF was used to assess the growth of shells around the seed particles in the CF:MM

VAl reaction. This was done by measuring the particle size of samples taken at various 

times during the polymerisation. As already outlined in Chapter 2, care must be taken 

when interpreting CHDF results, and it is often advisable to corroborate the evidence from 

CHDF with that obtained from other techniques. Normally TEM would be a good way of 

determining whether secondary particle formation had occurred, as well as determining the 

morphology that had formed, but this situation was one in which TEM was not appropriate. 

In cases where the seeds used were large, a crop of secondary particles would be 

observable with TEM, as new particles would be much smaller than the seed particles, 

especially if a sample were taken at an early time in the polymerisation. In the present case 

the seed particles were small, so the size difference between the seed particles and any 

newly nucleated particles would be small, thus making their detection difficult. If the seed 

and secondary particles are approximately the same size, it could be possible to 

differentiate them on the basis of contrast between the two polymer types. This method 

usually requires a selective stain for the TEM grid, so as to enhance the contrast of a 

particular type of polymer. In the present case of poly(vinyl acetate) in the presence of 

poly(methyl methacrylate), the chemical similarities of these two polymers made fmding a 

selective stain difficult. For these reasons TEM was not used to look for poly(vinyl 
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acetate) particles in the presence of the poly(methyl methacrylate) seed. DCP may have 

been able to shed light on whether secondary particles had formed in this system, but this 

technique was not available for routine analysis of samples. 

Samples were taken at intervals through the CF:MM-VAI reaction, and these were then 

analysed using CHDF. The primary aim was to establish that new particles were not 

forming, and hence that all polymerisation was occurring in the seed particles. The data 

from the four different samples analysed by CHDF are shown in Figure 4.3. It can be seen 

from this plot that particle size has increased through the course of the reaction. This 

information is consistent with shell formation, but it does not constitute direct evidence 

that core-shell morphology has formed. 
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Figure 4.3. Graph showing observed particle size distributions with time for 

vinyl acetate polymerisation in the presence of a poly(methyl 

methacrylate) seed; distributions have been scaled to total mass of 

polymer. 

Figure shows an increasing particle radius with time, with no evidence of the formation 

of any smaller particles. The data from the CHDF was used more rigorously to determine 

whether new particles had formed. This was done by comparing the mean particle radius 
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measured by CHDF, with the calculated radius. The calculated radius was obtained by 

determining the polymer volume increase that would result if all monomer added to that 

point was polymerised in pre-existing particles. If the measured and calculated values 

agree then it could be assumed that all monomer had polymerised in the existing particles 

and that new particles did not form. This comparison of theory and experiment is shown in 

Figure 4.4. 
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Figure 4.4. Measured radius of the poly(methyl methacrylate)! poly(vinyl 

acetate) particles measured using CHDF and expected radius 

(calculated as described in the text). 

50 

It can be seen that there was good agreement, certainly well within the experimental 

uncertainty of the CHDF instrument. A factor that should be taken into account when 

comparing these results is the fate of unpolymerised monomer. If there was a significant 

amount of monomer present when the sample was put through CHDF, particle size would 

be affected. If the monomer remained in the particles it would have given a particle size 

slightly larger than expected (due to monomer being less dense than polymer). If a 

significant amount was able to move out of the latex particles before the particle size 

measurement was taken, a smaller than expected particle size would result. It was not 
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thought that unpolymerised monomer would have a significant effect on the measured 

particle size, as the reaction was run under starved feed conditions, and as a result 

instantaneous conversion would be very high throughout the course of the reaction. This 

assumption was backed up by gravimetry of the samples taken at various times through the 

polymerisation, which showed solids content to be within 8% of the value calculated by 

assuming complete conversion of monomer added to that point. 

It can be concluded that for the case of the small poly(methyl methacrylate) seed there was 

no evidence to suggest that significant vinyl acetate polymerisation had occurred in a new 

particle phase. This is in agreement with the modelling predictions. This result is 

significant because it cannot be achieved for larger seed particles, as will be seen below. 

Note the use of starved-feed conditions to help achieve the desired result (The modelling of 

Chapter 3 predicted that secondary nucleation was more likely with batch addition of 

monomer). 

There was, however, no evidence that the morphology formed was core-shell. To 

determine this would require an in-depth TEM examination using some of the staining 

techniques mentioned in Section 4.2. 

4.3.2 Polystyrene Seeds 

In order to make selective staining easier, and to return to the original intentions of the 

project, it was decided to employ polystyrene latices as seeds, rather than poly(methyl 

methacrylate). The reaction conditions used to make these surfactant-stabilised 

polystyrene seeds were given in Subsection 2.6.2. Polymerisation to put a shell on these 

seeds was attempted using much the same method as described in the previous subsection 

for poly(methyl methacrylate) seeds. 

The general reaction procedures for these vinyl acetate polymerisations in the presence of 

small polystyrene seeds are given in Subsection 2.6.5; the specific conditions for each 

experiment are listed in Table 4.3. 

The CF:ST -V Al reaction was carried out to provide a polystyrene-cored latex for the 

preliminary tensile strength testing detailed in Section 6.4. The latex was not subjected to 
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examination by TEM, but the modelling of Chapter 3 does not predict the formation of 

secondary particles. 

Table 4.3. Reaction conditions for core-shell polymerisation with surfactant

stabilised polystyrene seeds. 

CF:ST-VA1 CF:ST-VA2 CF:ST-VA3 CF:ST-VA4 CF:ST-VA5 

Temperature IOC 80 80 80 80 80 

Stirring 

Turbine type 6 pitched 6 pitched 6 pitched 6 pitched 6 pitched 
blades blades blades blades blades 

Distance from 34 34 34 34 34 
reactor floor Imm 

Speed Irpm 300 300 300 300 300 

Seed latex recipe CF:ST2 CF:ST1 CF:ST1 * CF:ST1 CF:ST1 
(Table 2.3) 

Seed latex Ig 480 200 240 200 200 

Water Ig 305 175 135 115 115 

NaHC03 /g 0.7 0.23 

1-Dodecanethiol/g 0.6 

K2S20 g Ig 5.7 0.654 0.654 0.529 0.529 

Water Ig 25 25 25 25 25 

Vinyl acetate 

Amount added I g 200 120 120 60 60 

Feed rate Ig min-1 1.5 0.745 0.745 0.745 0.745 

PStyN Ac mass 0.61 0.5 0.5 1.0 1.0 
ratio 

Post-addition reaction 60 60 85 60 60 
period min 

* dialysed 

The reaction CF:ST -V A2 was carried out to enable TEM to be carried out with more ease 

than had been the case with poly(methyl methacrylate) seeds. This was primarily due to a 

stain (ruthenium tetroxide) being available to allow differentiation between seed polymer 

and poly(vinyl acetate); this was not possible when poly(methyl methacrylate) latices were 

used as seeds. Once again the modelling work described in Chapter 3 provided guidance 

as to the minimum seed particle concentration needed to favour shell formation rather than 
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the generation of new particles. This minimum solids content was higher than the 

poly(methyl methacrylate) case, as the seed used here had a larger radius (44 nm as 

opposed to 35 nm). The relative amount of vinyl acetate to seed polystyrene was chosen to 

make TEM examination simpler, as a thin shell was very difficult to detect. 

Figure 4.5. TEM micrograph of core-shell particles from CF:ST-V A2. 

TEM carried out on this latex (see Section 4.2 for details) established that no new particles 

had formed, and that a core-shell morphology had resulted, as illustrated in Figure 4.5. 

The dark domains in the centre of each particle can be attributed to polystyrene, which has 

been selectively stained with ruthenium tetroxide vapour. A uranyl acetate negative stain 

was used to better define the particle edges, which otherwise would have had very little 

contrast against the support film. The agglomerations of particles visible in this 

micrograph are a phenomenon associated with the drying process; they are only able to 

occur because of the ability ofpoly(vinyl acetate) to form films near room temperature. 

Having established that core-shell morphology could be produced using small, surfactant

stabilised polystyrene seeds, a repeat of this recipe was carried out using a dialysed seed 

latex to determine if surfactant played a role in determining the morphology formed. The 

effect of surfactant was of relevance to the later work involving large, surfactant-free 
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polystyrene particles (Section 4.5). It was expected that the presence of surfactant would 

encourage the formation of secondary particles, but the effect on morphology was 

unknown. The formation of complete shell layers depended amongst other things on the 

relative interfacial tensions between the polymer and aqueous phases. IO
-
IS One might 

expect that the presence of surfactant would help to stabilise an otherwise unfavourable 

morphology. The desired morphology had formed inthe present case where surfactant was 

present, but this might not always be so. The recipe for the reaction employing dialysed 

seed (CF:ST-V A3) is given in Table 4.3. Dialysing the polystyrene seed latex produced a 

reduction in the solids content as a result of dilution, and hence more seed latex and less 

water was required to achieve the same seed particle concentration in the reactor. The 

dialysis also removed buffer from the latex. It was important to replace this buffer as the 

next step involved the polymerisation of vinyl acetate, which is susceptible to acid

catalysed hydrolysis. The amount of sodium hydrogencarbonate added was calculated to 

give the same concentration in the reactor as was present in the case of the undialysed 

seed. The reaction was carried out in the same manner as CF:ST-V A2, and the resulting 

latex was subjected to examination by TEM. This examination revealed no discernable 

difference in morphology as a result of using the dialysed seed. 

The next two latices (CF:ST -VA4 and CF:ST -VAS) were created to enable physical testing 

to be carried out, the results of which are presented in Chapter 6. They were both created 

to have an equal mass of poly(vinyl acetate) and polystyrene. CF:ST-VA5 was created 

with I-dodecanethiol added before the start of the vinyl acetate feed. This was to 

reproduce the reduction in poly(vinyl acetate) chain lengths that had occurred in the 

inverse core-shell latices discussed in the following chapter. TEM examination of these 

latices revealed that the desired core-shell morphology had formed, exactly as it had for the 

previous examples (CF:ST-V A2 and CF:ST-V A3). Close inspection of these micrographs 

(presented in Figure 4.6) revealed that the cores and shells appeared to be less concentric in 

the particles whose shells were synthesised in the presence of chain transfer agent. This 

issue of possible morphology change is discussed in the following chapter. 

In conclusion, it must be stressed that the desired core-shell morphology could be made 

from small polystyrene seeds, exactly as predicted by the model of Chapter 3. 
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Figure 4.6. TEM micrographs ofCF:ST-VA4 (left) and CF:ST-VA5 (right). 

Making Large Seeds 

The intention of this work was to create core-shell particles with radii of around 500 nm, 

so that their adhesive properties could be assessed. Particles of this size are required to 

approximate the average particle size found in a typical poly(vinyl acetate) based wood 

adhesive. For the tests to be a meaningful representation of the effects of including 

polystyrene in the particles, the cores would need to occupy a significant fraction of the 

final latex particle volume. This in turn meant creating seed particles of around 400 nm 

radius for a 1: I core:shell volume ratio. Styrene seed particles of this size can be created in 

a number of ways. The method chosen in this work was the batch, surfactant-free method 

described by Goodwin et al. 16 This method is reported to give mono disperse latices with 

particle radii from 50 to 500 nm. 

4.4.1 Effect of Reaction Conditions on Particle Size 

Goodwin et al. 16 effected variation in particle size by altering the following reaction 

conditions: monomer amount, temperature, initiator concentration and ionic strength. For 

the purposes of this thesis, the initial monomer amount was dictated by the desire to have 

large seed particles and final solids content as high as possible. In these surfactant-free 

recipes the upper limit of solids content, and hence initial monomer concentration, was 

dictated by the low stability of the latices. For the recipes employed in this work it was 

found that 10% solids content (which corresponds to 0.87 molL-1 overall initial monomer 
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concentration) was an effective upper bound, above which the degree of coagulation of the 

product latex became unacceptable. 
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Figure 4.7. Temporal dependence of initiator decomposition rate for an initial 

potassium peroxydisulfate concentration of2.22 x 10-3 mol L-1
• 

The temperature and initiator concentration employed were a trade-off between the need to 

obtain large particles (which dictates lower temperatures and low initiator concentrations16
) 

and the need to have a reasonable rate of reaction (which calls for a higher radical flux). It 

should be noted that at higher temperatures the radical flux from the potassium 

peroxydisulfate decreases significantly through the course of the reaction, as illustrated in 

Figure 4.7. This is due to the half life for potassium peroxydisulfate becoming 

significantly less than the reaction time, which results in a rapid reduction in the 

concentration of un dissociated initiator species as the reaction proceeds. This reduction in 

initiator concentration meant that thermal initiation of styrene becomes an important 

initiation mechanism at long reaction times and high temperatures. 
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4. Effects of Ionic Strength on Particle Nucleation 

A parameter that Goodwin et al. varied in order to control particle size was ionic strength. 

In their recipes there were a number of species that contributed to ionic strength. In all 

cases there was an ionic strength component from the potassium peroxydisulfate initiator 

(which thus determined the minimum ionic strength for any recipe). Some recipes also 

contained pH buffer and sodium chloride. It was shown that increasing the ionic strength 

resulted in an increase in particle size. 16 This observation has an important ramification for 

the work described in Subsection 4.4.3. Increasing the ionic strength resulted in a larger 

particle size, which for the same monomer concentration meant that there were fewer 

particles in the latex. Therefore in a seeded system, adding electrolyte to increase the ionic 

strength should suppress the formation of new particles. This reduction in new particle 

number should occur irrespective of the mechanism by which the salt affects this 

nucleation process. Adding salt can have a number of possible effects on particle 

nucleation. If the saturated monomer concentration in the aqueous phase is reduced, the 

propagation rate for aqueous oligomers will also be reduced, leading to a longer time in 

which entry can occur. Another possible mechanism, the one usually advanced, is the 

decrease in the stability of small particles due to the reduction in the thickness of the 

electrical double layer. l
? This could result in a faster rate of coagulation for these small 

particles, or that coagulation continues until the particles reach a larger size. 

Comparison of Particle Numbers Predicted by Ab Initio Modelling with those from 

Experiment 

In Section 3.9 a series of simulations were reported for ab initio styrene polymerisations. 

These results could be compared to the experimentally measured particle sizes reported by 

Goodwin et al. 16 and Choi18 to assess the accuracy of the modelling. The model described 

in Chapter 3 takes no account of ionic strength, so ideally this comparison would be carried 

out using experimental data such that ionic strength has no effect on particle number. The 

approximation to this must be systems where there was no electrolyte added other than 

initiator. The data of Goodwin et al. 16 does not include such a series, but a reasonable 

comparison could be made for series reported where ionic strength had been maintained at 

a constant level by the addition of sodium chloride. In such systems the effect of 

coagulation, whatever it is, should be reasonably constant and hopefully smalL Thus the 
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model and experiment should show the same trends, and should be in semi-quantitative 

agreement. 

The model reports a particle number at the end of futerval I, whilst the results from the 

experiments are particle size measurements taken at the end of the reaction. Thus in order 

to make a comparison there must be a conversion from particle size to particle number. 

This would be a trivial exercise in a system where there was complete conversion of 

monomer to polymer, no removal of particles from the latex by coagulation and all 

particles were the same size. Goodwin et al. reported that in all cases the monomer 

conversion was greater than 90%, so in the absence of any specific details for each latex, 

complete conversion was assumed. It is a property of these surfactant-free latices that 

particle size distributions are very narrow, and in the Goodwin paper the reported 

coefficient of variation on the mean particle diameter for each latex was under 5%. The 

reported number average particle size (1') was thus used to calculate the particle 

concentration at the end of the polymerisation using Equation 4.1. 

1 
(4.1) 

Vparticles + Vaq .:! 7t r3 

3 

Goodwin et a1. reported that significant post-futerval I coagulation occurred in many of 

these polymerisations (something that has been confirmed in the course of the work 

associated with this thesis). This type of coagulation is responsible for removing particles 

from the latex. If post-futerval I coagulation occurs at late reaction times, then the 

measured particle size is "correct", and it should yield particle number at the end of 

Interval I (see equation 4.1). If coagUlation occurs at early times, there are two limiting 

possibilities. One is that relatively little polymerisation occurs in the coagulum phase. 

Then the particles end up larger than they would otherwise have been, and so the 

experimental particle number is calculated as being less than what it actually was at the 

end of futerval 1. The other possibility is that an excess of monomer is polymerised in the 

coagulum phase. Then the particles end up smaller than they should have, and the particle 

number is overestimated. fu between, when coagulum phase polymerisation occurs as it 

would had the particles remained discrete, the determined particle number will be accurate. 

A further complication would be if conversion were experimentally determined rather than 

assumed to be 100%, account would then need to be taken of whether or not the measured 
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conversion included the coagulum phase. Paradoxically, by assuming 100% conversion, 

this potential complication is eliminated, i.e., the fact that coagulation removes particles 

from the latex is not of itself significant (it is only of significance if it affects the remaining 

particles). 

Observation of these reactions indicated that post-Interval I coagulation occurred at a 

relatively constant rate over the course of the polymerisation. The modelling predicts that 

the nucleation period occurs over a period of a few minutes, which is very short in 

comparison to the overall reaction time. Thus we can assume that the coagulation will be 

steadily reducing the number of particles that formed during this initial nucleation period. 

As explained above, this does not necessarily affect the ability of measured particle size to 

give the "correct" particle number. However, it is hard to say what the effect will actually 

be. Observation of the latices produced by the surfactant-free recipes in this thesis 

indicated that monomer partitioned in the coagulum phase did not polymerise as quickly as 

that in the particles. As explained, this leads to an underestimation of the particle number. 

Variation of Particle Concentration with Temperature 

A comparison of the particle number predicted by the model of Chapter 3 and experimental 

data16 for an ab initio styrene system at various temperatures is shown in Figure 4.8. The 

experimental details are as follows: monomer concentration 0.87 mol L-I, potassium 

peroxydisulfate concentration 2.76 x 10-3 mol L-1 and ionic strength 2.23 x 10-2 mol VI. 

The parameters employed in the calculations were the same as those used in Chapter 3 for 

the ab initio calculations. It can be seen that the model predictions agreed very well with 

the experimental results. There was considerable error associated with the experimentally 

determined particle numbers. This arose mainly from the effects that coagulation at later 

times had on the fmal particle size. It should also be borne in mind that the particle 

number calculated from the experimentally determined particle size is affected by small 

errors in this measurement, as a result of the particle number having an inverse cubic 

dependence on particle size (see Equation 4.1). As mentioned previously the experimental 

data are for polymerisations where extra electrolyte was added. If it caused Interval I 

coagulation, this electrolyte would have the effect of decreasing the particle concentration. 

As the model did not take this effect into account it might be expected that the modelled 

results would be an overestimation of the final particle concentration. In fact if anything 
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they are an underestimate. Qualitative agreement was good, and the correct qualitative 

trend was predicted. As already explained, there are many possible reasons for the slight 

qualitative discrepancy in extent of the trend. 
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Figure 4.8. Comparison of experimental with predicted particle number 

concentrations at different temperatures. 

Variation of Particle Concentration with Initiator Concentration 

90 

The set of experimental results presented now are those of Goodwin et al. for variation of 

particle concentration with initial initiator concentration. The experimental details for this 

series were: temperature 70°C, monomer concentration 0.87 mol L-1 and ionic strength 

1.13 x 10-2 mol L-1
• The modelling parameters were again the same as those used in 

Chapter 3 to model the ab initio styrene system. This comparison of theory with 

experiment is given in Figure 4.9, where the experimental results have once again been 

recalculated as particle concentrations for comparison with the output from the model. ill 

the experiments of Goodwin et aI., the ionic strength was maintained at a constant level by 

adding sodium chloride. There was reasonable quantitative agreement between model and 

experiment over the range of initiator concentrations shown; however, the experimental 

trend was poorly reproduced. reason for this could be as follows. 
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Figure 4.9. Results for ab initio styrene polymerisation at 70°C: particle 

number variation with initiator concentration at constant ionic 
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3.0 

The usual effect of increased initiator concentration was to increase the number of radicals 

that grow to lengthjcrit and form particles. However, this trend was normally offset by an 

increased rate of Interval I coagulation that accompanies the increase in ionic strength due 

to higher initiator concentration. With the ionic strength maintained at a constant level, the 

trend of increased initiator concentration increasing the number of particles forming was 

accentuated. This effect is not included in the model, although it could easily be added. 

The effect of not adding sodium chloride to maintain a constant ionic strength across a 

range of initiator concentrations can be gauged by comparing the experimental data in 

Figure 4.9 and Figure 4.10. In Figure 4.10 experimental data18 is presented for the case 

where initiator concentration has been varied, without the addition of any sodium chloride 

to maintain the ionic strength at a constant level. These data were obtained for 

experiments conducted at 80°C, rather than the 70°C of the previous figure, so direct 

comparison of experimental results was not possible. However, comparison via the 

nucleation model was possible. For this reason predicted particle numbers, obtained using 

appropriate parameters, are presented .. 
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Figure 4.10. Results for ab initio styrene polymerisation at soac; particle 

number variation with initiator concentration in the absence of 

sodium chloride. 

The quantitative fit between experiment and model was quite poor. However, the trend 

shown in the experimental data, namely a slight decrease in particle concentration with 

increasing initiator concentration, is reproduced in the predicted results 

The comparisons illustrated by Figure 4.S, Figure 4.9 and Figure 4.10 indicate that the 

model has shortcomings when it is used to predict the number of particles created in an ab 

initio styrene system. Some of these are mentioned here, and the majority have been 

explained in Chapter 3. In particular, when a full description of particle growth is 

incorporated into the model, better agreement is obtained with the experimental data. 17
,19 

Despite the shortcomings of the model, there was however, a qualitative agreement 

between experiment and model predictions presented in this section. The agreement meant 

that confidence could be placed in the model predictions being applicable to the prediction 

of secondary particle formation. In this situation the precise number of new particles was 

less important than a simple yes/no answer as to whether new particles will form. The 

model has proved quite capable of providing this answer as to whether new particles will 
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fonn, and in doing so required much less computing resources than a more complete 

treatment of particle fonnation and growth kinetics. 

4.4.4 Ab initio Vinyl Acetate Polymerisation 

In Section 3.9 model calculations were presented for ab initio vinyl acetate polymerisation. 

In order to assess the accuracy of these calculations, comparison would be needed with 

experimentally determined particle concentrations from surfactant-free vinyl acetate 

polymerisation. contrast with styrene, there is very little data in the literature on particle 

formation in surfactant-fi'ee vinyl acetate systems. As a consequence, experiments to 

provide these data are currently being undertaken at the University of Canterbury. 18 These 

data would enable similar comparisons to be made for vinyl acetate as have been carried 

out for styrene. What can already be said with certainty is that the vinyl acetate systems 

produce much higher particle numbers than styrene systems, exactly as predicted by the 

model (see Section 3.9). 

4.4.5 Synthesis of Goodwin-Type Polystyrene Seeds 

The Goodwin paper provides a large variation of reaction conditions, capable of producing 

a large range of particle sizes. order to choose a size to begin investigations into 

poly(vinyl acetate) shell formation a number of aspects needed to be considered. The most 

obvious is the size requirement; as stated earlier, it was desired to malce polystyrene seeds 

with radii of around 400 nm. Reaction conditions are given in the Goodwin paper that will 

produce these large seeds, but not to an acceptably high solids content. To achieve the 

desired large particle size (i.e., low particle number) required extra electrolyte, high 

monomer amount, low initiator concentration or low temperature. These types of reaction 

conditions tended to produce unstable latices, which resulted in coagulation. The other 

consideration was modelling (Chapter 3) suggested that use of large seed particles would 

tend to result in much new particle fonnation when the second stage polymerisation was 

attempted, but that this tendency could be minimised by using a smaller particle size. So it 

was decided to work with relatively small surfactant-free polystyrene seed particles: if 

secondary nucleation was extensive in such systems, then it would be totally dominant 

with even larger (i.e., 400 nm radius) seeds. 
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Thus it was decided that in the interests of reproducibility, and as a trial for techniques to 

suppress secondary particle fonnation, a recipe with no added sodium chloride would be 

used. The reaction conditions and recipe for the CF:ST3 experiment are gIven m 

Subsection 2.6.3. This recipe gave an average particle radius of around 200 nm, 

considerably smaller than the target of 400 nm radius. This latex recipe was used in most 

trials to determine if a poly(vinyl acetate) shell could be fonned without significant 

secondary particle fonnation. 

4.5 Attempts to Poly(vinyl acetate) Shells onto Larger IInl .. r"'1t"u,.. •• 1I'II Seeds 

The first step was to try polymerising vinyl acetate in the same way as had been used for 

the smaller surfactant-stabilised poly(methyl methacrylate) and polystyrene seeds. The 

general procedure is given in Subsection 2.6.5. The specific conditions for these initial 

attempts are given in Table The 200 nm unswollen radius seed was used in most of 

the experiments designed to put a shell on large polystyrene particles. In the initial 

attempts the seed latex was placed in the reactor, heated, and then initiator solution added. 

The initiator concentration was chosen to be the same as that employed by Hergeth et a1.9 

in their publication detailing the fonnation of poly(vinyl acetate) shells on polystyrene 

particles. This high initiator concentration, in combination with a starved feed monomer 

regime, was designed to help avoid the fonnation of new particles. The initial attempts 

were unsuccessful as a result of acid-catalysed hydrolysis of vinyl acetate. This problem 

was successfully addressed by adding buffer solution, so as to maintain the pH at a level 

where the hydrolysis rate was minimised. Examination of the buffered latex using TEM 

and CHDF indicated that extensive new particle fonnation had occurred, and it could not 

be determined if any poly(vinyl acetate) shells had fonned. 

Figure 4.11 illustrates typical output from the CHDF m the case where secondary 

nucleation has occurred in the presence of a large seed. The new particles were most 

obvious in the number distribution (upper plot), as the sample comprises many of these 

small particles. These particles were less obvious in the weight distribution (lower plot), as 

they comprised a smaller fraction of the total polymer weight. If this infonnation could be 

taken at face value, it would mean that the seed particles comprised the bulk of polymer in 

the latex. As there were equal weights of both monomers polymerised in this latex, the 
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inference is that a large proportion of the poly(vinyl acetate) did indeed form in the seed 

particles. Unfortunately the CHDF results often showed a large variation in the particle 

size distribution for the same sample. CHDF could not therefore be used to reliably 

establish the amount of polymer located in the new and seed particles (and hence 

determine if shell formation had occurred). Examination with TEM was also unable to 

detect the presence of poly(vinyl acetate) shells for this type of latex. In any event the 

results confirm the prediction of Chapter 3 that there will be extensive new particle 

formation. 

Table Reaction conditions for attempted core-shell polymerisation with 

large surfactant-free polystyrene seeds. 

CF:ST-VA6 CF:ST-VA7 CF:ST-VAS 

Temperature 1°C SO SO SO 

Stirring 

Turbine type 2 x Rushton 2 x Rushton 6 pitched 
type impellers type impellers blades, using 

baffles 

Distance from reactor floor Imm 74 and 140 74 and 140 34 

Speed/rpm 300 300 300 

Seed latex recipe (Table 2.4) CF:ST3 CF:ST3 CF:ST3 

Seed latex I g 500 500 450 

Water Ig 30 

KH2P04 /g 1.5 

NaOH/g 0.3 

K2S20 S Ig 1.04 1.04 1.04 

Water Ig 50 50 50 

Vinyl acetate 

Amountadded/g 56.4 75.0 170 

Feed rate Ig min-1 0.94 0.94 1.5 

PSty/V Ac mass ratio O.S 0.6 0.25 

Post-addition reaction period Imin 60 95 90 
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Particle Diameter Inm 

Particle Diameter Inm 

Figure 4.11. CHDF plots of number and weight pal1icle size distributions for 

a seeded system where secondary particle formation has 

occurred. 

4.5.1 Strategies for Avoiding Secondary Particle Formation 

Simply applying the polymerisation method described in Section 4.3 (where it was able to 

put shells onto small seed pal1icles) to larger seeds was not successful. It was possible that 

some shell formation had occurred, but the desired criteria for success, namely that of 

negligible new particle formation, was not met. The occurrence of secondary poly(vinyl 

acetate) particle formation was predicted by the modelling of Chapter and so was not 

unexpected. The model and its underlying mechanistic basis was however, able to give 

some clues as to polymerisation conditions that might delay or prevent the onset of 

secondary nucleation as seed pal1icle size was increased. The following sections list some 
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strategies to limit (or even prevent) particle formation. The model outlined in Chapter 3 is 

used to explain why each strategy might reduce particle formation. 

The important postulate of the model described in Chapter 3 was that a new particle would 

form in a system below the critical micelle concentration if a growing aqueous radical were 

allowed to reach a length}crit. At this point the radical would effectively precipitate from 

the aqueous phase to form a precursor particle. In order to prevent nucleation from 

occurring, the model gave two possible alternatives: the radical could either enter an 

existing particle, or undergo termination with another radical. From this postulate it is 

possible to envisage changes in reaction conditions that would favour entry (or less 

productively, termination) over homogeneous nucleation. Other possible fates for aqueous 

radicals, ones not considered by the model, have also been investigated. 

Some possible strategies for reducing particle nucleation are as follows. 

Using a Non-Charged or Organic Phase Initiator 

The reaction conditions employed for the smaller seeds used a peroxydisulfate initiator to 

produce tetraoxidosulfate( 01-) radical anions in the aqueous phase. If a situation where the 

initiator was not water-soluble were considered, then radicals would be generated in the 

particle phase rather than the aqueous phase. In terms of the model predictions, this would 

result in no new particles, as there would be no radical species in the aqueous phase able to 

precipitate. There is a question of morphological considerations, because if poly(vinyl 

acetate) is formed directly in the particles there will not be the same guarantee that core

shell morphology will form. This is due to the fact that when the initiating radicals come 

from the aqueous phase the initial locus of polymerisation will be at the particle surface, 

resulting in a higher probability that core-shell morphology will form. In the case where 

the radicals are generated in the particles, the resulting morphology will be determined by 

thermodynamic considerations (in this case core-shell morphology should form, because 

poly(vinyl acetate) is more hydrophilic than polystyrene, but there are no guarantees). 

If initiation using a non-charged initiator did occur in the aqueous phase, then the growing 

radical will not have a charged end-group. There is a balance in the homogeneous 

nucleation model between the hydrophilic character of the charged initiator-derived end 

group and the hydrophobic monomer units that add to the radical in the aqueous phase. 
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This shifting balance from hydrophilic to hydrophobic character determines the chain 

lengths needed before entry or homogeneous nucleation can occur. Entry can only occur 

when the oligomer is sufficiently hydrophobic to enable irreversible capture by a particle. 

By using an initiator that was uncharged, one could imagine that the growing radical would 

be able to enter a particle at a lower degree of polymerisation. This reduction in the chain 

length needed for entry would be offset to a large degree by the corresponding reduction in 

jerit. If the growing oligomer is less stable in the aqueous phase then it follows that jerit 

should be reduced. However, particles that homogeneously nucleate in this manner will be 

less colloidally stable. This is a result of there being no charged groups on the particle 

surface, such groups being present in a potassium peroxydisulfate initiated system. This 

could mean that the newly nucleated particles would be unstable enough to coagulate with 

the seed particles, thereby enabling shell formation. Hergeth postulated this method of 

shell formation in a follow-up2o to the original vinyl acetate/styrene core-shell paper. 

It must be stressed that if the seed particles become covered in a layer of poly(vinyl 

acetate), either through being enveloped in a complete layer of coagulated particles or 

through poly(vinyl acetate) chains migrating to the particle surface, they will become 

colloidally unstable. This instability is a result of the charged end groups on the seed 

particle surface becoming buried by a later poly(vinyl acetate) layer, one containing only 

uncharged end-groups. In the recipes being considered at the moment, it must be stressed 

that there is no added surfactant. Adding surfactant to the latex could overcome this 

problem, but care would need to be exercised to avoid secondary particle formation by the 

micellar nucleation route. Adding surfactant could also reduce the rate of coagulation of 

newly nucleated particles, as it would increase the colloidal stability for these otherwise 

unstable latex particles, which do not have any charged species present on the particle 

surface. The best way of adding surfactant would be through controlled feed based on 

measured conversion so as to reduce the likelihood of formation of micelles. 

High Seed Latex Solids Content 

The particle number and radius play a large part in determining whether capture of 

aqueous-phase radicals is able to occur. The model predicts that nucleation can be 

suppressed if either the particle radius or the particle concentration is increased. In this 

work it was desired to have a large seed particle radius, so for a fixed (and large) seed 
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particle radius the only avenue that can be explored is to increase the seed particle 

concentration. For constant solids content, increasing the particle radius decreases the 

particle number as a function of the cube of seed radius (see Equation 4.1). This 

relationship means that entry rapidly decreases as seed radius increases for a fixed solids 

content. This decrease in entry results in an increase in the new particle formation rate, as 

illustrated in Figure 3.3. Unfortunately there is not too much scope for increasing the seed 

particle concentration in general and for the surfactant-free seeds used in this work in 

particular. For a monodisperse seed latex (which describes the latices used in this section), 

the maximum theoretical volume fraction that can be achieved is of the order of 70% if 

perfect particle packing is assumed. Surfactant-free latices are not partiCUlarly stable, and 

increasing the solids content to levels much above the current level of 10% is not an easy 

process. Even if a volume fraction of the order of 70% could be achieved (by some 

method other than surfactant-free polymerisation) it would only represent a 7-fold increase 

on the particle number present compared with the current 10% solids content seed particle 

level latices being used. The modelling predicts that this might have an appreciable effect. 

However, this predicted reduction in secondary nucleation would still not be sufficient to 

allow a particle size as large as the desired 400 nm radius to be used as a seed without 

encountering significant secondary particle formation. As a minor practical consideration, 

it should be pointed out that in cases where high solids latices are being produced, 

additional water must be added as the reaction proceeds to stop the latex exceeding the 

maximum solids content (as the monomer polymerises) and causing coagulation. 

High Ionic Strength 

The effects of ionic strength are not included in the simple model of Chapter 3, but there is 

very strong experimental evidence that the ionic strength plays a large role in determining 

the concentration of particles that form in surfactant-free systems.16 The situation being 

discussed here, namely paliicle formation in the presence of seeds, is different from ab 

initio particle fonnation but the principles which govern the effects of ionic strength should 

remain the same. Increasing ionic strength reduces the number of particles that form, 

whether by reducing the total number that form, or by promoting coagulation of particles 

up to a point where they are colloidally stable. Another possible effect of increasing the 

ionic strength is to reduce the saturated monomer concentration in the aqueous phase. 

Reducing the aqueous monomer concentration will also slow particle formation (dealt with 
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in Subsection 3.3.1). If increasing the ionic strength in an ab initio system has the effect of 

reducing particle formation, then this effect should be the same in a seeded system. The 

simple model provides no guidance in estimating the effect that increased ionic strength 

will have, so it was only possible to make inferences from experimental data. If the ionic 

strength is increased in the present situation of vinyl acetate polymerisation in the presence 

of polystyrene seeds, it might also be expected that the incidence of new particle formation 

would be reduced. There is, however, an upper limit to the increase in ionic strength that 

can be achieved in practice. This is a result of the increase in ionic strength decreasing the 

latex stability. A point can be reached where the latex will no longer be colloidally stable, 

and catastrophic coagulation will occur. Prior to this condition being reached it is possible 

to envisage that stability to shear induced coagulation will be reduced (remembering from 

Chapter 2 that this presented a not inconsiderable problem in the formation of the large 

surfactant-free latices being used as seeds for this work). The addition of surfactants to 

reduce this instability was possible, especially steric stabilisers such as alkyl phenyl 

ethoxylates, which are able to maintain latex stability at high ionic strengths.21 

Lower Temperature 

The modelling of ab initio systems predicted that there would be a reduction in the number 

of particles that formed if the temperature were lowered. The main reason for this effect is 

the reduction in the dissociation rate of initiator. Reducing the initiation rate also reduces 

the aqueous radical concentration, providing a lower rate of particle formation. This effect 

of decreased particle formation rate as temperature is lowered is also found in seeded 

systems for the same reason. 

Reducing the temperature also has the effect of reducing the propagation rate, via two 

means. The propagation rate coefficient is temperature dependent, as is the saturated 

aqueous monomer concentration, as shown by Lane.22 If the rate of aqueous propagation 

could be slowed down, then the growing radical would have a longer time in the aqueous 

phase, and hence a greater chance of encountering an existing particle and entering, and 

thus not reaching the length jerit needed for nucleation. Calculations performed with the 

model of Chapter 3 were used to determine if either of these effects could be responsible 

for a significant reduction in the number of new particles forming. To carry out these 

simulations all parameters and rate coefficients were held constant at their 80°C values 
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except the propagation coefficient and saturated aqueous monomer concentration. The 

propagation coefficient was allowed to vary using the relationship given in Equation 3.22. 

An accurate temperature dependence for the water solubility of vinyl acetate was not 

available, but independently determined values of 0.23 mol L-1 at 20oe23 and 0.32 mol L-1 

at 50oe24 were used to estimate the saturated aqueous concentration at various 

temperatures. These two points were plotted on a graph of 1n( Cw
sat

) versus inverse 

temperature in Kelvin, and fitted with a straight line. The resulting estimates of Cw
sat are 

obviously very crude, but they are adequate for these calculations. Simulations were 

carried out for 80°C as a reference, 50°C as an effective lower limit for thermally 

decomposing initiators and 5°C as a practical lower limit for emulsion polymerisation 

initiated by a redox couple. The values for other parameters are those listed in Section 3.4. 

An unswollen seed size of 200 nm and 10% solids content were taken as being 

representative of conditions where secondary particle formation would occur. Table 4.5 

gives the results of these calculations, and it can be seen that a reduction in the new particle 

concentration does occur. However, this reduction is only significant when the 

temperature is dropped to a level where initiation would need to be carried out by a method 

other than thermal decomposition of initiator. Thus reducing the temperature will not in 

itself be enough to reduce secondary particle formation to acceptable levels, but it could be 

useful to use a lower reaction temperature in conjunction with other techniques. 

Table 4.5. Effect on new particle concentration of lowering propagation 

coefficient and saturated aqueous vinyl acetate concentration. 

Temperature 1°C ki IL r1
-
1 

p,aq mo s Cw
sat Imol Nnew /L- 1 

80 2.58 X 104 0.420 2.05 x 1016 

50 6.70 x 103 0.320 5.93 x 1015 

5 1.93 x 103 0.189 8.18 x 1010 

It is stressed that the rate of initiation was held constant for the calculations of Table 4.1. 

In reality the rate of initiation will decrease as temperature is reduced, giving a further 

reduction in Nnew values, as explained above. 
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Starved Feed of Vinyl Acetate 

Another method of reducing the overall rate of aqueous propagation is to reduce the 

aqueous monomer concentration. This can be accomplished in a number of ways. As 

mentioned earlier, increasing the ionic strength will result in a reduction in the aqueous 

monomer concentration. A larger reduction in the aqueous monomer concentration can be 

achieved by operating under so-called starved feed conditions. This term generally means 

that the monomer is being added more slowly than its rate of consumption if the system 

were saturated with monomer. This means operating under Interval III conditions where 

there are no monomer droplets and the aqueous and particle phases are at less than their 

saturated monomer concentrations. There is obviously a range of conditions that fulfil the 

above requirements of a starved feed system, from a monomer concentration just below 

that which would occur if the particle and aqueous phases were saturated with monomer, 

down to extremely low monomer concentrations. In the case being considered here, it is in 

theory possible to reduce the rate of aqueous oligomer growth to a level where all radicals 

either enter or terminate. However, there are practical limitations to the degree of starved 

feed that can be achieved, meaning that it may not be possible to avoid secondary particle 

formation by this method. One such problem is that of mixing. When monomer is added 

there will be locations in the reactor where there is an above-average concentration of 

monomer (originating from where the monomer is added). This higher concentration of 

monomer will mean that some parts of the polymerisation will have a rate of aqueous 

propagation above the average, and possibly high enough to result in nucleation. While 

this can in principle be overcome by high rates of shear, this in tum can induce 

coagulation. Even if nucleation is occurring only in small regions of the reaction vessel, it 

will still cause a problem over the course of the reaction. Another problem with starved 

feed monomer addition is the reduction in overall polymerisation rate. In some cases such 

a large reduction in monomer concentration would be needed that the reaction would be 

very slow, resulting in the polymerisation taking days or weeks! 

For starved feed to be effective in reducing secondary nucleation there are a number of 

conditions that need to be fulfilled. One of these is that the rate of monomer removal from 

the aqueous phase is sufficiently fast to maintain the aqueous monomer concentration at 

the desired low level. This can be helped by a slower monomer feed and by any process 

that increases the rate of in-particle polymerisation (thereby driving monomer from the 
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aqueous phase into the particles), e.g., increasing initiator concentration and any other 

process that promotes entry. Note that the effect of initiator concentration on the rate of 

particle fonnation is complex: in some cases it increases it, and in other cases it decreases 

it (see Chapter 3). So while the increasing initiator concentration may have the desired 

effect of keeping Cw low, it may also have the adverse effect of increasing the rate of 

secondary nucleation by virtue of increasing the aqueous phase radical concentrations. 

Note that as most polymerisation occurs in particles rather than in the aqueous phase, 

aqueous phase oligomer growth of itself has a negligible effect on monomer concentration. 

A potential problem when trying to operate under starved feed conditions is inhibition or 

retardation. If inhibition prevents the polymerisation from proceeding at the usual rate 

then an increase of monomer concentration will occur. When the process responsible for 

the inhibition ceases to operate there will be an excess of monomer present that could 

counteract the starved feed conditions. This is a result of monomer build-up during the 

period of retardation or inhibition. Possible sources of inhibition are oxygen and monomer 

incompatibility. The problem with oxygen inhibition can be overcome by using a more 

rigorous oxygen removal procedure. Monomer incompatibility is a more serious problem, 

especially in the present case of vinyl acetate polymerisation in the presence of polystyrene 

seeds. Styrene is well known to inhibit vinyl acetate polymerisation, so it is important that 

no styrene is present at the start of the vinyl acetate reaction, or this inhibition will occur. 

Possible methods to remove residual styrene from the seed latex include dialysis, steam 

stripping, use of a chaser shot of initiator, and polymerising a monomer that is mutually 

compatible with both styrene and vinyl acetate. Using a chaser shot of initiator will 

provide a burst of radical activity that would aim to polymerise any remaining monomer. 

Choosing an organic-phase initiator for this task is desirable as most of the remaining 

monomer will be present in the particles. This means that most of the initiation will occur 

where the monomer resides. Adding a small amount of a mutually compatible monomer 

has the advantage of consuming any residual styrene before vinyl acetate polymerisation is 

attempted. It is important to make sure when employing the polymerisation of an 

intennediate monomer not to create any new particles in the process. 
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Redox Couples 

Redox couples are able to generate uncharged radical species (although a redox initiator is 

not necessary in order to generate uncharged radical species). Redox couples do allow a 

possibility not available with thennal organic initiators. By definition, a redox couple is 

comprised of two parts. If one part is hydrophobic and the other is hydrophilic, then it 

might be supposed that the generation of radicals would occur primarily where these two 

species met, namely at the interface of the particle and water phases. This would mean that 

radicals were not being created in the water phase, or if they were then there would only be 

a short distance to travel in order to enter a particle. Hence, homogeneous nucleation 

would be greatly suppressed. Also, creating radicals at the particle surface would 

eliminate the problem of uncertain particle morphology that would occur using a 

conventional oil soluble initiator (see earlier discussion). As the locus of po lymerisation is 

where the shell needs to fonn, there need be no migration of polymer chains to achieve the 

desired morphology.25 

A point that must be borne in mind when considering the use of an oil-soluble initiator or a 

redox couple used to generate uncharged radicals is the non-zero water solubility of these 

species. Even if limited quantities of these uncharged radicals are able to exist in the 

aqueous phase the possibility of new particle fonnation exists. The other possibility, 

especially in the polymerisation of vinyl acetate, is the generation of short radicals by 

transfer to monomer. These radicals are sufficiently mobile so as to be able to migrate to 

the particle surface before extensive propagation, and are sufficiently water soluble to 

enable exit into the aqueous phase. These radicals could then be responsible for nucleating 

particles in the usual manner. Nucleation from uncharged species could be prevented if an 

aqueous phase radical trap were employed to terminate species that were able to migrate to 

the aqueous phase. 

Opposite Charge for New and Seed Particles 

Another method that has been used to make core-shell type particles is to create new 

particles in the presence of a seed particle with an opposite surface charge.26 This is done 

by creating a seed using a positively or negatively charged initiator species and using an 

oppositely charged initiator species for the second-stage polymerisation. This approach 

then relies on oppositely charged entities attracting one another. The rate of entry would 
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be promoted, and even if secondary nucleation occurred, the new particles would undergo 

electrostatically-driven coagulation with the seed particles. In cases where the second 

polymer is soft (i.e. above its glass transition temperature), coagulated secondary particles 

would transform into a smooth shell layer. In the case where the second polymer is hard, 

the consequence of coagulation would be a raspberry morphology.26 A possible problem 

with this method is that it will only work effectively as long as there is sufficient original 

seed particle charge present to attract the newly created radicals and particles. When the 

new polymer completely covers the seed, the initiator end groups on the seed particle 

surface will be covered (especially if core-shell morphology is forming). Thus new 

radicals and particles will no longer be attracted to the seed particles. There is also the 

issue of overall latex stability, especially in a surfactant-free system. At some point the 

seed particles will have no net surface charge, when they have absorbed sufficient new 

entities. At this point the latex will be potentially very unstable and prone to coagulation. 

4.6 Implementing Strategies to Reduce Secondary Nucleation 

As has been demonstrated in Section 4.5, using the simple method that had worked 

successfully in the case of the smaller seed latices to produce core-shell latices did not 

have the same desired results in the case of a large seed. A number of strategies have been 

outlined in the previous section to attempt to reduce secondary particle formation in the 

presence of large seed particles. A considerable amount of effort was devoted to 

implementing some of these strategies, in an attempt to produce exclusively core-shell 

morphology from large polystyrene seeds. 

4.6.1 Second Stage Polymerisation Initiated with Benzoyl Peroxide 

Benzoyl peroxide (BPO) is a commonly used organic-phase initiator. On decomposition it 

yields two benzoyloxy radicals that under some conditions will decompose further to give 

phenyl radicals. The rate coefficient for the primary decomposition illustrated in Figure 

4.12 is reported as being in the range of 2.5 - 4.4 x 10-5 s-1 at 80°C in a variety of 

solvents.27 It was desired to initially have the same radical flux as had been present when 

potassium peroxydisulfate was used as the initiator. Of course the shift in radical creation 

locus from the aqueous to the particle phase will have a large effect on the effective rate of 

initiation of polymerisation, but an equivalent radical flux would provide a good starting 
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point. This was calculated using the dissociation rate coefficient for potassium 

peroxydisulfate of 8.60 x 10-5 s-1 at SO°C.28 The amount of benzoyl peroxide (listed in 

Table 4.6) took into account that the benzoyl peroxide used was stabilised with 25% water, 

i.e., the given mass of benzoyl peroxide is actually 25% water. 

o~ 0 
O--<0-O~ o o 

2 [o-{] 
Decomposition of benzoyl peroxide to yield two benzoyloxy 

radicals. 

Table 4.6. Reaction conditions for attempted core-shell polymerisation with 

surfactant-free polystyrene seed and benzoyl peroxide as initiator. 

CF:ST-VA9 CF:ST-VAlO 

Temperature 1°C SO 80 

Stirring 

Turbine type 6 pitched blades 6 pitched blades 

Distauce from reactor floor /mm S4 84 

Speed /rpm 300 300 

Seed latex recipe (Table 2.4) CF:ST3 CF:ST3 

Seed latex / g 400 400 

Water /g 120 100 

KH2P04 /g 1.5 1.5 

NaOH/g 0.3 0.3 

Benzoyl peroxide aud water Ig 2.42 2.42 

Solvent for benzoyl peroxide toluene ethyl acetate 

Weight of solvent Ig 17.3 20.0 

Vinyl acetate 

Amount added Ig 64.S 74.0 

Feed rate Ig min-1 0.74 0.74 

PSty/V Ac mass ratio 0.55 0.50 

Post-addition reaction period Imin 260 75 
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An initial reaction was carried out using the conditions listed in Table 4.6 for experiment 

CF:ST-VA9. Instead of adding potassium persulfate dissolved in water, benzoyl peroxide 

dissolved in toluene was added to the reactor once the seed latex had attained the reaction 

temperature. Vinyl acetate feed was begun in the normal manner one hour after initiator 

addition. This was so as to first of all give the benzoyl peroxide the chance to polymerise 

any residual styrene that might otherwise have inhibited the vinyl acetate polymerisation. 

At the end of the reaction (CF:ST -V A9) a lot of coagulated material was observed, mostly 

with a consistency that would have resulted from bulk polymerisation. One possible (but 

unlikely) explanation for this coagulation was the use of toluene as a solvent to dissolve 

the benzoyl peroxide. Toluene is known to act as a degradative chain-transfer agent,29 so 

its presence may have resulted in undesirable effects. Repeating the experiment, but this 

time using ethyl acetate as the solvent for the benzoyl peroxide, tested this postulate. The 

conditions for this experiment (CF:ST-VAlO) are listed in Table 4.6. When this reaction 

was carried out, the same type of coagulation was observed as with experiment CF:ST

VA9. 

Coagulation could result from a number of factors. The most likely is that there were 

particles present in the latex that did not have charges on their surfaces to impart stability 

to the latex. This type of particle can be created either if the seed particles become coated 

in a layer of poly(vinyl acetate) formed with the organic initiator, or if new particles are 

nucleated (from aqueous phase benzoyl peroxide) without charged end groups to stabilise 

them. These observations provide an expectation that shells were forming on the seed 

particles, as it would be expected that most initiation would be occurring in the particle 

phase rather than the aqueous phase (as would be required to form new particles rather 

than shells). Unfortunately this was not a good method of forming shells owing to 

unacceptable coagulation occurring. Investigations using TEM to determine the actual 

morphology were not undertaken, as these latices had sufficient coagulation that 

"representative" samples could not be confidently taken form the latex. As discussed in 

the theory section, surfactant could be added to avoid the colloidal instability, but this 

avenue was not pursued due to the desire to remain under surfactant-free conditions. 
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4.6.2 Employing Benzoyl Peroxide in the Role o/Monomer Scavenger 

A slight variation on the recipes given in Subsection 4.6.1 was experimented with in order 

to assess whether a combination of particle and aqueous phase initiation could be used 

successfully. The benzoyl peroxide was added to polymerise any remaining styrene 

present from the seed formation; then the vinyl acetate polymerisation, initiated with 

peroxydisulfate, was attempted in much the same way as was used successfully for the 

small seeds. The reaction conditions are given in Table 4.7. 

Table 4.7. Reaction conditions for attempted core-shell polymerisation with 

surfactant-free polystyrene seed and benzoyl peroxide as initiator. 

Temperature /DC 

Stirring 

Turbine type 

Distance from reactor floor /mm 

Speed/rpm 

Seed latex recipe (Table 2.4) 

Seed latex / g 

Water /g 

KHZP04 /g 

NaOH/g 

Benzoyl peroxide and water /g 

Solvent for benzoyl peroxide 

Weight of solvent /g 

KzSzOg /g 

Water /g 

Vinyl acetate 

Amount added /g 

Feed rate /g min-1 

PSty/V Ac mass ratio 

Post-addition reaction period /min 

CF:ST-VAll 

80 

6 pitched blades 

84 

300 

CF:ST3 

450 

50 

1.5 

0.3 

2.42 

ethyl acetate 

20.0 

1.04 

50.0 

64.8 

0.74 

0.55 

260 
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In the 1 experiment the benzoyl peroxide, dissolved in ethyl acetate, was 

added in the same manner as described earlier. After an hour of reaction time potassium 

peroxydisulfate was added, dissolved in water. Vinyl acetate addition was begun at this 

stage, and the reaction allowed to proceed. 

Once again coagulation was observed. This was unexpected, as it would appear that the 

seed particles and any newly created particles would theoretically have charged surface 

groups resulting from the tetraoxidosulfate( 1111-) radical anions. While this is true, it must 

be borne in mind that a large proportion of the initiation could be occurring as a result of 

the benzoyl peroxide species still present after an hour of reaction. It is quite possible that 

the ratio of chains initiated by each initiator type was not sufficiently in the favour of 

peroxydisulfate to have enough in-situ surfactant being generated. This postulate could be 

reasonably simply tested by reducing the level of organic initiator employed to polymerise 

residual styrene. 

4.6.3 Use o/a 'Chaser'Monomer 

In the last two sections the organic initiator has been employed partly to remove residual 

styrene before the vinyl acetate feed was started. The removal of residual styrene by this 

method relied on unreacted monomer diffusing to radical sites within the particles. This 

diffusion will become very slow in polymer of high weight fraction. Using an organic 

initiator has the advantage that aqueous propagation was not required before particle entry 

can occur (as is the case with initiator species such as peroxydisulfate). Thus radicals were 

generated where most of the remaining monomer is located, rather than having to migrate 

there. Dissolving the initiator in ethyl acetate or toluene also had the advantage of making 

the radicals more mobile within the particles. This was because the solvent will partition 

mainly in the particles, and in doing so reduce the particle viscosity. This effect lasts as 

long as the solvent is still present, in contrast to any viscosity reduction provided by 

monomer, which disappears as the monomer is polymerised. 

Another option for accomplishing the polymerisation of residual monomer is to use a 

monomer as a solvent to dissolve the initiator. This has the potential advantage that no 

solvent would need removing at the end of the polymerisation. This strategy was 

implemented using lauryl acrylate as a chaser monomer. Lauryl acrylate was chosen 

because it is very insoluble in water, which meant that it should partition almost 
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exclusively in the seed particles, and therefore greatly reduce the chance of new particle 

generation. The reaction conditions for this reaction are given in Table 4.8. The buffered 

seed latex was added to the reactor followed by the lauryl acrylate and dissolved benzoyl 

peroxide. This was stirred for 20 hours to allow the monomer to swell the seed particles, 

then the reactor was heated to the reaction temperature and potassium peroxydisulfate 

initiator added, dissolved in a small quantity of water. The vinyl acetate was fed in the 

nonnal manner. 

Table 4.8. Reaction conditions for attempted core-shell polymerisation with 

surfactant-free polystyrene seed using a chaser of mutually 

compatible monomer. 

CF:ST-VA12 CF:ST-VA13 

Temperature 1°C 80 80 

Stirring 

Turbine type 6 pitched blades 6 pitched blades 

Distance from reactor floor Irnm 84 84 

Speed Irpm 225 300 

Seed latex recipe (Table 2.4) CF:ST3 CF:ST3 

Seed latex I g 450 450 

Water Ig 50 50 

KH2P04 /g 1.5 1.5 

NaOH/g 0.3 0.3 

Benzoyl peroxide and water Ig 0.10 0.10 

Solvent monomer lauryl acrylate butyl acrylate 

Weight Ig 3.0 3.0 

K2S20 g Ig 1.04 1.04 

Water Ig 50 50 

Vinyl acetate 

Amount added Ig 9.25 49.0 

Feed rate Ig min-1 0.31 0.45 

PStyN Ac mass ratio 0.33 0.94 

Post-addition reaction period Imin 10 
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There was a layer of what appeared to be partially polymerised lauryl acrylate at the top of 

the reactor at the completion of the reaction. The rest of the reactor was free from 

coagulation. It was suspected that the lauryl acrylate was too insoluble in the aqueous 

layer to be able to migrate through it into the seed particles. This is despite being left for 

20 hours with stirring. In a conventional emulsion polymerisation involving lauryl acrylate 

there would normally be surfactant present to facilitate this monomer transport across the 

aqueous phase and into the particles. The relatively low stirring rate may not have allowed 

sufficient emulsification of the monomer to permit transport into the particles. It would 

also be expected that it would be much easier to transport monomer from an emulsified 

droplet, rather than from a layer at the top of the aqueous phase. 

The problems of monomer transport associated with lauryl acrylate meant that it could not 

fulfil the desired role of monomer chaser. A monomer with sufficient aqueous phase 

solubility was needed to overcome this problem, but at the same time it also had to be able 

to be polymerised with both styrene and vinyl acetate. Butyl acrylate was selected for this 

role as the substitution of a butyl group in place of the lauryl group meant it had the desired 

greater solubility in water. This solubility was still not as high as vinyl acetate, so the 

fomlation of secondary particles as a result of homogeneous nucleation in the aqueous 

phase was not envisaged to be a problem. The reaction conditions employed for the butyl 

acrylate polymerisation are listed in Table 4.8. The major difference between this and the 

previous reaction is the substitution oflauryl acrylate with butyl acrylate. 

At the conclusion of this reaction there was no discemable coagulum on top of the latex, 

indicating that the butyl acrylate had been able to migrate to the particles. 

At this stage a number of polymerisations were undertaken, which were variations on the 

theme of experiment CF:ST -V AlO, in which the amount of vinyl acetate added in the 

second stage was varied. The intention was to form a series of core-shell latices with 

varying structure. However, TEM examination revealed this had not been the case and that 

secondary particle formation had occurred. It would seem likely that most of these new 

particles were poly(vinyl acetate) rather than poly(butyl acrylate), however, this was not 

confirmed. 
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4.6.4 Increased Ionic Strength 

No experiments were carried out to systematically vary the ionic strength in the core-shell 

experiments, but examining some of the experiments undertaken can give some insight 

into how useful this technique might be in reducing secondary particle formation. It was 

clear that the basic reaction conditions outlined in Section 4.5 gave rise to extensive 

secondary nucleation. This reaction can be compared to one where the ionic strength was 

above this level, resulting in severe coagulation. This experiment gave an indication of 

where the limit for ionic strength might lie, and from this result it appeared to lie very close 

to the conditions under which most reactions were carried out. This meant that it was 

unlikely that increasing the ionic strength within this narrow window would be able to 

suppress secondary particle formation. The fact that there was not much freedom to 

increase ionic strength before extensive coagulum formation occurred was not surprising, 

as the seed particles were prone to shear-induced coagulation during their synthesis. 

The specific experiment used as a comparison is as follows. It was desired to make a 

polystyrene latex with particles larger than the 200 nm radius (CF:ST3) that had been used 

as seed in most reactions thus far. The conditions needed to make a latex with larger 

particles were either an increase in ionic strength or monomer amount, or a decrease in 

initiator concentration or temperature. It was decided to increase the ionic strength, as the 

Goodwin results suggested that this would result in the most monomer conversion. The 

reaction conditions for this seed are given in Subsection 2.6.3. Vinyl acetate 

polymerisation was then attempted in much the same way as before, with details given in 

Table 4.9. 

The reaction conditions are slightly different from those given in Table 4.8, in that more 

monomer was added. It should be pointed out however, that this amount and feed rate of 

vinyl acetate caused no problems for other reactions where varying amounts of monomer 

were added. This reaction resulted in a lot of coagulation, which would indicate that the 

increased ionic strength from preparation of the seed was too high. A simpler and more 

controlled way of examining the effect of ionic strength would be to use the same seed but 

to add sodium chloride for the subsequent stages of polymerisation. 
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Table 4.9. Reaction conditions for attempted core-shell polymerisation with 

larger surfactant-free polystyrene seed. 

CF:ST-VA14 

Temperature fOC 80 

Stirring 

Turbine type 6 pitched blades 

Distance from reactor floor /mm 34 

Speed /rpm 200 

Seed latex recipe (Table 2.4) CF:ST4 

Seed latex /g 450 

Water /g 50 

KH2P04 /g 1.5 

NaOH/g 0.3 

Benzoyl peroxide and water /g 0.10 

Monomer butyl acrylate 

Weight /g 3.0 

K2S20 8 /g 1.04 

Water /g 50 

Vinyl acetate 

Amount added /g 60.0 

Feed rate /g min-1 0.752 

PStyN Ac mass ratio 0.68 

Post-addition reaction period /min 60 

4.7 The Inverse Core-Shell Route 

149 

The strategy of putting shells onto large polystyrene particles was proving to be very 

difficult. In fact an important conclusion of this work, based on theory and experiment, 

was that it was essentially impossible to achieve by the direct core-shell route. The proj ect 

called for the creation of 500 nm radius core-shell particles to investigate the structure 

property relationships; the method by which these particles were created is only of 

secondary importance. Thus it was decided to investigate the inverse core-shell route. The 
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modelling outlined in Chapter 3 predicted that this method would allow the desired 

morphology to be produced without secondary nucleation, even for large particles. 

This section details the results from polymerising styrene in the presence of poly(vinyl 

acetate) seeds. The next chapter examines the various morphologies that form with 

variations in reaction conditions. All of the inverse core-shell reactions presented in 

Chapter 5 were carried out using organic-phase initiators, rather than the water-soluble 

potassium peroxydisulfate used previously. 

Creating large monodisperse poly(vinyl acetate) latices for use as seeds in polymerisations 

aimed at creating inverse core-shell morphology presented a number of problems. As 

discussed in Chapter 3, vinyl acetate has a greater propensity to form new particles under 

any given conditions compared with the behaviour of styrene. This meant that it was not 

possible to grow large poly(vinyl acetate) particles without secondary nucleation becoming 

a problem, for exactly the same reasons that it was not possible to grow poly(vinyl acetate) 

shells on large polystyrene seeds. There were options available to circumvent this problem 

(such as using an organic-phase initiator), but for the purposes of this work it was decided 

to conduct initial tests into inverse core-shell with a relatively small poly(vinyl acetate) 

seed. 

To carry out this preliminary investigation into inverse core-shell polymerisation, 

conditions were chosen that would be as close as possible to those used successfully with 

the small polystyrene and poly(methyl methacrylate) seeds (with the obvious changes that 

are required to accommodate the inverse core-shell strategy). 

The poly(vinyl acetate) seeds were produced as described III Subsection 2.6.3. The 

procedure described in Subsection 2.6.6 was then carried out, with the specific reaction 

conditions detailed in Table 4.10. TEM of the resultant latex revealed no secondary 

particle formation, which was entirely consistent with the modelling predictions of Chapter 

3. The micrograph of this latex is shown in Figure 4.13, again stained with uranyl acetate 

and ruthenium tetroxide. It can be seen that while there has been no secondary particle 

formation, the morphology was not the desired core-shell: the polystyrene domains were 

on the surface, and on average there were more than one per particle. For testing purposes 

it was desired to have one polystyrene core per particle, located in the centre of the 

particle. Methods employed in order to achieve this aim are the subject ofthe next chapter. 
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Reaction conditions for inverse core-shell reaction employing 

potassium peroxydisulfate as initiator. 

Temperature 1°C 

Stirring 

Turbine type 

Distance from reactor floor Imm 

Speed /rpm 

Seed latex recipe (Table 2.5) 

Seed latex Ig 

Water Ig 

Styrene Ig 

K2S20 g Ig 

Water Ig 

StyIPV Ac mass ratio 

Post-addition reaction period lmin 

CF:VA-STI 

80 

6 pitched blades 

34 

400 

CF:VAI 

200 

70 

120 

0.7 

30 

2.0 

240 

TEM micrograph of CF:VA-ST1 latex, which has been stained 

with uranyl acetate and ruthenium tetroxide. 

151 
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This reaction was a success in that it demonstrated that styrene polymerisation in the 

presence of a poly(vinyl acetate) seed could be used as a synthetic route to core-shell 

particles, as long as the polystyrene was able to migrate to the centre of each particle. The 

modelling results could be verified by synthesising a range of seed particle sizes, and then 

polymerising styrene in the presence of these seeds. The model predicted that large 

poly(vinyl acetate) seeds should still result in the avoidance of secondary particles, 

however, this remains to be confirmed (the fact that it works with small poly(vinyl acetate) 

seeds does not prove anything; for example, secondary particle formation did not occur 

with small polystyrene seeds but did with large ones). In this project effort was focussed 

on polymerisation with organic-phase initiators, as this gave a better probability of 

attaining the desired concentric core-shell morphology. A discussion of why concentric 

cores should form is included in the next chapter. 

4.8 Comparison of Modelling Results With Experiment 

The model used in Chapter 3 was used to predict the number of new particles that form 

under various polymerisation conditions. To assess the accuracy of the model predictions, 

it was necessary to experimentally determine the number of new particles that formed 

under various reaction conditions. This was a non-trivial task, as there was no easy way to 

directly count the particles in a latex. One could measure particle size, and from this infer 

the particle concentration, but the method carried with it appreciable errors. Newly formed 

particles will be smaller than the seed particles, thus the measurement error associated with 

these species will normally be larger than for the seed latex. Many particle-sizing methods 

have great difficulty in accurately measuring a particle size distribution, especially when 

there is a large difference between the sizes of the two populations of particles (the 

situation when new particles form in the presence of a large seed). The calculation of 

particle number from the measured particle size assumes that all the second polymerised 

monomer has all gone into the formation of new particles. In the case where many new 

particles have been formed this may be a reasonable assumption. However, in cases where 

relatively few particles have formed, a considerable fraction of the new polymer may be 

located in the seed particles, whether as shells or other types of domains. If there is 

considerable polymer located in a shell layer, then obviously the newly created particles 

will be smaller than if shell formation had not occurred. Thus it can be seen that 
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measuring just the size of the newly created particles and assuming that they contain all the 

new polymer raises the possibility of overestimating the number of new particles that have 

formed. In some instances where particle size determination is accurate, the increase in 

radius of the seed particles can be calculated, thus giving an estimate of the volume of 

second stage polymer in the seed particles. This then allows a better estimation of the total 

volume of the second stage polymer contained in the new particles. This method of 

estimating new particle number by measuring particle sizes is only possible if an accurate 

particle size distribution is obtainable. Methods that are able to give size distributions are 

CHDF and TEM. 

A better way of assessing the ratio of new to old particles uses TEM, but not in a role 

where it is used to measure particle size. TEM is well suited to the detection of secondary 

particle formation, because unlike other techniques, it is possible to visualise the individual 

latex particles. At its most basic leve~ TEM could be used to easily assess whether 

secondary particle formation had occurred on a significant scale. If a significant number of 

new particles were visible, then it could be concluded that secondary nucleation had 

occurred. If there were few new particles visible, then one might conclude that the 

incidence of secondary nucleation was going to have a minor effect on the properties ofthe 

latex, or of any film formed from it. Thus the TEM method was able to give a yes/no 

answer to the question as to whether secondary nucleation had occurred. 

The model of Chapter 3 predicted the ratio of new to seed particles, and in some instances 

TEM could be used to experimentally measure this ratio. In the case of a large 

monodisperse seed it was often easy to detect new particles. For smaller seeds, or 

polydisperse ones, the task of assigning particle type can become more difficult. In some 

cases the use of a selective stain might be possible, but only if the seed and new polymer 

were different. Determining the precise ratio of new to old particles was possible if this 

ratio was close to one. However, if the ratio of new to old particles diverged significantly 

from unity, then a larger sample of particles needed to be counted to enable the ratio of 

new to old particles to be assessed. Carrying out such an assessment ofthe number of new 

particles that have formed using this TEM method of course relies on getting a 

representative sample of latex particles, something that should be possible as long as 

sufficient particles are counted. 
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4.8.1 Typical Experimental Results 

The reaction described by CF:ST-VA13 in Table 4.8 was modelled using the method of 

Chapter 3. This simulation predicted a ratio of new to old particles of 10.4. Particle 

counting was undertaken using micrographs of the type shown in Figure 4.14, taken of a 

diluted sample of this polystyrene seeded vinyl acetate polymerisation. More than 5000 

particles were counted over four micrographs, to yield a new/seed particle ratio of 67. It 

was clear that in this case the modelling has underestimated the number of new particles 

that formed, but in terms of the crudeness of the model and the difficulty of determining 

nllew/nseed, the agreement is outstanding. And certainly this result shows that the model is 

capable of indicating the gross presence or absence of new particles. 

Figure 4.14. Typical TEM micrograph used to assess ratio of new to old 

particles. 

In the case of polymerisation in the presence of small seeds, as described in Subsection 

4.3.2, examination by TEM revealed no new particle formation. The model predicted that 

the concentration of newly formed particles would be many orders of magnitude below 
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that of the seed particles. As this represents a very small number of particles in even a 

very large sample, it is effectively the same as there being no new particles formed. 

4.8.2 Reproduction o/the Hergeth Recipe 

Section 3.6 discussed the model predictions for the experimental conditions employed by 

Hergeth and Schmutzler.9 The model predicted that there would be significant formation 

of secondary particles under these conditions. 

Table 4.11. Reaction conditions for reproduction of the Hergeth recipe. 

Temperature /oC 

Stirring 

Turbine type 

Distance from reactor floor /mm 

Speed/rpm 

Water /g 

K2S20 g /g 

Water /g 

Styrene 

CF:ST-VAI5 

80 

6 pitched blades 

34 

350 

459 

0.946 

30 

Amount added /g 11.5 

Feed rate /g min-1 0.048 

K2S20 g /g 0.946 

Post-styrene addition reaction period /min 30 

Vinyl acetate 

Amount added /g 26.9 

Feed rate /g min-I 0.75 

StyN Ac mass ratio 0.43 

Post-vinyl acetate addition reaction period /min 60 

Hergeth and Schmutzler stated in their paper that this formation of new particles occuned 

on a small scale, which is in accordance with the predictions of the model proposed by 

Schmutzler. 30 Their model is based on the coagulation of small precursor particles with 

the seed particles. It was considered important to reproduce the Hergeth recipe to assess 
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whether this polymerisation type could give core-shell particles, and as a further test of the 

ability of the Chapter 3 model to reliably predict secondary particle formation. 

The latex synthesised using the above procedure was subjected to examination by TEM to 

determine if vinyl acetate particles had formed. The micrograph in Figure 4.15 illustrates a 

typical portion of the TEM grid, which has been stained with uranyl acetate and ruthenium 

tetroxide. It can be seen that there has been extensive secondary particle formation. The 

observation of secondary particles in this system was in accord with the predictions 

outlined in Section 3.5, and thus provided further validation of this model. It was unclear 

why Hergeth and Schmutzler had the impression they had carried out a successful core

shell polymerisation. While some core-shell polymerisation may have occurred, it is clear 

that a significant fraction ofthe vinyl acetate ends up as a new particle phase. 

Figure 4.15. TEM micrograph of latex synthesised from CF: ST -V A15 recipe. 

4.9 Conclusions 

The work of this chapter focussed on taking an existing method for the production of 

latices with core-shell morphology and applying it to the creation of large 

polystyrene/poly(vinyl acetate) particles. The method employed was a two-stage process. 
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The first step was the synthesis of a latex whose particles would become the cores. The 

insight gained from the work in described Chapter 2 on stirrer configuration was used in 

the production of large, monodisperse particle size latices with minimum coagulation. The 

low colloidal stability of these latices made them an excellent model system for 

determining the optimum conditions to achieve the necessary balance of mixing and shear. 

In the second step vinyl acetate was polymerised to create the shell layers around these 

seed particles. The general method was first applied to small seeds, where it was able to 

create the desired morphology without the formation of secondary particles. The 

formation of shells was confirmed using a combination of TEM and CHDF. Secondary 

particle formation occurred when the second stage polymerisation was attempted in the 

presence of larger seeds. This was accurately predicted by the model described in Chapter 

3. The mechanistic principles contained in this model were used to formulate a number of 

strategies to reduce secondary particle formation. These strategies were not successful in 

reducing secondary nucleation to acceptable levels for the large polystyrene seeds. 

However, the model did indicate that it might be possible to avoid secondary particle 

formation if the desired morphology were to be synthesised via the inverse core-shell 

route. This was attempted, and results were promising. This strategy is investigated in 

more detail in the next chapter. It is important to stress the success of the particle 

formation model for the problem at hand, and that literature results about the formation of 

polystyrene core-poly(vinyl acetate) shell particles9 are misleading. 
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into Particle 

S.l Introduction 

The experiment discussed in Section 4.7 indicated that it might be possible to create the 

desired polystyrene-poly(vinyl acetate) core-shell morphology via the inverse core-shell 

route. The micrograph of Figure 4.13 showed that it was possible to avoid secondary 

particle formation through the use of this method. Avoiding secondary nucleation was a 

primary objective of this work, and was all but impossible using the conventional route to 

core-shell morphology with larger seed particles. Figure 4.13 also shows that the use of a 

poly(vinyl acetate) seed and peroxydisulfate initiator did not result in a concentric core

shell structure, which was another requirement of any particles created. It was not 

unreasonable to expect that a small change in reaction conditions might allow a shift from 

one or two polystyrene domains located at the particle surface, as illustrated in Figure 4.13, 

to the desired one core per particle, located at the particle centre. 

Section 1.10 described a number of routes to forming core-shell morphology, all of which 

rely on a balance between thermodynamic and kinetic factors. In the case where it is 

desired to form a shell around seed particles, this can be achieved even if the second 

polymerised monomer is more hydrophobic than the seed monomer, e.g. styrene 

polymerisation in the presence of poly(vinyl acetate) seeds.1
,2 To achieve shell formation 

in this case required that the second-stage polymer should not have sufficient mobility that 

it could migrate away from the particle surface. This is kinetic morphology control: 

despite the energetically favoured morphology being that with the more hydrophobic 

polymer away from the particle surface, it is effectively trapped there by a lack of mobility. 

Hergeth and Schmutzler1
,2 claimed to have achieved this kinetic control by operating under 

a rigorous starved feed regime. This resulted in the polymer fraction always being high 

through the second stage polymerisation. Thus both the poly(vinyl acetate) and newly 

formed polystyrene were not plasticised to a large degree by monomer, and as a result 

polymer mobility was low. The morphology illustrated in Figure 13 showed that 

polystyrene shell fonnation could be avoided. In the synthesis of the particles illustrated in 

this micrograph, there existed monomer-saturated conditions for a large portion of the 
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reaction (until nearly all the monomer was consumed). Thus particles were highly 

solvated, and polymer could move around relatively easily, but evidently not sufficiently 

that perfect inverse core-shell morphology was obtained. The work described in this 

chapter focused on finding conditions that would favour the formation of inverse core-shell 

morphology with one centrally located core per particle. 

The Effect of Radical Creation Locus 

The reaction outlined in Section 4.7 was carried out using a peroxydisulfate initiator. The 

main reason for choosing this initiator species was to allow a direct comparison with the 

inverse core-shell modelling results of Chapter 3. The model presented in that chapter 

assumed that all initiating radicals were created by initiator decomposition in the aqueous 

phase. In terms of possible initiation routes, this represented a method that was likely to 

favour new particle formation. From a very elementary perspective, creating aqueous

phase radicals meant they needed to enter a particle or terminate with another radical 

otherwise particle formation would occur. If radicals were generated primarily in the 

particle phase, then the chances of new particle formation would be hugely reduced. In the 

previous chapter the creation of particle-phase radicals was trialled as a method of 

reducing new particle formation. In cases where the second-stage polymer formed a shell 

around the seed particles, care needed to be taken to ensure that the colloidal stability of 

the particles was maintained. When the seed particles were created using surfactant-free 

recipes, with no further surfactant addition, this stability came from the charged initiator

derived species. These species were present on the ends of all initiator-derived polymer 

chains. Some of these sulfate end groups must have become embedded in the particle 

interior, especially where the particles reach a large size and their internal viscosity 

increases at the end of polymerisation due to monomer consumption, thus preventing some 

sulfate groups from maintaining their positions on the expanding particle surface. 

However, the particle surface will have a layer of charged sulfate species, both from those 

attached to polymer chains in the particle and also from terminated aqueous oligomers that 

have absorbed onto the particle surface. In order for a complete shell layer to form, the 

charged species anchored at the particle surface must become covered by a layer of the 

second polymer and remain buried. If the second stage monomer were being initiated in 

the same manner as the seed monomer, i.e. with potassium peroxydisulfate, then the 
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stabilisation by charged initiator derived species would continue. Thus, in the case of the 

smaller seeds, the polystyrene anchored sulfates would be replaced by a layer of poly(vinyl 

acetate) anchored sulfates (standard core-shell, Section 4.3) or vice versa (inverse core

shell, Section 4.7). This, of course, was unlikely, and explained why concentric core-shell 

morphology was obtained in neither case, even though new particle fonnation was 

successfully avoided. 

One of the reasons the latices produced in Subsection 4.6.1 (standard core-shell approach 

with benzoyl peroxide as second stage initiator) were not stable may have been burial of 

charges present on the seed particles by new poly(vinyl acetate) chains initiated with 

uncharged benzoyl peroxide. In the case of an inverse core-shell polymerisation, this 

burial of charge was considered not to occur. If the desired core-shell morphology fonned, 

then the charges on the seed particle surface would still be present at the conclusion of the 

polymerisation. The charges would have a greater average separation than before the 

second stage polymerisation was commenced, as a result of the increase in the volume of 

each particle that this polymerisation would bring. It could also be seen that the presence 

of a charged end-group derived from initiator on the second stage polymer would actually 

be a hindrance to the fonnation of inverse core-shell morphology. This would be a result 

of the charged end-group needing to migrate away from the particle surface in order for a 

core to fonn. Because this end-group carries a charge it would be much more energetically 

favourable for it to exist at the particle surface. This effect might be able to overcome the 

tendency of a more hydrophobic second stage polymer (such as polystyrene) to prefer not 

to be at the particle surface. Therefore if inverse core-shell morphology were desired, it 

would be better if the initiating species did not impart a charge to the polymer chain. 

Unlike the fonnation of a core-shell structure where the shell was fonned by the second

stage polymerisation, there was no problem with latex instability if the initiator did not 

carry a charge (or indeed a polar group or groups) to help stabilise the particle. 

Thus for the reasons outlined above it was decided to use organic-phase initiators (which 

generate hydrophobic initiating radicals) for the second stage polymerisation of vinyl 

acetate, rather than the peroxydisulfate species used in Section 4.7. The change to an 

organic-phase initiator means that the model of Chapter 3 was no longer applicable to the 

prediction of whether new particle fonnation will occur in these systems. The lack of 

model applicability was not an issue as far as the work of this chapter was concerned, for 
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two reasons. Firstly, the plot of Figure 3.5 illustrated that for seed particles as large as 

300 nm in radius, even with solids content as low as 3%, secondary particle formation 

would not occur to a significant extent when the second-stage polymerisation was of 

styrene. The seed recipe types used in this chapter meant that latices with solids contents 

of over 20% were easily created and used without coagulation problems. This meant that 

the limit of particle before secondary particle formation became significant was 

considerably higher than the 300 nm cut-off for a 3% solids content seed. This in tum 

meant that all the reactions to be carried out in this section were able to be perfonned in a 

region where the model predicted that insignificant particle fonnation would occur, even if 

the initiator used was potassium peroxydisulfate. Secondly, the switch to organic-phase 

initiators meant radicals would be created almost exclusively in the particle phase, rather 

than in the aqueous phase, as was the case with peroxydisulfate initiation. This meant that 

the radicals were much less likely to be found in the aqueous phase, and hence they have a 

much lower chance of ever being in a position to nucleate a particle. In effect, the change 

from charged to non-charged initiator molecules extended the maximum particle size 

possible before secondary particle fonnation occurred on a significant scale to an even 

higher value. It is even possible that such a cut-off patiicle size does not exist in the case 

of organic-phase initiation: new particle fonnation might not occur regardless of seed 

particle size. 

It was thus possible to proceed with organic-phase initiation, confident that the change in 

initiation method was not going to cause problems with new particle fonnation, while at 

the same time hopefully promoting the fonnation of a concentric inverse core-shell 

structure. 

5.3 Use of Benzoyl Peroxide to Initiate Second Stage Styrene Polymerisation 

The postulate that organic-phase initiation would allow core-shell morphology to fonn via 

the inverse route was relatively easy to test, simply requiring the substitution of potassium 

peroxydisulfate initiator for the second stage polymerisation with an organic-phase 

initiator. Benzoyl peroxide (BPO) (the stmcture of which is illustrated in Figure 4.12) was 

chosen for these initial investigations. Benzoyl peroxide is sufficiently hydrophobic to 

partition largely in the particle phase, and is an effective initiator for styrene 

polymerisation. 
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Creating the desired inverse core-shell morphology for this study required the use of a 

poly(vinyl acetate) seed, in contrast to the conventional route that required a polystyrene 

seed. The method and conditions for the creation of the poly( vinyl acetate) seed used for 

the initial inverse core-shell polymerisation with benzoyl peroxide as the second stage 

initiator were given in Subsection 2.6.3. The reaction procedure used for the initial 

second-stage styrene polymerisation was given in Subsection 2.6.6. The specific 

conditions employed in this second-stage polymerisation are given in Table 5.1. 

Reaction conditions for benzoyl peroxide initiated inverse core

shell polymerisations. 

CF:VA-ST2 CF:VA-ST3 

Temperature /oC 80 80 

Stirring 

Turbine type 6 pitched blades 6 pitched blades 

Distance from reactor floor /mm 34 34 

Speed /rpm 400 400 

Seed latex recipe (Table 2.5) CF:VA1 CF:VA1 

Seed latex / g 300 300 

Water /g 100 100 

Styrene to swell seed /g 15 50 

Benzoyl peroxide (including water) /g 1.8 1.8 

Styrene to dissolve initiator /g 30 30 

StylPV Ac mass ratio 0.5 0.89 

The temperature was chosen so as to allow a direct comparison with the results obtained in 

the initial inverse core-shell attempt discussed in Section 4.7 (one using potassium 

peroxydisulfate as initaitor). The initiator concentration was chosen to give the same 

radical flux as the peroxydisulfate used in Section 4.7, calculated using the data in 

Subsection 4.6.1. Once again it must be bome in mind that the benzoyl peroxide used was 

stabilised with 25% water. Thus the weight of benzoyl peroxide specified does include the 

weight of incorporated water. Water was added to maintain the solids content at around 

30%. In this experiment the seed was pre-swollen with one third of the styrene, which was 

added before heating was commenced. It was possible that some thermal polymerisation 
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of styrene occurred while the reactor was heating up to reaction temperature, and in the 20 

minutes before the remaining styrene and benzoyl peroxide were added. Thermal initiation 

was not considered important, because the thermal initiation route would yield species that 

were effectively the same as those produced by benzoyl peroxide initiation, in that the end

group would be uncharged and as a result was not likely to be found in the aqueous phase 

where particle nucleation could occur. The main reason for pre-swelling the poly(vinyl 

acetate) seed latex with a portion of the styrene was to ensure mobility of the first 

polystyrene chains formed in the particles. Thus styrene was given a chance to reach an 

equilibrium distribution in the latex before the polymerisation started. Having the 

monomer distributed through the particles would allow diffusion of the subsequently added 

monomer and initiator to be faster. The increase in diffusion rates would be a result of the 

monomer partially plasticising the seed particles. 

The CF: V A-ST2 reaction was carried out as detailed above, and the resulting latex 

subjected to examination by TEM. Figure 5.1 shows a typical portion of the TEM grid. 

5.1. TEM micrograph of latex resulting from the CF: V A-ST2 recipe 

stained with uranyl acetate and ruthenium tetroxide. 

The grid has been lightly stained with uranyl acetate to help define the particle edges, and 

also stained with ruthenium tetroxide, which has darkened the polystyrene domains. It can 

be seen from this figure that most particles contain more than one polystyrene domain. 
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The type of polymerisation described by CF:VA-ST2 was repeated with more styrene 

added in the second stage polymerisation. This reaction was carried out to ensure that the 

observed morphology did not alter significantly with a change in the amount of second 

polymerised monomer. The conditions for this polymerisation are given in Table 5.3, for 

the reaction CF:V A-ST3. Examination using TEM indicated that the multiple domain 

forming exhibited by CF:VA-ST2 had also occurred in this situation where more styrene 

was polymerised. 

The stated intention of this chapter was to produce particles with only one polystyrene 

domain per particle. While having only two or three domains does not represent a drastic 

departure from this intention, it was not ideal for assessing structure-property relationships. 

The other point to be considered was that the seed particles used to create this latex had a 

diameter much smaller than the seed particle size that would be needed to create micron

sized particles. If multiple domains formed when small seeds were used, it was quite 

likely that the number of polystyrene domains that formed would only increase if the seed 

particle size were increased. This would be due to a number of closely related factors. 

The growing polymer chains would have to diffuse further on average in a larger particle 

to form only one domain. If polymer chains were able to diffuse freely, the polystyrene 

chains would tend to accumulate in the one domain to minimise free energy. The 

formation of more than one domain indicated that sufficient diffusion was not able to 

occur. Once a domain ofa second polymer had formed, the second monomer would tend 

to swell the second formed domain in preference to the seed polymer. Thus 

polymerisation inside a polystyrene domain would occur at a greater rate than in the 

poly(vinyl acetate) domain. This meant that once domains had become established they 

would become less likely to diffuse together and amalgamate. 

If the primary reason that multiple domains formed was a lack of polymer diffusion, then 

implementing methods to increase diffusion should result in fewer domains per particle. 

One such method is to carry out polymerisation in the presence of a chain transfer agent. 

The investigation ofthis strategy is covered in the following section. 
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5.4 Using'L-uaAJLIl ans:ler Agent in an Attempt to Increase 1IJP.n.11''' ...... ''' .. Mobility 

Poly(vinyl acetate) IS known to undergo radical transfer to polymer, which initiates 

branching on polymer chains.3
-
5 This branching is especially prevalent when the 

concentration of monomer is low. The poly(vinyl acetate) seeds were created under 

starved feed conditions, which would have resulted in an appreciable of branching. 

Adding a chain transfer agent to the seed polymerisation would not reduce the rate of the 

branching reaction (which depends on the radical and polymer concentrations), but would 

produce polymer with a lower average molecular weight. By including the chain transfer 

agent in the seed recipe there would not only be a reduction in the chain lengths of the seed 

polymer, but the presence of unreacted chain transfer species would also result in a 

reduction in the average chain length of the second stage polymer. Both these effects were 

desirable in terms of the goal of improving chain mobility. The mobility of polystyrene 

chains in poly(vinyl acetate) seed particles is dependent on the lengths and architectures of 

both the polystyrene and poly(vinyl acetate) chains. The relative importance of 

polystyrene versus poly(vinyl acetate) chain length and architecture is investigated in 

Subsection 5.4.4. 

5.4.1 Reduction in Chain Length Brought About by 1-Dodecanethiol 

Two variations on the CF:V Al seed recipe were carried out in order to assess the effect of 

synthesising the poly(vinyl acetate) seed latex in the presence of chain transfer agent. The 

two recipes carried out, CF:V A2 and CF:VA3, were the same as CF:VAI but for the 

addition of I-dodecanethiol (DDM) with the initial monomer charge. I-dodecanethiol was 

chosen as it is a chain transfer agent commonly used in free radical polymerisation. 

CF:VA2 was synthesised with 1.0% I-dodecanethiol by weight on monomer, while for 

CF:VA3 this level was 0.1 %. The procedure and conditions for these two recipes are 

given in Subsection 2.6.3 and Table 2.5. 

In order to assess the effect of the I-dodecanethiol on chain-length, polymer samples from 

CF:VAl, CF:V A2 and CF:VA3 were subjected to analysis by size exclusion 

chromatography (SEC), carried out by Jelica Strauch at the Key Centre for Polymer 

Colloids, University of Sydney. A summary of the results of this analysis are presented in 

Table 5.2. No molecular weight information was available for the CF:VAI polymer as it 

would not dissolve sufficiently in tetrahydrofuran, the carrier solvent used in the SEC 
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instrument. This was consistent with the high degree of branching that was thought to 

exist in the CF:VAI polymer, as a high degree of branching would give polymer that was 

not soluble in any solvent. Without the molecular weight information for CF:VAI it was 

difficult to directly assess the reduction in chain-length that the chain transfer agent had 

brought about. However, the chain-lengths are much shorter than would be expected in the 

absence of chain transfer agent.6 There was a large difference between the number and 

weight average degree of polymerisation, which might be partly attributable to the 

concentration of chain transfer agent decreasing through the course of the reaction. At 

early times in the polymerisation there would be a high concentration of I-dodecanethiol, 

leading to the formation of many short chains, but at later times the concentration of 1-

dodecanethiol would be reduced, leading to the formation of longer chains. Equally, a 

high polydispersity is a hallmark of branching; it could be that this was occurring even in 

the systems with high levels of chain transfer agent. Note that, as low as these degrees of 

polymerisation were, they were still higher than might be expected for these very high 

levels of 1-dodecanethiol. Again, this was consistent with the occurrence of some 

branching. Note that I-dodecanethiol cannot stop the branching, but by reducing the sizes 

of the branches, it would reduce the overall size of the branched molecules. 

Table 5.2. Degrees of polymerisation for various levels of 1-dodecanethiol 

addition. 

CF:VA1 CF:VA3 CF:VA2 

Weight percent 1-dodecanethiol on monomer 

Number average degree ofpolymerisation 

Weight average degree ofpolymerisation 

0.0 0.1 

279 

3479 

1.0 

151 

762 

5.4.2 Using Poly(vinyl acetate) Synthesised with 1.0% 1-Dodecanethiol as a Seed Latex 

The CF:V A2 latex was used as a seed in a styrene polymerisation to test the current 

hypothesis that the addition of chain transfer agent would result in a decrease in the 

number of polystyrene domains per seed particle by virtue of facilitating polymer 

diffusion. This seed was synthesised in the presence of 1.0% chain transfer agent by 

weight on vinyl acetate, in order to effect a significant reduction in chain length. The 

conditions and method for the production of CF:V A2 latex were given in Table 2.5 and 
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Subsection 2.6.3 respectively. This latex was then used as a seed in the same manner as 

the CF:VAI latex was in the previous section. Six polymerisations were carried out with 

variation in the amount of styrene added in the second stage polymerisation. The 

procedure was the same as that used in the previous section, and which was detailed in 

Subsection 2.6.6. The specific reaction conditions for these six reactions are given in 

Table 5.3. 

Table 5.3. Reaction conditions for inverse core-shell polymerisations using 

seed latices synthesised with 1. 0% 1-dodecanethio 1. 

CF:VA- CF:VA- CF:VA- CF:VA- CF:VA- CF:VA-
ST4 ST5 ST6 ST7 ST8 ST9 

Temperature /oC 80 80 80 80 80 80 

Stirring 

Turbine type 6 6 6 6 6 6 
pitched pitched pitched pitched pitched pitched 
blades blades blades blades blades blades 

Distance from 34 34 34 34 34 34 
reactor floor /mm 

Speed/rpm 400 400 400 400 400 400 

Seed latex recipe (Table CF:VA2 CF:VA2 CF:VA2 CF:VA2 CF:VA2 CF:VA2 
2.5) 

Seed latex /g 300 300 300 300 200 150 

Water /g 100 100 100 100 100 150 

Styrene to swell seed /g 15 60 105 90 105 

Benzoyl peroxide 0.7 1.4 1.4 1.4 1.4 1.4 
(including water) / g 

Styrene to dissolve 11.25 30 30 30 30 30 
initiator /g 

StylPV Ac mass ratio 0.125 0.5 1.0 1.5 2.0 3.0 

The resulting morphology was examined usmg TEM. Figure 5.2 illustrates the 

morphology formed from the CF:V A-ST5 recipe. This recipe used the same ratio of 

styrene to poly(vinyl acetate) as that ofCF:VA-ST2 in Section 5.3 where no chain transfer 

agent was used. Staining was carried out using a combination of uranyl acetate and 
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ruthenium tetroxide to define the particle edges and darken the polystyrene domains 

respectively. 

The particles resulting from using a poly(vinyl acetate) seed with no added chain transfer 

agent had a number of polystyrene domains (as illustrated in the previous section). Adding 

1-dodecanethiol resulted in the formation of just one polystyrene domain per particle. 

However, Figure 5.2 also shows that the polystyrene domains do not appear to be located 

in the centre of the particles. 

Figun~ 5.2. TEM micrograph of the latex produced by the CF:VA-ST5 recipe, 

stained with uranyl acetate and ruthenium tetroxide. 

The morphology observed in the latices described in this section could be directly related 

to the amount of styrene added for the second stage polymerisation. In the case where the 

amount of added styrene was small, the poly(vinyl acetate) domain appeared to envelop 

more of the polystyrene, whereas when more styrene was polymerised an acorn type 

morphology was observed. This trend is illustrated in Figure 5.3, where the ratio of 

polystyrene to poly(vinyl acetate) increases from 0.125 to 1.5 from A to D. It was 

important to note that in this range of poly(vinyl acetate)/polystyrene ratios there was only 

one polystyrene domain formed per particle. Thus the inclusion of chain transfer agent 

into the seed recipe achieved the desired result, a step closer to inverse core-shell 

morphology with a single concentric core. 



Figure 
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TEM micrographs of latices produced using the conditions in 

Table 5.3 with varying amounts of styrene, stained with uranyl 

acetate and ruthenium tetroxide. Weight ratios of styrene to 

poly(vinyl acetate) are: A = 0.125, B = 0.5, C 1.0, D 1.5. 
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5.4.3 Using Poly(vinyl acetate) Synthesised with 0.1% 1-Dodecanethiol as a Seed Latex 

The concentration of chain transfer employed for the seed of Subsection 5.4.2 was 

deliberately chosen to effect a large reduction in chain length. This concentration of chain 

transfer agent had the desired effect in that it resulted in the formation of only one 

polystyrene domain per particle. However, as will be seen in the following chapter, this 

reduction in chain length had a large deleterious effect on a number of physical properties 

in the final film. Thus it was desired to assess whether the same morphology (one 

polystyrene domain per particle) could be achieved with less chain transfer agent, and 

hence have less adverse effect on the final latex properties. 
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A seed (CF:VA3) with 0.1% 1-dodecanethiol by weight on monomer was synthesised to 

assess the effect of reduced chain transfer agent concentration. This was one-tenth the 

concentration used in creating the seed used in Subsection 5.4.2. The recipe and 

conditions for this vinyl acetate seed recipe were given in Table 2.5 and Subsection 2.6.3. 

Polymerisation using this seed was carried out in the same way as that described in Section 

5.3, with specific conditions given in Table 5.4. 

Reaction conditions for inverse core-shell po lymerisations using 

poly(vinyl acetate) seed synthesised with 0.1 % I-dodecanethiol. 

Temperature 1°C 

Stirring 

Turbine type 

Distance from reactor floor Imm 

Speed/rpm 

Seed latex recipe (Table 2.5) 

Seed latex Ig 

Water Ig 

Styrene to swell seed Ig 

Benzoyl peroxide (including water) Ig 

Styrene to dissolve initiator Ig 

StylPVAc mass ratio 

CF:VA-STIO 

80 

6 pitched blades 

34 

400 

CF:VA3 

300 

100 

1.4 

11.25 

0.125 

The micrograph of Figure 5.4 illustrates that decreasing the amount of chain transfer agent 

employed in creating the poly(vinyl acetate) seed particles to one tenth of the concentration 

resulted in the formation of more than one polystyrene domain per proiicle. The formation 

of multiple polystyrene domains per particle meant that the polymer mobility had not 

increased sufficiently from the case where no chain transfer agent was added. It was 

therefore not possible to achieve sufficient reduction in chain length with 0.1 % 

I-dodecanethiol. 
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Figure 5.4. TEM micrograph showing more than one polystyrene domain per 

particle with 0.1 % 1-dodecanethiol used in the synthesis of the 

poly(vinyl acetate) seed latex. Grid has been stained with uranyl 

acetate and ruthenium tetroxide. 

5.4.4 Mode of Chain Transfer Agent Action 

173 

It was established that the addition of 1.0% chain transfer agent to the seed polymerisation 

recipe resulted in a change from a multi-cored morphology to one with a single polystyrene 

domain per particle. The chain transfer agent would not only reduce the average chain 

length in the seed latex, but any that remained unreacted when the second stage 

polymerisation commenced would be responsible for reducing the average polystyrene 

chain length. The change from multi to single polystyrene domain particles could be a 

result of the reduction in polystyrene or poly(vinyl acetate) chain-length, or it could be the 

result of a combination of both effects. To assess which of these effects was more 

important in achieving the goal of one polystyrene domain per particle, it was necessary to 

isolate the effect of chain transfer agent to either the seed or second formed polymer. 

Isolating the effect of the chain transfer agent on the second formed polymer is relatively 

straightforward. This can be accomplished by adding the chain transfer agent at the 

beginning of the polystyrene polymerisation rather than the vinyl acetate seed 
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polymerisation. This will result in the chain length reduction being confmed to the 

polystyrene chains. To isolate the effect of chain transfer agent to the poly(vinyl acetate) 

seed is not nearly as simple. This would require that the 1-dodecanethiol be either 

removed or deactivated at the end of the seed polymerisation. As will be demonstrated, 

this step was not required as a conclusion was reached based on the results of the following 

experiment. 

A poly(vinyl acetate) latex of type CF:VAI was used as a seed in a styrene polymerisation 

in the presence of chain transfer agent. This seed was synthesised without chain transfer 

agent, and was the same as the poly(vinyl acetate) seed used to obtain the morphology 

illustrated in Figure 5.1. 

Table 5.5. Reaction conditions for inverse core-shell polymerisation with 

chain transfer agent added only with the second-stage monomer. 

Temperature 1°C 

Stirring 

Turbine type 

Distance from reactor floor Imm 

Speed Irpm 

Seed latex recipe (Table 2.5) 

Seed latex Ig 

Water Ig 

Styrene to swell seed Ig 

CF:VA-STll 

80 

6 pitched blades 

34 

400 

CF:VAI 

300 

100 

1-Dodecanethiol/g 0.56 

Benzoyl peroxide (including water) Ig 0.7 

Styrene to dissolve initiator Ig 11.25 

StylPVAc mass ratio 0.125 

The reaction conditions for second-stage styrene polymerisation were the same as those of 

experiment CF:V A-ST4, but with the addition of 1-dodecanethioL The amount of 

1-dodecanethiol added with the styrene was calculated to give the same concentration in 

relation to the poly(vinyl acetate) seed as would be found in a corresponding CF:V A2 latex 
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if none had reacted during polymerisation. This obviously overestimated the amount of 

1-dodecanethiol present at the start of the experiments of Table 5.3. As will be shortly 

discussed, this overestimation in the concentration of 1-dodecanethiol did not affect the 

interpretation of results obtained. For consistency purposes, the ratio of styrene to 

poly(vinyl acetate) seed was chosen to be the same as that used in the previous section. 

The recipe for this experiment is given in Table 5.5 

The CF:VA-ST11 latex was subjected to examination by TEM to determine the 

morphological effect observed when 1-dodecanethiol was added only at the start of the 

second-stage polymerisation. Figure 5.5 illustrates the morphology of this latex. It can be 

seen that there was on average more than one polystyrene domain per particle. The 

number of polystyrene domains per particle was higher than for the latex produced with 

reduced levels of 1-dodecanethiol. This would indicate that in this particular case the 

reduction in seed particle chain length played a greater role in determining the number of 

polystyrene domains that form than did any reduction in polystyrene chain length. This 

discovery was perhaps not unexpected, as the ordinary poly(vinyl acetate) seed latex was 

considered to be highly branched due to the starved-feed conditions employed during 

synthesis. This was in contrast to the polystyrene domains, which should be relatively free 

from branches. There were two main reasons for the poly(vinyl acetate) being more 

branched. The first was that vinyl acetate systems are known to have much higher rate 

coefficients for transfer to polymer than do styrene systems. 3 The second was the relative 

concentration of these two monomers during polymerisation. Most of the vinyl acetate 

was added in a starved feed manner, which meant the concentration of vinyl acetate was 

maintained at a low level throughout the polymerisation, thereby promoting the process of 

chain transfer to polymer. The styrene was added as a batch at the beginning of the second 

stage polymerisation, so for most of the polymerisation the concentration of this monomer 

would be higher, resulting in less transfer to polymer. 

The results of this section suggest that chain architecture can be very important in 

determining morphology. Although short linear chains diffuse more quickly than long 

linear chains, the more important difference is between linear and highly branched chains, 

the latter being effectively immobile. So as long as all chains were linear, it would not 

matter what their chain length was: the rate of diffusion would be easily sufficient to give 

one polystyrene domain per particle. But if any polymer was highly branched this could 
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not occur (and remember that in Subsection 5.4.1 evidence was presented that seed 

CF:VAI was highly branched). In this regard it must be remembered that both polystyrene 

and poly(vinyl acetate) must be able to diffuse, polystyrene away from the particle surface 

and poly(vinyl acetate) toward the particle surface: it was not sufficient to consider how 

just one polymer alone would diffuse. 

Figure 5.5. TEM micrograph showing more than one polystyrene domain per 

particle with chain transfer agent added only for the second-stage 

styrene polymerisation. Grid has been stained with uranyl acetate 

and ruthenium tetroxide. 

5.5 Role of Initiator in Promoting Grafting 

The previous section illustrated that in order for single core morphology to form there must 

be sufficient chain mobility to allow migration of both seed and newly formed polymer. It 

was shown that the required polymer mobility could be achieved through the use of a chain 

transfer agent. Another important consideration when determining chain mobility was that 

of grafting. Grafting in either the seed or second formed polymer was an impediment to 

core-shell formation in that it decreased mobility. As was shown, this reduction in 

mobility due to grafting could be overcome by the addition of chain transfer agent. There 

was another grafting possibility not specifically considered to this point. This was grafting 
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of second stage polymer onto the seed polymer. If grafting occurred in the seed 

polymerisation or in the second-stage polymerisation, the mobility of polymer would be 

reduced. If polystyrene grafting occurred onto the poly(vinyl acetate) seed chains, this 

might prevent formation of single polystyrene domains. This would be due to the creation 

of polymer molecules that contained both styrene and vinyl acetate units. The presence of 

these grafted chains would increase the compatibility of polystyrene and poly(vinyl 

acetate). In order for one domain to form when molecules such as this were present, these 

molecules would need to migrate to the interface between the two domains. Conditions 

could be varied so as to inhibit grafting in an attempt to reduce this problem. 

5.5.1 Monomer Addition Profile 

The manner in which the monomer is added in a second-stage polymerisation can playa 

large role in determining the morphology that is created. In the work of this chapter it was 

desired to create inverse core-shell morphology, so styrene was added as a batch. This 

method of monomer addition gives a number of advantages over the alternative starved

feed method. The rate of grafting increases when the monomer concentration is reduced. 

Batch addition of monomer also provides greater polymer mobility by plasticising the 

particles, especially at early stages in the polyrnerisation. Polymer mobility is required in 

order for inverse core-shell morphology to form, and mobility would be reduced by a 

starved feed of monomer. 

5.5.2 Choice of Initiator 

Benzoyl peroxide was chosen as the initiating speCIes for the work described in this 

chapter as it represented a typical oil-soluble initiator, commonly used in the emulsion 

polymerisation of both vinyl acetate and styrene. It has proved capable of providing the 

primary function of an initiator, namely the creation of free radicals to initiate 

polymerisation. However, this is not the only reaction the initiating species is capable of 

undergoing. The initiator can also be responsible for the creation of graft sites by 

hydrogen abstraction. This occurs in a similar manner to that shown in Figure 1.6, with the 

difference being that the abstractor is an initiator radical, not a polymeric radical. 

In the present case the abstraction of a hydrogen atom from the polymer was much more 

likely to occur from a poly(vinyl acetate) chain rather than from a polystyrene chain.3 This 
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was due partly to the poly(vinyl acetate) having hydrogen atoms that were more easily 

abstracted. This newly created radical site can propagate with styrene in the second phase 

polymerisation. Another possibility was for this radical site to undergo combination with a 

growing polystyrene chain. Both possibilities would result in a poly(vinyl acetate)

polystyrene graft. This was undesirable from the perspective of obtaining inverse core

shell morphology for two reasons. Firstly, the fOlmation of a graft reduces the mobility of 

the two species involved in the graft, by having created a larger entity. Secondly the graft 

fonnation means that the whole entity must diffuse to the interface between the two 

domains in order for inverse core-shell morphology to fonn. The chances of grafting to 

poly(vinyl acetate) will be enhanced to some degree by the lower concentration of styrene 

in the poly(vinyl acetate) phase as opposed to the polystyrene phase. 

Benzoyl peroxide has a greater tendency to abstract hydrogen atoms from polymer than do 

other initiators such as 2,2' -azobis(2-cyanopropane) (AIBN).7-9 This is thought to be due 

mainly to the increased reactivity of the oxygen centred primary radical derived from 

benzoyl peroxide compared to the carbon centred primary radical derived from AIBN. It 

was therefore possible that a change to an initiator with a lower propensity for creating 

graft sites would encourage the fonnation of inverse core-shell morphology. With this in 

mind a poly(vinyl acetate)-seeded styrene polymerisation was perfonned with AIBN rather 

than benzoyl peroxide, with a view to assessing any changes in morphology that resulted. 

The poly(vinyl acetate) seed for this reaction was the CF:V A2 type (made with 1.0% 

I-dodecanethiol) used previously with the benzoyl peroxide initiator. The reaction was 

canied out in the same manner as CF:V A-ST4, with the specific reaction conditions given 

in Table 5.6. The weight of AIBN used in this experiment was the same as the actual 

weight of benzoyl peroxide used in CF:VA-ST4, taking into account that the benzoyl 

peroxide initiator was stabilised with 25% water by weight. However, on a molar basis, 

this represents a 50% increase in the amount of initiator employed. The dissociation rate 

coefficient for AIBN is 7.6 x 10-5 at 80°C.1O This translates to a four-fold increase in 

the radical generation rate compared with the benzoyl peroxide initiated reaction CF:VA

ST4. However, this was only a two-fold increase in the radical generation rate over the 

other benzoyl peroxide initiated reactions discussed in Subsection 5.4.1 (where twice the 

weight of benzoyl peroxide was used). 
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Table 5.6. Reaction conditions for 2,2'-azobis(2-cyanopropane) initiated 

inverse core-shell polymerisation. 

Temperature 1°C 

Stirring 

Turbine type 

Distance from reactor noor Imm 

Speed Irpm 

Seed latex recipe (Table 2.5) 

Seed latex Ig 

Water Ig 

2,2'-azobis(2-cyanopropane) Ig 

Styrene to dissolve initiator Ig 

StyIPV Ac mass ratio 

CF:VA-ST12 

80 

6 pitched blades 

400 

CF:VA2 

300 

100 

0.53 

11 

0.125 
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When the CF:VA-ST12 polymerisation was carried out, the reaction proceeded in the same 

manner as the corresponding benzoyl peroxide initiated reaction. TEM examination (a 

typical micrograph is shown in Figure 5.6) was carried out, and there was no discemable 

difference in morphology compared with the case where benzoyl peroxide was used. This 

does not necessarily mean that the change of initiator has not resulted in a reduction in the 

degree of branching. The po lymeris at ion conditions chosen to investigate the effect of 

initiator type may not have been a rigorous enough test; employing AIBN to initiate a 

reaction that gave multiple cores when benzoyl peroxide was used would provide a more 

rigorous test. Carrying out a number of experiments to determine if the initiator type could 

have an effect on the amount of branching was not considered important, as it was possible 

to generate one domain per particle simply using high levels of chain transfer agent. If 

thorough investigation into branching were to be conducted then characterisation 

techniques other than observation of the [mal morphology would be needed. Such 

techniques for characterising branching include triple detector size exclusion 

chromatography7 (SEC), thin layer chromatographyll,12 and nuclear magnetic resonance3
,4 

(NMR). NMR would allow the degree of branching to be quantified, which would in turn 
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allow a correlation to be established between the degree of branching and observed 

morphology. 

Figure 5.6. TEM micrograph of inverse core-shell morphology resulting from 

the use of AIBN as initiator for second stage polymerisation. 

Grid has been stained with uranyl acetate and ruthenium 

tetroxide. 

If grafting of polystyrene to poly(vinyl acetate) were proving an impediment to inverse 

core-shell morphology, then not only could the initiator type be varied, but so also could 

the initiator concentration and reaction temperature. In terms of reducing the amount of 

branching resulting from hydrogen abstraction (both by initiator and growing polymer 

radical), reducing the temperature would have a beneficial effect. However, lowering the 

temperature could have the undesired side effect of slowing diffusion to such an extent that 

the thermodynamically favoured inverse core-shell morphology was not able to form. 

Decreasing the amount of initiator should also reduce the level of branching, by reducing 

the number of graft sites formed from hydrogen abstraction by initiator. 
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5.6 Formation of Concentric Core-Shell Particles: Considerations 

The micrographs in this chapter indicate that core-shell morphology can be produced via 

the inverse core-shell route. It was possible to create particles that had one polystyrene 

domain per poly(vinyl acetate) seed particle, without the OCCUlTence of secondary particle 

formation. However, the micrographs illustrating this inverse core-shell morphology do 

not show the polystyrene domains as being predominantly in the centre of the seed 

particles, i.e., even in the case where core-shell morphology was synthesised via the 

conventional route using a small polystyrene seed, the cores did not appear to be 

concentric with the particles. This deviation of the core from the particle centre, as 

observed with TEM, could be explained in a number of ways. 

The first possibility was that the particles did in fact have cores located in the geometric 

centre when they were still in the latex. It was possible that a change of morphology 

OCCUlTed when TEM sample preparation was undertaken. By changing how an emulsion 

system exists, TEM techniques may change the particle morphology. This explanation is 

quite reasonable, especially in the inverse core-shell case where sufficient polymer 

mobility was needed to obtain the formation of one domain, i.e., this mobility could enable 

the morphology to change at a later stage. Comparison of the CF:ST-VA4 and CF:ST

VA5 latices in Figure 4.6 (conventional core-shell with small polystyrene seeds) indicated 

that poly(vinyl acetate) migration might have occurred after the latex was deposited on the 

grid. This was because the two latices were identical apart from the use of 1-dodecanethiol 

in the second-stage synthesis of the poly(vinyl acetate) shell for CF:ST-VA5. The 

poly(vinyl acetate) layer mobility would be significantly higher in this case than when no 

chain transfer agent was used. 

It can be seen from Figure 4.6 that with the larger poly(vinyl acetate) chains, continuous 

shells were observable, but with the smaller poly(vinyl acetate) chains this was no longer 

the case. Of course in making both latices, there was every reason to expect genuine 

poly(vinyl acetate) shells. So the morphology had perhaps changed between synthesis and 

examination with TEM. This is particularly important as most of the latices of this chapter 

were synthesised with 1-dodecanethiol. 

When the paI1icles were no longer sUlTotmded by water as they were in the latex, the 

thermodynamic forces that drove the morphology could be expected to change. For 
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instance, the interfacial tension between the aqueous phase and polymer phase was 

responsible for driving the polystyrene away from the particle surface to form the inverse 

core-shell morphology. With the water removed as the latex was allowed to dry onto the 

TEM grid, this driving force was also removed. Thus, if the particle had sufficient internal 

mobility, then rearrangement to leave the polystyrene at the surface could occur. This 

morphology change would not normally be possible, as the poly(vinyl acetate) (and 

polystyrene) were below their Tg's at room temperature. However, staining with 

ruthenium tetroxide involved heating the sample to ~40°C (see Subsection 4.2.2 for 

details), which would greatly increase the mobility of the poly(vinyl acetate). Another 

occasion where poly(vinyl acetate) may be heated sufficiently to allow a change in 

morphology was in the electron beam of the microscope. Absorption of electrons by the 

sample results in localised heating which may be enough to allow a change in morphology. 

Methods to overcome these problems include drying and viewing the sample at cryogenic 

temperatures,13 the use of imbedding techniques discussed in Subsection 4.2.3, or some 

form of polymer cross-linking. By drying the sample at well below the of poly(vinyl 

acetate), and then not allowing the sample to exceed this value before imaging has taken 

place, the morphology present in the latex should be better preserved. Imaging the sample 

at cryogenic temperatures also results in less damage to the sample. Using low 

temperatures would present a problem if vapour staining was desired, even if the frozen 

sample could be exposed to the vapour, the rates of ruthenium tetroxide diffusion and 

reaction would be considerably reduced. The use of sectioning would prevent changes in 

morphology once the latex particles were encapsulated in the cured epoxy resin. However, 

there would exist the possibility that the morphology could change during the process of 

replacing the aqueous phase with ethanol and then epoxy resin (due to the interfacial 

tension between polymer and solvent varying as the continuous phase was changed), or as 

a result of plasticisation by the epoxy resin components before curing. The use of some 

form of cross-linking to immobilise the morphology present in the latex is not without its 

problems. It would not be possible to determine if the process of using some form of 

cross-linking was in itself responsible for a change in morphology compared with a latex 

where none was employed. Cross-linking should be easier to implement in the case of 

conventional core-shell production, as the second stage polymer could be immobilised as it 

accumulated, rather than the inverse core-shell case where cross-linking of a soft outer 

shell must wait until the completion of the reaction. If the shell polymer was cross-linked 
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m an inverse core-shell polymerisation before the core domain had formed, then the 

formation of the desired morphology would most likely be prevented due to a reduction in 

chain mobility (genuine cross-linking would result in an even larger reduction in chain 

mobility than would result from the excessive branching that gave rise to the multiple 

polystyrene domains in Section 5.3). 

Another possibility for the existence of non-centred cores in composite particles arises 

from the way they were created. When the second-stage polymer is more hydrophilic than 

the seed, minimisation of energies would suggest that a continuous shell layer should form. 

This of course assumes that entry occurs frequently and at random across the particle 

surface, and that hydrophilic monomer is also available with uniform ease throughout the 

surface layer. When the inverse core-shell route was used then the minimisation of energy 

should drive the newly formed core away from the particle surface. Once the core polymer 

was no longer in contact with the surface there should no longer be any great 

thermodynamic forces to push it further toward the centre of the particle. This was 

because the interfacial tensions were dependent on the areas of the interfacial layers, and 

these areas were the same wherever the core was located in the particle (as long as it was 

away from the particle/water interface). Thus inverse core-shell particles need not have the 

concentric structure that constitutes perfect core-shell structure. 

The micrograph of Figure 4.5 illustrating core-shell particles formed via the conventional 

route with small polystyrene seed did not show the expected concentric morphology. 

There was no apparent reason for this. Examination of this micrograph revealed that the 

shell at least appeared to be continuous, i.e. the darker polystyrene cores appeared to be 

surrounded by a layer ofpoly(vinyl acetate), the edge of which was highlighted by a ring 

of uranyl acetate stain. Of course this did not preclude the polystyrene domains from being 

at the particle surface and aligning in such a manner that they were at the very top or 

bottom of the particle. In this orientation they would still appear as having a complete 

layer ofpoly(vinyl acetate) around them, as the TEM image is a two-dimensional mapping 

of three-dimensional structure. This possibility was not considered likely, as there was no 

driving force for this to occur. The observed continuity of the shells in the conventionally 

synthesised core-shell latices was not apparent in those synthesised by the inverse core

shell route. In the micrographs of this chapter it appeared that the shell layer may not be 

continuous, i.e. the polystyrene domains may not be completely covered with poly(vinyl 
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acetate). The existence of polystyrene at the particle surface was quite difficult to prove or 

disprove with TEM. This was because even a thin layer of poly(vinyl acetate) would be 

enough to prevent polystyrene from residing on the surface. Thin layers of poly(vinyl 

acetate) were very difficult to detect by observation with This was mainly a result 

of the poor natural contrast between the polystyrene, poly(vinyl acetate) and support film. 

In order to establish the presence of a layer of poly(vinyl acetate) a selective stain would be 

needed that would allow detection of po1y( vinyl acetate). Other techniques that allow the 

detection of polystyrene at the surface could also be used. 

5.7 Modification of the Surface Tension to Drive the Polystyrene Domain From the 

Particle Snrface 

The hydrophobicity of polystyrene in relation to poly(vinyl acetate) was the property 

which allowed the formation of inverse core-shell morphology. Polystyrene prefers to 

move away from the aqueous phase, to the particle centre. If the difference between the 

stability of the poly(vinyl acetate) and polystyrene with the aqueous phase could be 

increased, then the likelihood of inverse core-shell morphology forming would be 

increased. 

5. 7.1 Removal of Residual Peroxydisulfate 

The switch to an organic-phase initiator from ionic peroxydisulfate for the second phase 

styrene polymerisation was in part dictated by a desire to prevent chains forming with 

charged end-groups. Having an uncharged initiator derived end-group will not stabilise the 

chain at the particle surface, and because polystyrene is more hydrophobic than poly(vinyl 

acetate) it will tend to result in polystyrene not being found at the particle surface. It can 

be seen by comparing Figure 4.13 with Figure 5.1 that switching to an uncharged initiator 

resulted in a much smaller polystyrene interface with the aqueous phase. In changing the 

second stage initiator to benzoyl peroxide, it was assumed that all initiation was occurring 

in the particles as a result of benzoyl peroxide dissociation. In reality there would have 

been residual peroxydisulfate in the aqueous phase from the vinyl acetate seed 

polymerisation. This will be able to effect some initiation in the aqueous phase during 

second-stage polymerisation in the same way as would occur in the absence of the benzoyl 

peroxide initiation. The chains initiated by these radicals will carry a charged end-group, 
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and so will tend to be surface anchored. Once a polystyrene domain formed near the 

particle surface, other polystyrene chains would congregate in this domain, even ones 

initiated by benzoyl peroxide. Even a small amount of initiation by residual potassium 

peroxydisulfate could affect morphology as indicated. 

A rough estimate of the concentration of peroxydisulfate at the beginning of the second 

stage polymerisation can be determined from its dissociation coefficient in the absence of 

catalysed decomposition. From the relationship for temperature dependence given in 

Section 3.9, a kd of 2.25 x 10-5 s-I was determined for 70°C. If a total seed reaction time of 

4 hours was assumed, then the peroxydisulfate concentration will have reduced from 

7.4 x 10-3 mol L-1 to 5.3 X 10-3 mol L-1 at the end of the CF:VA2 polymerisation. Further 

dilution would result in the peroxydisulfate concentration being reduced to 3.6 x 10-3 

mol L-1 when the second stage polymerisation commenced. This value would be a gross 

overestimate, due to catalysed decomposition by vinyl acetate during seed preparation, 

dissociation while the seed was stored (at room temperature) and dissociation during the 

time spent getting the second-stage polymerisation ingredients up to the reaction 

temperature of SO°C. However, this potassium persulfate concentration would still be 

sufficient to give rise to significant aqueous-phase initiation. 

Taking the above argument into account, it would be advantageous to prevent initiation 

from the peroxydisulfate from occurring in the second stage polymerisation, in order to 

reduce the possibility that polystyrene domains at the particle surface were being stabilised 

there by charged sulfate groups. This could be achieved in a number of ways. The most 

thorough method would be to carry out dialysis of the poly(vinyl acetate) latex before 

employing it as a seed in a benzoyl peroxide initiated styrene polymerisation. This is a 

time consuming method however, and can be replaced by other methods that rely on 

deactivation of the peroxydisulfate. The least sophisticated is to heat the latex to high 

temperature to thermally decompose the remaining persulfate, which would also remove 

some of the peroxides that are responsible for significant spontaneous polymerisation. 14
,15 

At temperatures above 90°C the half-life of potassium peroxydisulfate is a matter of 

minutes, so the heating period need not be very long. Another way to accomplish the 

deactivation of peroxydisulfate is through the use of sodium metabisulfite. The addition of 

this chemical has the effect of reducing peroxydisulfate in the aqueous phase. 16 
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Reaction conditions for inverse core-shell polymerisation where 

sodium metabisulfite has first been added as an aqueous-phase 

initiator chaser. 

Temperature IOC 

Stirring 

Turbine type 

Distance from reactor floor Imm 

Speed Irpm 

Seed latex recipe (Table 2.5) 

Seed latex Ig 

Water Ig 

Sodium metabisulfite Ig 

Styrene to swell seed Ig 

Benzoyl peroxide (including water) Ig 

Styrene to dissolve initiator Ig 

StyIPV Ac mass ratio 

CF:VA-ST13 

80 

6 pitched blades 

34 

400 

CF:VA2 

300 

100 

1.0 

0.70 

11.25 

0.125 

To assess the morphological effects of using sodium metabisulfite to remove unreacted 

peroxydisulfate, the following reaction was carried out. The poly(vinyl acetate) seed latex 

used was CF:V A2. Sodium metabisulfite dissolved in water was added to the reactor with 

seed latex in order to reduce the peroxydisulfate in the aqueous phase. Twenty minutes 

was allowed after the reactor vessel had reached the target reaction temperature for the 

metabisulfite to react with the last of the peroxydisulfate before the styrene and benzoyl 

peroxide were added to commence second-stage polymerisation. The reaction proceeded 

in the same manner as those of Section 5.4; the specific reaction conditions are given in 

Table 5.7. 

This latex was subjected to examination using TEM, to determine if the addition of sodium 

metabisulfite had enabled the polystyrene domains to shift away from the particle edges. 

As can be seen in Figure 5.7, there has not been a change in the morphology as a result of 

metabisulfite addition (see 5.3-A for micrograph of a similar latex where potassium 

peroxydisulfate was present for the second-stage polymerisation). This would indicate that 
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while initiation in the aqueous phase may not help in the achieving the goal of producing a 

polystyrene domain away from the particle edge, it was not the only reason this 

morphology occurred. 

Figure 5.7. TEM micrograph ofpoly(vinyl acetate) seeded styrene reaction 

where residual peroxydisulfate has been removed with sodium 

metabisulfite. Grid has been stained with uranyl acetate and 

ruthenium tetroxide. 

5.7.2 Use of Suiface Active Monomers in the Creation of Poly(vinyl acetate) Seed 

The previous section discussed a way of reducing the possible affinity a polystyrene 

domain might have for the aqueous phase by eliminating charged initiator derived end

groups. A complementary strategy to this was to increase the affinity of poly(vinyl 

acetate) chains for the aqueous phase. As has already been shown, having a charged 

initiator end-group gave polymer chains greater stability at the particle-water interface. 

This can be expanded further, by incorporating charged functionality along the polymer 

chains ofthe seed particle. This type of approach has been used to force inverse core-shell 

morphology to occur when the hydrophobicities of the two polymer types would naturally 

give a conventional core-shell morphology.I7 In the current case the requirement was to 
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further assist the particles to form the already thermodynamically favoured inverse core

shell morphology. 

Charged functionality can be incorporated into a poly(vinyl acetate) chain by 

copolymerisation with such monomers as sodium l-allyloxy-2-hydroxypropane sulfonate 

(Sipomer COPS 1) and sodium vinyl sulfonate (SVS), whose structures are illustrated in 

Figure 5.8. 

i-

Na 

Figure 5.S. Structure of sodium l-allyloxy-2-hydroxypropane sulfonate (left) 

and sodium vinyl sulfonate (right). 

Siporner COPS 1 was copolyrnerised with vinyl acetate to assess the effect on morphology 

of having such charged functionality in the chains of the poly(vinyl acetate) seed. The 

recipe was similar to CF:V A2, but Sipomer COPS 1 was added with the initial charge of 

vinyl acetate. The reaction conditions for this reaction, CF:VA4, were given in Table 2.5. 

Adding the Sipomer COPS 1 at the beginning of the polymerisation may have affected 

particle nucleation, as it was completely soluble in the water phase. Adding Sipomer 

COPS 1 at the start of polymerisation would result mainly in incorporation into chains 

formed at early times. In the normal course of events, these would be covered by polymer 

formed at later times, but this was not expected due to the charged groups keeping the 

chains at the particle surface. The chain transfer agent added in the formation of this seed 

latex would improve chain mobility, and hence enhance the probability of these chains 

remaining at the particle surface. This seed was then used in the same manner as CF:V A2 

in a benzoyl peroxide-initiated styrene polymerisation. The procedure was the same as 

described in Section 5.3, with the specific conditions given in Table 5.8. 



Investigations into Particle Morphology 

Table 5.S. Reaction conditions for benzoyl peroxide initiated inverse core

shell polymerisation employing a poly(vinyl acetate)/Sipomer 

COPS 1 copolymer seed. 

Temperature fOC 

Stirring 

Turbine type 

Distance from reactor floor Imm 

Speed Irpm 

Seed latex recipe (Table 2.5) 

Seed latex Ig 

Water Ig 

Styrene to swell seed Ig 

Benzoyl peroxide (including water) Ig 

Styrene to dissolve initiator Ig 

StylPVAc mass ratio 

CF:VA-ST14 

80 

6 pitched blades 

34 

400 

CF:VA4 

300 

100 

0.70 

11.25 

0.125 
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The CF:VA-ST14 latex was subjected to TEM to assess the morphological effects of 

incorporating Sipomer COPS 1 into the seed latex. A typical micrograph is illustrated in 

Figure 5.9, which again shows no departure from the morphology observed in Figure 5.3-

A, where the polystyrene domains appear to be located at the particle surface. One 

possible explanation was that Sipomer COPS 1 is allylic, and the stability of the resonance 

structure means it does not readily polymerise. Thus it was possible that the Sipomer 

COPS 1 was not incorporated into the poly(vinyl acetate) chains as intended. This could 

have been investigated by analysing seed latex CF:VA4 for unreacted Sipomer COPS 1. 

However, this was not done. Another possibility was that Sipomer COPS 1 only ended up 

in a small fraction ofthe poly(vinyl acetate) chains, for whatever reason. 

Results with the other surface-active monomer of Figure 5.8, SVS, are presented in the 

fo llo wing section. 
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Figure 

Chapter 5 

TEM micrograph of styrene polymerisation in the presence of a 

poly(vinyl acetate)/Sipomer COPS 1 copolymer seed. Grid has 

been stained with uranyl acetate and ruthenium tetroxide. 

5.8 Use of Poly(butyl acrylate)/Poly(vinyl acetate) Seed for 

Polymerisation 

Core-Shell 

All the methods used in attempts to obtain concentric core-shell structure via the inverse 

route discussed in this chapter were incorporated into a recipe first reported by 

Vandezande and Rudin, who effected this morphology in a system employing a poly(butyl 

acrylate )/poly( vinyl acetate) seed into which was polymerised styrene. 18 Copolymers of 

butyl acrylate and vinyl acetate formed by emulsion polymerisation are often used in the 

coatings industry. This recipe was carried out (with only minor variations) as part of this 

work in order to verify that inverse core-shell morphology could be created when all the 

methods described in this chapter were employed. Private communications from Gerald 

Vandezande are acknowledged as helping to carry out this work However, it is stressed 

that all the work of the preceding sections was carried out independently. 
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5.B.1 Poly(butyl acrylate)lPoly(vinyl acetate) Ab Initio Polymerisation 

Vandezande reports that his seed polymer, which contains poly(butyl acrylate), is so 

surface active that it is found at the particle surface even after a subsequent vinyl acetate 

polymerisation. 19 This is due mainly to the presence of the charged functionality derived 

from the sodium vinyl sulfonate in the seed. This charged functionality makes the seed 

polymer more hydrophilic than the newly formed poly(vinyl acetate), which results in this 

second-stage poly(vinyl acetate) migrating away from the particle surface. 

The butyl acrylate/vinyl acetate recipe (CF:VBl) used in this work to capture the essential 

characteristics of the Vandezande recipel8 was carried out as follows, with quantities 

detailed in Table 5.9. The reactor was charged with 250 g water and heated to 70°C. 

Stirring was started at the indicated rate and nitrogen flushing begun in the normal manner. 

Monomer, water and surfactant were emulsified in a separate reservoir, and an initial 

portion of this was added to the reactor along with ammonium peroxydisulfate initiator 

solution. The reaction temperature was increased to 80°C over 20 minutes. Sodium vinyl 

sulfonate, 1-dodecanethiol and sodium hydrogencarbonate dissolved in water were added 

to the pre-emulsion. When the temperature reached 80°C the monomer feed was started. 

The pre-emulsion was added to the reactor over 220 minutes, with the feed starting at 1.1 

g min- I and increasing to 3.9 g min-' by 0.4 g min- I increments every 30 minutes. A 2.25 g 

amount of initiator solution was added every 30 minutes while the monomer feed was 

progressing. The reaction was allowed to react further for one hour after completion of the 

monomer feed; a quantity of sodium metabisulfite solution was then added to reduce 

residual peroxydisulfate. 

The CF:VB I recipe embodies all the techniques and principles detailed in this chapter for 

use with seed latices in order to encourage a second polymerised monomer to form a core 

in each particle centre. The specific chemicals employed in this recipe and their intended 

functions can be sunnnarised as follows. 1-Dodecanethiol (chain transfer agent) was 

added to reduce the chain length and thus increase the mobility of species in the particle 

phase. This should result in polymer from a second polymerised monomer being able to 

migrate into a single domain. Sodium vinyl sulfonate was copolymerised with the other 

seed monomers in order to stabilise the particle-water interface. This makes it 
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energetically more favourable for the seed polymer to have an interface with the water 

rather than any second polymerised monomer. 

Table 5.9. Reaction conditions for the creation of a Vandezande type butyl 

acrylate/vinyl acetate copolymer seed latex. 

Temperature /oC 

Stirring 

Turbine type 

Distance from reactor floor /mm 

Speed /rpm 

Pre emulsion 

CF:VBI 

70 to 80 

6 pitched blades 

34 

400 

Water /g 150 

Vinyl acetate /g 332.5 

Butyl acrylate /g 61.5 

Sodium dodecyl benzene sulfonate /g 0.22 

Initial reactor charge 

Pre emulsion /g 

(NH4)zSzOs /g 

Water /g 

Monomer feed 

Pre-emulsion /g 

Sodium vinyl sulfonate solution /g 

I-Dodecanethiol/g 

NaHC03 /g 

Water /g 

Feed rate /g min-I 

Initiator feed 

(NH4)zSzOs /g 

Water /g 

Feed rate /g min-1 

Sodium metabisulfite /g 

Water /g 

40.0 

0.25 

270.0 

504 

15.0 

2.0 

0.85 

16.0 

1.1-3.9 

0.27 

18.0 

0.075 

1.0 

20.0 
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Sodium metabisulfite was added at the conclusion of the seed polymerisation to react with 

residual peroxydisulfate, in order to prevent it from initiating polymerisation when the 

latex was used as a seed in a subsequent polymerisation. 

Other features of the CF:VB1 recipe are related primarily to its origin being traceable to 

recipes used in the manufacture of surface coatings. The use of butyl acrylate, sodium 

benzene sulfonate and ammonium peroxydisulfate fall into this category: they confer no 

obvious advantage for obtaining inverse core-shell morphology over the ingredients used 

in the other seed recipes of this chapter. In fact, having butyl acrylate as a co-monomer 

will hinder the formation of inverse core-shell morphology as a result of being 

considerably more hydrophobic than vinyl acetate. Poly(butyl acrylate) is also more likely 

to facilitate the abstraction of hydrogen atoms than poly(vinyl acetate),3,20 thereby leading 

to more grafting of polystyrene during second stage polymerisation. The use of lower 

temperature during the particle formation period, and a slow monomer and surfactant feed, 

were both techniques aimed at achieving a large, monodisperse particle distribution. 

A lower temperature reduced the number of particles that formed (see Chapters 3 and 4 for 

a discussion of this), and gradual addition of monomer and surfactant promoted controlled 

growth and the suppression of new particle formation due to lower monomer and micelle 

concentrations respectively. 

5.8.2 Use of Poly(butyl acrylate)IPoly(vinyl acetate) Seed Latex to Create Inverse Core

Shell Morphology 

The latex described in Subsection 5.8.1 was used by Vandezande as a seed latex, in both 

vinyl acetate polymerisation19 and styrene polymerisation?l It was the latter type that was 

of interest in this work, in order to create a polystyrene-poly(vinyl acetate) inverse core

shell latex (albeit with some butyl acrylate copolymerised into the shell). Thus styrene 

polymerisations were attempted using the CF:VB1 latex as a seed, to allow assessment of 

the combined effect of all techniques discussed in this chapter. The first reaction type 

involved the use of AIBN as the initiator for the styrene polymerisation. The reaction was 

carried out in much the same way as other reactions in this chapter, with reaction 

conditions for this CF: VB-ST1 reaction detailed in Table 5.10. 
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Table 5.10. Reaction conditions for styrene polymerisation in the presence of 

CF:VBl seed latices. 

CF:VB-STI CF:VB-ST2 CF:VB-ST3 

Temperature /oC 80 80 80 

Stirring 

Turbine type 6 pitched 6 pitched 6 pitched 
blades blades blades 

Distance from reactor floor /mm 34 34 

Speed/rpm 300 300 300 

Seed latex recipe (Table 5.9) CF:VBl CF:VBl CF:VBl 

Seed latex / g 240 120 120 

Water /g 100 200 200 

Styrene to swell seed /g 

Initiator AIBN AIBN BPO 

Weight /g 0.67 0.53 0.67* 

Styrene to dissolve initiator /g 80.0 10.0 10.0 

Sty/(PV Ac-PBA) mass ratio 0.91 0.23 0.23 

*Weight includes 25% water 

TEM examination of this latex, as illustrated in Figure 5.10, revealed that one polystyrene 

core per particle had formed, and this was located very close to the particle centre. That 

the polystyrene domain is located close to the particle centre may be explained by the size 

of these domains. A large polystyrene domain cannot be located far from the particle 

centre, in contrast to a small domain, the centre of which can be located well away from 

the particle centre (e.g. see Figure 5.9). The poly(vinyl acetate)/poly(butyl acrylate) shell 

layer around each particle in Figure 5.10 did appear to be continuous. This might be 

largely explained by the presence of SVS in the chains of the seed particles. Adding SVS 

with the monomer feed in the creation of the seed would help to ensure that chains created 

through the course of the polymerisation would all contain the sulfate functionality, and 

hence be more stable at the particle surface than the second polymerised styrene. 
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Figure 5.10. TBM micrograph of CF:VB-ST1 latex stained with uranyl 

acetate and ruthenium tetroxide. 
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Two more reactions were carried out using the same method, but with a lower ratio of 

styrene to seed polymer. Less styrene was used in an to attempt form a latex in which a 

continuous shell layer could be observed. The reduction in styrene added would result in 

the shell being a larger proportion of the particle diameter, and hence easier to observe 

with TEM. AIBN was used to initiate one second stage polymerisation, and benzoyl 

peroxide the other, so any resulting morphology differences could be observed. The 

reaction conditions for CF:VB-ST2 and CF:VB-ST3 are given in Table 5.10. The two 

latices were examined using TBM to determine the resultant morphology as illustrated in 

Figure 5.11. The reduction in styrene amount resulted in the morphology shifting from the 

single polystyrene domain per particle observed earlier to one of many polystyrene 

domains. There are several possible reasons for this striking difference. One was 

decreased polystyrene mobility as a result of the particles being swollen with less 

monomer. Another is that one actually starts with a "fruitcake" morphology in these 

systems, but by having a large amount of styrene allows all these small polystyrene 

domains to grow into each other to form a single polystyrene domain. Whatever the case, 

these results show that morphology depends very markedly on the ratio of seed to second 

stage polymer. Another result from Figure 5.11 was that the latex made with AIBN 

appears to have fewer polystyrene domains than that made with benzoyl peroxide. This 

suggests that use of benzoyl peroxide could indeed give rise to formation of poly(vinyl 
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acetate)-g-polystyrene chains, but that this does not occur as much with AIBN. This is all 

discussed earlier in Subsection 

Figure 5.11. TEM micrograph ofCF:VB-ST2Iatex (left) and CF:VB-ST3 

latex (right). Grids have been stained with uranyl acetate and 

ruthenium tetroxide. 

Now it is interesting to compare the results of Figure 5.11 with those of Section 5.4, in 

which experiments were approximately the same as here except that the seed contained no 

poly(butyl acrylate). It is evident that in the present case far more polystyrene domains 

have formed. This difference between this morphology and that observed earlier for 

poly(vinyl acetate) seeds could be attributable to it being easier to extract hydrogen atoms 

from poly(butyl acrylate) than from poly(vinyl acetate), and the larger size of the CF:VB1 

latex particles in relation to the poly(vinyl acetate) seeds. The CF:VB 1 particles are 

approximately 150 nm in radius, and this extra size means that more diffusion must occur 

in order that only one polystyrene domain per particle formed. The idea about chain 

transfer to poly(butyl acrylate) remains to be rigorously tested. 

Use of Commercial Poly(vinyl acetate) Wood Adhesive Base Latex as Seed for 

Styrene Polymerisation 

The latices used as seeds in this chapter were much smaller than those desired for the 

overall aim of this project. For reasons outlined in Chapter 3, the creation of large 

mono disperse poly(vinyl acetate) latices via a persulfate-initiated route was not an easy 
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task. They can be created using other methods (such as the use of an organic-phase 

initiator to grow a mono disperse seed latex). If the requirement that the seed be 

mono disperse were dispensed with, then there exists the possibility of using a commercial 

poly(vinyl acetate) wood adhesive as the seed latex. Latices made as wood adhesives tend 

to be stabilised with poly(vinyl alcohol), which amongst other factors tends to give a large 

average size and polydisperse particle size distribution. The increase in size that would 

result from the polymerisation of a second monomer inside a large seed was not thought to 

be significant in terms of the final latex and film properties. If the polymerisation of an 

equal amount of monomer to seed polymer was carried out, the particles would only 

increase in radius by 26% (assuming that all polymerisation occurs in the seed particles). 

As long as the morphology that is created can be identified, then this approach should yield 

information on the effects of polystyrene cores in a real world system, as opposed to the 

model systems that have been investigated so far in this work. 

Table 5.11. Reaction conditions for inverse core-shell polymerisations 

employing commercial poly(vinyl acetate) wood adhesive as seed 

latex. 

CF:VA-ST1S CF:VA-STI6 

Temperature /oC 80 80 

Stirring 

Turbine type 6 pitched blades 6 pitched blades 

Distance from reactor floor /mm 34 34 

Speed /rpm 400 400 

Seed latex (see text) commercial PV Ac commercial PV Ac 

Seed latex /g ISO ISO 

Water /g ISO ISO 

Monomer styrene vinyl acetate 

Monomer to swell seed /g 4S.0 4S.0 

Benzoyl peroxide (including water) /g 1.4 1.4 

Monomer to dissolve initiator /g 30.0 30.0 

Monomer/seed PV Ac mass ratio 1.0 1.0 
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sample of commercial poly(vinyl acetate) wood adhesive was procured from Mercator 

Technologies in Auckland, courtesy of Phil Coveny, whose help is gratefully 

acknowledged. The sample had not been compounded with chemicals such as plasticiser 

and fungicide, so as to reduce any possible morphological side effects from the presence of 

these types of chemicals. The first reaction carried out using this latex as a seed involved 

the polymerisation of styrene using benzoyl peroxide in much the same way as described 

in Section . The specific reaction conditions for this polymerisation are given in Table 

5.11. The seed latex had a solids content of 50% by weight, which necessitated the 

dilution to a level where the newly created latices were colloidally stable after the styrene 

polymerisation. In order to enable a back-to-back comparison with latices of a similar 

volume, a further polymerisation was carried out in the presence of the commercial seed. 

The reaction was carried out with vinyl acetate, rather than styrene, as this should have 

been closer to the seed polymer composition. The reaction conditions are given in Table 

5.11. 

TEM micrograph ofCF:VA-ST15 latex stained with osmium 

tetroxide vapour. 

CF:VA-ST15 and were examined using TEM in an effort to determine 

internal morphology. This task was complicated by the presence of poly(vinyl alcohol) 

from the seed latex. This polymer reacts with the ruthenium tetroxide normally used to 
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stain the polystyrene domains, rendering this staining method ineffective for determining 

the number and location of the polystyrene domain(s). However, it could be ascertained 

that no new styrene particles had been created, which was an important consideration as far 

as assessing structure property relationships was concerned. typical micrograph of the 

polystyrene containing latex (CF:VA-STI5), where the grid has been stained with OS04, is 

illustrated by Figure 5.12. No internal particle structure can be discerned from this 

micrograph. However, comparisons between this latex and the seed from which it was 

produced indicate the presence of a non-deformable core in each of the particles in the 

CF:VA-STlS latex. This strongly suggests that the aim of central polystyrene domains had 

been achieved. 

TEM examination of the CF:VA-STI6 latex (not shown) indicated that the morphology 

may have been the same as that observed for CF:VA-STI5, in that the second-formed 

polymer appeared to be located in a single domain in the centre of each particle. The TEM 

micrographs did not show conclusive proof of this, but observation of the latex particles as 

they were exposed to the electron beam did provide evidence for the existence of a hard 

core in each particle. This was not expected as the thermodynamic forces pushing the 

polystyrene to the centre of the particle are reduced when the second polymerised 

monomer was vinyl acetate. The poly(vinyl alcohol) used in the production of the seed 

latex might have been sufficiently stable at the particle surface to drive the formation of 

inverse core-shell morphology. Another possibility is that an unknown ingredient in the 

commercial poly(vinyl acetate) recipe may be acting to keep the original poly(vinyl 

acetate) molecules in shells. 

The work of Chapters 3 and 4 showed that even if potassium peroxydisulfate were used in 

synthesising CF:V A-STI secondary nucleation should not occur. Using benzoyl 

peroxide should however, greatly increase the probability of inverse core-shell morphology 

forming, rather than other possible morphologies. But with CF:VA-STI6, new particles 

would be expected to form if potassium peroxydisulfate was used to initiate the second

stage polymerisation (remembering that the commercial poly(vinyl acetate) latex has an 

average particle radius around 500 nm). Using benzoyl peroxide had presumably vastly 

reduced the amount of secondary nucleation. 
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The primary aim of carrymg out these two polymerisations was to evaluate the 

performance of the product latices as adhesives. As a result these latices were subjected to 

physical testing, and the results are reported in the next chapter. 

Finally, the idea of using a commercial poly(vinyl acetate) sample as a seed for a second

stage polymerisation is stressed. This method seemed to work well in producing core-shell 

polymers. It was thus an excellent way of testing ideas for improving polymer 

performance. Making seeds from scratch generally gave latices that were difficult to use 

for testing theories about structure-property relationships. 

S.10 Conclusions 

The work of this chapter has focussed on creating particles with polystyrene cores and 

poly(vinyl acetate) shells using the inverse core-shell method. This method was needed as 

a result of experimental and modelling evidence showing that large particles of this core

shell type could not be created, using the conventional route without the occurrence of 

secondary nucleation. number of techniques have been trialled in order to obtain this 

type of morphology. The original attempts concentrated on obtaining particles with only 

one polystyrene domain per particle. These attempts were successful; the only change 

required was a reduction in the polymer chain length, which was effected by the addition 

of chain transfer agent. Subsequent work attempting to create latices with a core located at 

the particle centre had not been as successful. It was possible that this morphology had 

formed, and that TEM had not generally given an accurate indication of the actual particle 

structure in the latex form. The work of this chapter had concentrated solely on how fine 

details of morphology were related to chemistry. No attempt was made in this work to 

relate fine details of morphology to performance, e.g., does a perfectly concentric core

shell morphology give a better perfonning polymer? In the next chapter only relationships 

between gross morphology (e.g. core-shell versus blend) and material properties are 

sought. 
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Physical 

6.1 Introduction 

As described in Chapter 1, poly(vinyl acetate) based adhesives are very versatile products 

with many desirable features. Unfortunately their use is restricted by shortcomings such as 

low resistance to creep, poor water resistance and having low strength at high temperature. 

The work described in this chapter aimed to relate the microscopic structure of the latices 

of the previous two chapters to their performance as wood adhesives. The main latex 

characteristics of interest were the particle size and the particle morphology. The particle 

size was relatively easy to control, and could be measured by anyone of a number of 

methods; the techniques used in this work were detailed in Section 2.7. The particle 

morphology was less easy to control, and a great deal of effort was expended in the 

creation of latices that had the desired core-shell structure. In parallel with this has been 

the development and application of TEM techniques to allow these morphologies to be 

characterised. 

Assessing the performance of a latex in the role of a wood adhesive is a very complicated 

task. There are a large number of macroscopic characteristics that determine the overall 

qualities of an adhesive; many of these are unrelated, and some may even be in conflict. 

Thus, there is no one test that a latex based adhesive can be subjected to that will evaluate 

all the characteristics that are needed for a good adhesive. As a result a decision must be 

made as to the type of characteristics that are of interest, and a test ( or tests) devised to 

examine these characteristics. 

6.2 Correlation Between of Adhesion 

Tests of adhesion are a means of assessing or quantifying properties of an adhesive so that 

the suitability of that adhesive for a particular purpose might be evaluated. This can either 

be used to compare various types or formulations of adhesives, or as a quality-control 

measure to assess variations in a gluing process. Because the test will invariably be a 
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simulation of the conditions and stresses encountered in a real world situation, it should be 

borne in mind that the results obtained might not accurately reflect the performance of the 

adhesive in service. 

The latices produced using the methods described in the previous two chapters (with the 

exception of those in Section 5.9) were not synthesised or compounded for use as wood 

adhesives. Therefore, they lacked many of the performance improving chemicals used in a 

typical poly(vinyl acetate)-based wood adhesive. Such additives include poly(vinyl 

alcohol), which is used in the synthesis and also post-added to increase wood adhesion and 

viscosity, and plasticisers that lower the temperature at which a film will form. Creating 

and compounding the latices without such additives was done so these chemicals could not 

affect the determination of adhesive properties, but at the same time has meant that the 

performance in many of the usual tests of adhesion was very low. The approach of not 

synthesising these polymers with additives to improve adhesion was selected primarily to 

give increased control over such properties as the size and size dispersity of latex particles. 

Of course by including extra additives, control is often lost over the properties of the latex 

produced, such is the nature of emulsion polymerisation. Good control over fundamental 

latex properties was considered more important for this investigation than achieving good 

adhesion, so long as the relative performance characteristics were not altered by the 

absence of these chemicals. Some of the tests described in this chapter were carried out in 

the absence of wood, because wood samples could not be adequately bonded by the latices 

as synthesised, as they lacked the necessary additives. Other testing was carried out using 

a wood substrate, either accepting problems with low viscosity and poor adhesion, or 

partially addressing them through the addition of a poly(vinyl alcohol) solution prior to 

testing. Part of the work in this chapter has focussed on the correlation of results obtained 

by testing latices in both the presence and absence of wood substrates. 

6.3 Test Methods Utilised of this Work 

The shortcomings in adhesive performance of poly(vinyl acetate) adhesives identified in 

Chapter 1 were responsible for the focus of this project being incorporation of core-shell 

morphology into the particles. The use of core-shell morphology was thought to have 

possible beneficial effects as far as heat and water resistance were concerned. The primary 

testing objective was to assess the change in strength that would result from the inclusion 
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of polystyrene as core-shell morphology. It was envisaged that if strength could be 

improved under ambient conditions then this might translate to other conditions. 

6.3.1 Sarnple Preparation Involving Latex Freeze-Drying 

The latices produced in the course of this work were usually unsuited to immediate use as a 

wood adhesive. The three primary reasons for this were as follows. 

(i) The latices were usually in the order of 30% solids content. This was due to a 

desire to use only conventional ionic surfactants, and still have latices with a 

reasonable degree of colloidal stability. The use of steric stabilisers such as alkyl 

phenyl ethoxylates would have allowed a higher solids content without the risk of 

coagulation, l but this would have introduced another variable into interpretation 

of the testing results. Such low solids content meant that a lot of water needed to 

be lost in order to form a film, whether between two pieces of wood, or on a glass 

slide. When an emulsion forms a film, the water must leave in order that the 

particles can coalesce to form a continuous layer. When this loss of water occurs, 

it is accompanied by shrinkage in the forming film. If the film does not remain 

sufficiently plastic then this shrinkage will result in the formation of cracks, and a 

weak or discontinuous film. 

(ii) The latices were of low viscosity, which caused problems with bond formation by 

allowing the glue to diffuse into the wood and out from the joint before it cured as 

a film. The high viscosity of a typical poly(vinyl acetate) wood adhesive is 

primarily due to the addition of poly(vinyl alcohol). The typical range of 

viscosities for commercial adhesives is 5000-20000 centipoise (CP),2 whereas the 

viscosities of latices produced in the course of this work had viscosities close to 

water's viscosity of 0.9 cPo Increased solids content can also contribute to a 

higher viscosity, but not nearly to the degree given by added protective colloids. 

(iii) The relatively high minimum filming temperature of the latices produced in this 

work meant that cohesive films were not easily formed. Latices with minimum 

filming temperatures significantly above ambient temperature dry to give a chalky 

textured film with very little strength. This problem is surmounted in commercial 
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latices by the inclusion of plasticisers, solvents and co-monomers in order to 

lower the minimum filming temperature. 

The initial method used to address this lack of suitability to join wood test pieces, or even 

to form cohesive films in the absence of a wood substrate was the use of freeze-drying to 

prepare samples for testing. This method had the distinct advantage that a film could be 

prepared from almost any latex, even those with very low solids contents, low viscosities 

and those having high minimum filming temperatures. In theory, a test piece could be 

created with any desired dimensions; creating samples that were sufficiently thick to be 

robust was an important advantage. Freeze-drying was able to eliminate many of the 

problems associated with casting films using the method described in Subsection 6.3.2. 

There were however, drawbacks to using the freeze-drying method. The fact that no wood 

was involved in the test meant that it suffered all the problems associated with testing films 

in the absence of wood substrates. An additional disadvantage with this method was that 

the formation of films was occurring in a way that was very different to that which occurs 

between two pieces of wood, or even on a glass slide. This could result in the data 

obtained from subsequent physical testing not reflecting shortcomings that could be traced 

to film fomlation. An example of this was that polystyrene homopolymer films could be 

prepared using this method, something that was very difficult to achieve by casting films 

cast on a glass slide. 

To create the films for testing using the freeze-drying method first required the removal of 

the aqueous phase of the latex. This was done using a VirTis freeze drier at Forest 

Research in Rotorua. drying was used so as to maintain the integrity of the 

particles while the water was removed. Removing the water by drying the latices under 

ambient conditions would have resulted in the coalescence of latex particles, which was 

considered undesirable at that stage. When the latex had been freeze-dried, the resulting 

product was a powder. This powder was usually very hygroscopic, so care needed to be 

taken to keep it in a sealed container until it was pressed into a mould. 

Two different moulds were used in the course of this work to press freeze-dried latex into 

test samples: a circular mould and dumb-bell profile mould. The circular mould, 

illustrated in Figure 6.1, was used to prepare samples for analysis using dynamic thermal 

mechanical analysis (DMTA). A circular profile was chosen for its simplicity; from the 
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resulting film the rectangular test pieces for DMTA were cut (it was easier to produce a 

circular film and cut out the desired shape than it was to produce a rectangular-shaped film 

straight oft). The mould yielded discs of mm diameter; the film thickness being 

dependent on the amount of freeze-dried latex used. The mould was constructed in three 

parts to enable easy removal of the pressed film, which did have a tendency to adhere to 

the mould surface. 

Figure 6.1. The three components of the circular mould. 

Testing on a larger scale to assess tensile properties of the latices produced in this work 

required the production of samples with a dumb-bell shape. The dumb-bell design was 

preferred over other shapes (such as a rectangular specimen) because failure will normally 

occur in the neck region. It was desirable to have failure occurring away from the portion 

of the specimen where clamping occurred. The force of clamping would alter stresses 

within the sample, possibly giving a misleading result. A shape with a smooth curvature 

from the necked portion (rather than a sharp transition) was desirable to reduce the stress 

concentration at that point. The use of a dumb-bell shape meant that almost all the sample 

deformation occurred in the neck, allowing calculations to be carried out using the 

dimensions of the rectangular neck portion. Dimensions for the mould used to produce the 

dumb-bell samples was based on the ISO 37: 1994(E) standard for the determination of 

tensile stress-strain properties in rubber. This mould is shown in Figure 6.2, with the 

dimensions given in Figure 6.3. The high pressures needed to obtain a consistent film 

dictated that the mould be constructed in a manner to prevent flexing during pressing. 

Flexing would allow the polymer to flow to parts of the mould where there was not 
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normally clearance. When the mould pressure was released, this polymer would jam the 

two halves together. The mould could be stripped down to allow films to be removed 

without breakage. 

Figure 6.2. Mould used to produce dumb-bell specimens for tensile testing. 

4 

) 
25 -71 

Figure 6.3. Dimensions and curvature radii in mm for dumb-bell mould used 

to press freeze-dried polymer samples. 

The procedures adopted for creating films in the circular and dumb-bell moulds were very 

similar, so only a general procedure for both is described below. One of two techniques 

was used to stop the polymer from adhering to the mould. The first was to spray the 

internal surfaces of the mould with a release agent such as a Teflon® spray. This was done 

as often as was needed to prevent the samples from adhering. The second was to use a 

portion of oven bag between the mould and sample. A quantity of freeze-dried polymer 

calculated to give a desired specimen thickness was weighed and deposited in the mould 

cavity. The mould was then assembled and heated, using the platens of the press, to a 

temperature able to give film coalescence. The mould was pressed for sufficient time to 

enable film formation, before being cooled to facilitate film removal. 
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6.3.2 Casting Films on Glass 

Many of the latices created in the course of this work could be cast as films on a glass 

slide. The coalescence into cohesive films was aided by the use of slightly elevated 

temperatures provided by an oven thermostatted to 40°C. Casting films on a glass slide 

had the advantage over the freeze-drying method in that the mechanism by which a film 

formed more closely resembled that of a film forming between two pieces of wood. The 

method of casting films onto glass was also less time-consuming than freeze-drying. 

The procedure adopted for casting films on glass was as follows. The viscosity of the 

latices was sufficiently low that films could not be cast straight onto a glass slide; raised 

edges were needed to contain the film after pouring. The creation of these raised sides was 

accomplished with beads of silicone sealant. The troughs formed by the silicone beads 

were approximately 35 mm wide by 120 mm long. The glass was sprayed with a silicone 

lubricant prior to pouring latex into the trough, so as to prevent the film from adhering to 

the glass. 

A quantity of latex was weighed into the trough, the amount being dependent on the 

desired film thiclmess. A thiclmess of around 0.5 mm was found to be optimal for 

producing test specimens. Films thinner than this tended to be brittle, and were easily 

broken during removal from the mould and subsequent handling. Films that were too thick 

tended to give problems with slow drying. A coalesced layer would form on the film 

surface, through which the remaining water in the film could not diffuse. The latex was 

distributed over the glass to achieve a film of consistent thiclmess once drying had taken 

place. For most latices this could be accomplished by tilting the glass to allow the liquid to 

wet the entire surface. More viscous latices were spread across the glass using a spatula. 

The glass tray was placed into an oven at 40°C to allow the films to coalesce. Care was 

taken to position the tray horizontally in the oven to ensure that the latex did not run to one 

end before the film had set. Creating films with a uniform thiclmess was found to be 

important. Early trials showed that failure almost invariably occurred at the thinnest end of 

the neck when the film was subjected to tensile load. Consistent film failure at a thin end 

of the neck meant that the stress was being concentrated in this area, and that the average 

thickness measured over the neck was not an appropriate measure of film thiclmess. The 

samples were dried overnight, or longer if water was still present in the film after this time. 
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Once the films had cooled to room temperature they were usually too brittle to be removed 

from the glass. Most films could be removed by adopting the following procedure. The 

film was heated using a paint-stripping heat gun on a low setting. In this warmed state the 

JiJm was cut ca. 2 mm from its edge, and the trimmings peeled out from the mould. This 

step prevented the film edge from catching on the irregular silicone bead and breaking the 

film as it was removed from the mould. The fihn was peeled from the mould after being 

heated to a temperature where it was sufficiently pliable to enable removal without 

cracking. The rectangular films were then warmed and cut into dumb-bell shaped pieces 

for tensile testing. The cutting of the sample shape for testing was necessary due to the 

raised edge around each film resulting from the wetting interaction of latex with the 

silicone bead. This raised portion precluded the use of a mould with the dimensions of the 

desired test piece. Warming the sample was important to prevent cracking in the 

specimens as they were cut. Heating the sample to above the glass transition temperature 

of poly(vinyl acetate) made the films sufficiently plastic that fracture did not occur. 

Initially film cutting was carried out by trimming around a metal template with a sharp 

knife. This method gave poor results due to small nicks in the film edge caused by the 

knife. These nicks acted as stress points from which cracks would propagate when the 

sample was subjected to tensile stress. 

To overcome the problem of sample cutting not being reproducible, a custom-built cutter 

was procured. This cutter is illustrated in Figure 6.4. Its shape was based on the mould 

used to press freeze-dried powders that was discussed in the previous subsection. The 

design was altered, as shown in Figure 6.5, to incorporate a wider neck. This change in 

design was needed in order to create films with reasonable strength in the neck region. In 

the case of the pressed powders, the maximum thickness was determined by the height of 

the mould, which meant that samples of more than 2 mm thickness could be produced. 

The effective maximum thickness for cast fihns of around 0.7 mm meant that extra width 

in the neck region was required to obtain the same cross-sectional area in the specimen. 

To enable samples to be cut, the film was heated to prevent cracking. The film was cut 

with the die while it was still hot, the cutting pressure being obtained through the use of a 

small press. The film was then heated to enable it to be peeled from the cutter and 

flattened between two even surfaces. The film thickness was measured in 4 places in the 
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neck region, and the width measured in the middle of the neck, to obtain an average cross

sectional area. 

Figure 6.4. The cutting die used to stamp out dumb-bell shaped films for 

tensile strength testing. 
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Figure 6.5. Dimensions and curvature radii in mm for dumb-bell profile 

employed to cut test pieces from cast film samples. 

6.3.3 Beech Slip Preparation 

Beech slip testing represents a relatively easy way to obtain quantitative data from a test 

involving wood samples. Simpler tests involving wood as a substrate were available, but 

these either give a pass/fail result, or rely on subjective assessment of a quantifiable feature 

such as the percentage wood failure. The primary measurement obtained from beech slip 

testing was the force taken to rupture a lap joint. Estimation of wood failure provided 

additional information. 

The beech slip test involves gluing together two pieces of beech wood in the manner 

shown in Figure 6.6. The procedure used to glue the samples together can have a large 
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impact on the results obtained from this test, hence the need for samples to be prepared in 

the same manner each time. 

Figure 6.6. A glued beech slip joint prior to testing. 

The procedure adopted followed the BS 1204: 1993 standard for beech slip testing. Beech 

slip preparation and testing was carried out by Warren Grigsby at Forest Research in 

Rotorua. Beech slips were initially marked and lightly sanded on the area to be bonded. 

The adhesive was applied to both laps with an open assembly time (time before bringing 

the two pieces of wood together) of between 5 and 10 minutes, and then minimal closed 

assembly time (time between joint closure and the application of a clamping force). Slips 

were then placed in clamping jigs and pressed to 0.7 MPa glue line pressure. In some 

instances the beech slips were heated to 40 or 50DC for a short period of time to effect 

better film coalescence. The beech slips were removed from clamps after 24 hours and left 

at 20 DC in a 12% equilibrium moisture content (EMC) room to cure for 7 days. 

6.4 Testing Results for Dumb-Bell Samples Pressed from Freeze-Dried Latex 

Testing of dumb-bell samples pressed from freeze-dried samples of CF:MM-V A2, 

CF:MM-V A3 and CF: ST -V Al latices was carried out to assess the appropriateness of the 

technique and to look for any trends that might be evident across the three latices. Details 

of the latices are given in Table 6.1. The testing was carried out at Forest Research in 

Rotorua using a Zwick 1445 Universal Testing Machine. The room in which the testing 

was carried out was temperature controlled to 20De. Samples were clamped in the jaws by 

the dumb-bell ends, and extended at a rate of 5 mm min-I. The force-extension curves 

were recorded. A typical force-extension plot is illustrated in Figure 6.7. 
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Figure 6.7. Force-extension curve for dumb-bell pressed from freeze-dried 

CF:MM-VA3 latex. 
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The ISO 37:1994(E) standard gives a method for calculating the tensile strength and 

extension at break as follows. The tensile strength, TS, expressed in megapascals, was 

calculated from Equation 6.1. 

TS= Wt (6.1) 

Here Fm was the maximum force recorded in newtons (see Figure 6.7), W was the sanlple 

width and t was the sample thickness, both measured in mm. Thus Wt was just the sanlple 

cross-sectional area. The elongation at break, Eb, expressed as a percentage, was given by 

Equation 6.2. 

(6.2) 

The length at break, Lb (shown in Figure 6.7), and initial test length, Lo, were measured in 

mm. The initial test length was taken as the necked portion of the test piece. For the 

purpose of calculating the elongation at break it was assumed that all extension took place 

in the neck ofthe test sample. 
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Table 6.1. Summary oflatices tested using dumb-bells made from pressed 

freeze-dried polymer. 

CF:MM-VA2 CF:MM-VA3 CF:ST-VA1 

Microscopic characteristics 

Core radius /um 

Core polymer type 

Core polymer/poly(vinyl 
acetate) mass ratio 

Estimated particle radius /um 

Physical Properties 

Tensile strength fMPa 

Elongation at break /% 

33 

PMMA 

0.50 

37 

4.64 

79.2 

PMMA 

0.69 

89 

2.28 

494 

130 

PSty 

0.61 

152 

2.66 

394 

The microscopic and physical properties of the three latices tested in this section are 

detailed in Table 6.1. There were some trends evident from these results. There was no 

apparent correlation between core size and either tensile strength or elongation at break. 

However, other variations between latices (such as core/shell polymer ratio and core type) 

made interpretation of this data more complicated. One apparent trend was the inverse 

correlation between measured tensile strength and elongation at break. Further work has 

suggested that this correlation may have been due to plasticisation by water rather than 

being an effect with a particle-structure origin. Plasticisation by water decreases the film 

strength, and allows greater film deformation before rupture. This result highlighted the 

need to carefully control the conditions under which the films were pressed and stored 

before testing. The suggestion that plasticisation by water was affecting the elongation at 

break data was borne out by the much lower elongations recorded when the same latices 

were tested as cast (rather than pressed) films. 

6.5 Comparison of Results from Three Different Testing Methods 

There exists a large number of testing procedures for evaluating the performance of an 

adhesive under a variety of conditions and possible failure modes (see 2 for examples). 

The work of this thesis had the overall aim of understanding structure-property 

relationships in poly(vinyl acetate) based wood adhesives. As a result there was no single 
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adhesive property of specific interest, and hence no one test that could be used to evaluate 

poly(vinyl acetate) properties of potential interest. The work of this section aimed to 

evaluate how trends across a series of latices might vary depending on the testing method 

used. The three types of test evaluated were the beech slip test, tensile testing and dynamic 

mechanical testing. 

The latices chosen for comparison of the three methods were a series of six poly(vinyl 

acetate)/polystyrene composites, synthesised as detailed in Table TEM study has 

indicated that this series of latices contained particles that had one polystyrene domain, 

located at, or very close to, the particle surface. The latices were all created using the same 

seed type (CF:V A2) with varying amounts of styrene added for the second stage 

polymerisation. Assuming complete conversion of styrene, the mass ratio of polystyrene 

to poly(vinyl acetate) in the latices of this series was 0.13, 0.5, 1.0, 1.5,2.0 and 3.0. Thus 

the primary microscopic characteristic being investigated was the ratio of core polymer to 

shell polymer for a fixed volume of shell polymer per particle. A poly(vinyl acetate) latex 

of the type used as seed in the creation ofthis series was also included in the testing line-up 

to allow comparison with a latex containing no polystyrene. There was no poly(vinyl 

alcohol) added to the latices for the testing described in this section. 

6.5.1 Beech Slip Results 

The beech slip test gives a direct indication of how a wood adhesive performs under 

conditions that closely resemble those the adhesive might experience in service. The test 

was the only one of the three in this series that used wood as a substrate; the other two 

utilised films pressed from freeze-dried powders. The beech slip test was able to yield data 

on the force taken to break the joint in shear, and on the degree of wood failure that 

occurred as a result of the bond breakage. The higher the force taken to rupture the bond, 

and the greater the wood failure that occurred, the better the adhesive. Sample preparation 

for the beech slip testing was carried out in the manner described in Subsection 6.3.3. The 

beech slip testing was carried out by Forest Research in Rotoma using a Zwick 1445 

Universal Testing Machine. The machine operated at a crosshead speed of 6 mm min'l to 

the point where fracture occurred. Five samples of each latex type were tested to enable an 

accurate average to be determined. 
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The load needed to break the adhesive bond for the series of composite latices is shown in 

Figure 6.8. The results have been expressed in terms of the mass fraction of polystyrene 

present in each film. The point included in this graph for the strength of poly(vinyl 

acetate) seed latex is to be viewed with caution, as it was tested at a different time to the 

other samples. Ignoring the straight poly(vinyl acetate) result, there was a clear trend for 

the other six latices. the polystyrene content was increased the break load showed a 

corresponding increase up to about 50% polystyrene. The break load decreased after this 

point, as the polystyrene content was increased still further. Two competing processes can 

explain this behaviour. the polystyrene content increased, the strength of the film 

increased due to the reinforcing effect the hard polystyrene domains provide. However, at 

higher polystyrene contents the latices were unable to form a cohesive film. This was due 

to the film forming at below the minimum filming temperature of polystyrene. This meant 

that the only part of the polymer actively participating in the film formation process was 

the poly(vinyl acetate). 
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Figure 6.8. Beech slip break loads for a series of polystyrene/poly(vinyl 

acetate) latices. 
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A polystyrene content was reached where the poly(vinyl acetate) was no longer able to 

fom1 a continuous film around the non-deformable polystyrene domains, as was seen by 

visible inspection of the dried latices. Taking this to its logical conclusion, if a latex 

comprising 100% polystyrene particles were tested in this manner, the breaking force 

required would be very close to zero, as there would not be any appreciable film strength 

for film formed from a polystyrene latex in this manner. At the other extreme, it was 

possible that the top performance of the straight poly(vinyl acetate) latex was simply due to 

its excellent film-forming properties, rather than being due to the polymer being inherently 

stronger (which it is not). Equally, the straight poly(vinyl acetate) result could simply be 

erroneous, as already explained. The trend of increased break load as polystyrene content 

increased was verified by the testing results presented in the following subsection. 

The other factor that may have played a part in determining the observed strengths relates 

to the mechanism by which these films formed. Film formation is a complex process even 

when the latex particles are homogeneous,3 and the inclusion of polystyrene domains 

complicates the issue still further. There is evidence from TEM that the particles in this 

series have their polystyrene domains at the particle surface (see Figure 5.3). It was 

possible that having polystyrene at the particle surface altered the dynamics of film 

formation in contrast to a latex with a core fully sunounded by poly(vinyl acetate). This 

issue will be explored more thoroughly in Section 6.6, but on a very simple level it might 

be expected that film formation would be more difficult if a polystyrene/poly(vinyl acetate) 

interface needs to be established in order for the film to form, as opposed to all polystyrene 

already being sunounded by poly(vinyl acetate) in the core-shell polymer. Thus in the 

present case the area of polystyrene/poly(vinyl acetate) interface that needed to form 

increased with the polystyrene content. This increase in interfacial area that needed to be 

created would make film formation more difficult, as it would have required a greater 

degree ofpoly(vinyl acetate) migration in order for a film to form. 

A similar effect, which might also come into play if the polystyrene domains were located 

at the proticle surface, was that of the low polystyrene adhesion to wood. This arises 

primarily because of the glassy nature of polystyrene at the film formation temperature. 

The polystyrene was not able to make intimate contact with the inegular surface of the 

wood substrate, so the bonding interaction was greatly reduced. The percentage wood 

failure gives some insight into the nature of the adhesive component of the bond, in 
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contrast to the break load, which has contributions from adhesive and cohesive forces. The 

percentage wood failure was assessed visually by estimating the fraction of the joint where 

failure had occurred in the wood rather than in the polymer layer or at the polymer/wood 

interface. When a bond ruptures, the recorded force will be a measure of the particular 

bond component that broke. If the location of the bond breakage can be determined then 

insight can be gained into the failure process. If an adhesive was able to adhere strongly 

enough to the wood substrate, and was also cohesively strong, then it might be expected 

that a large proportion of wood failure would be apparent. Lower cohesive forces and 

weaker adhesion to the wood will result in less wood failure when the bond breaks. 
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Figure 6.9. Percentage wood failure in beech slip testing oflatices with 

varying polystyrene content. 

1.0 

The percentage wood failure for the seven latices is illustrated in Figure 6.9. It can be seen 

that the trend was the same as for the break load, with a peak in wood failure at a 

polystyrene content of around 50%. This plot supports the hypothesis that there was a 

decrease in bonding to the wood as polystyrene content was increased. 

From the plots in Figure 6.8 and Figure 6.9, the optimum level of polystyrene content for 

this test can be determined as approximately 50%. Selecting 50% as the optimum level 
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ignores the point arising from the seed latex, which was once again anomalous in Figure 

6.9. This good result for the poly(vinyl acetate) homopolymer may again be in some part 

related to ease with which this latex forms a film, in contrast to those containing 

polystyrene. This poly(vinyl acetate) homopolymer data might indicate that there was no 

performance advantage to be gained from including polystyrene into a poly(vinyl acetate) 

adhesive. However, this was only one test; subsequent results from other testing 

procedures will show that there were performance advantages from including polystyrene 

in the latex. 

6.5.2 Tensile Testing Results 

Tensile testing involves straining a film and recording the resultant stress (or vice versa). 

Numerous numerical descriptors of a fihn's performance can be derived from the resulting 

test data. The descriptor used to quantify the film performance from the tensile testing 

carried out on the latices in the series was the maximum stress at both and 60°C. 

Measurement of the stress-strain curves was carried out using a Rheometries Mark IV 

dynamic mechanical thermal analysis (DMTA) instrument operating with RSI Orchestrator 

software at the University of Auckland. These tensile tests were carried out on films 

prepared by the freeze-drying method described in Subsection 6.3.1. The films were ca. 

0.7 rnrn thick, and were trimmed to ca. 5 x 10 rnrn rectangles for insertion into the DMTA 

clamps. The DMTA was adjusted to the desired test temperature, and then the sample was 

strained in tension at a rate of 5 x 10-3 mm min-I. The experiment was continued until 

either sample failure occurred or the maximum force for the instrument (15 N) was 

achieved. 

Results from measurements carried out at 25°C are plotted in Figure 6.10. The general 

trend evident from this graph was the same as that shown in Figure 6.8, with a peak in 

performance at an intermediate level of added polystyrene. The maximum stress was 

recorded for the latex with 40% polystyrene content; the peak in tensile strength was more 

pronounced in this test than in beech slip testing. Once again the performance decreased as 

polystyrene content was increased past the optimum value of about 40%. For this test, the 

strength exhibited by the poly(vinyl acetate) homopolymer was lower than the sample with 

11 % polystyrene content. This may be due to the conditions under which the samples were 

prepared. Greater heating and pressure may have allowed the creation of better 

polystyrene-containing films than could be formed using the beech slip method. TIle test 
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results plotted in Figure 6.10 represent only one measurement per point. No duplicate 

points were done for this test, but results from a repeat testing of a sample at 60°C indicate 

that the error in the data could be as high as ± 20%. 
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Figure 6.10. DMTA tensile testing results at 25°C for polymer latices with 

varying polystyrene content. 

While tensile testing carried out using the DMTA was assessmg a similar aspect of 

polymer performance to the beech slip testing, there were some significant differences 

between the two testing methods. The major differences were the change to substrate-free 

testing and the method by which the film was created. The results from the two testing 

methods were similar. However, differences such as the relative performance of the 

poly(vinyl acetate) homopolymer in the two tests were most likely to have been related to 

the sample preparation and test methods used in each testing protocoL 

The corresponding tensile testing results obtained at 60°C are shown plotted in Figure 

6.11. The shift in temperature had resulted in a number of changes to the observed trends. 

There has been a reduction in the performance oflatices with low polystyrene content. For 

the poly(vinyl acetate) homopolymer and the sample containing 11 % polystyrene the 

measured strength was decreased to approximately one seventieth the value found at 
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The four samples with the highest polystyrene content showed no significant change in 

tensile strength when compared to their values at 25°C. For these samples to maintain 

their strength must have meant that the polystyrene was providing a reinforcing effect 

(polystyrene was glassy at this temperature). While 60°C represents a temperature well 

above that normally encountered in service, it does provide data at a temperature above 

poly(vinyl acetate)'s glass transition temperature of 29°C (when unplasticised with water). 

Hence, the decline in performance of the polymers with high poly(vinyl acetate) content: 

the poly(vinyl acetate) was rubbery. Importantly, the fact that the polymers with high 

polystyrene content maintained their performance at 60°C suggested that the performance 

of these films was mainly due to the polystyrene they contained. It could be expected that 

the trends in performance shown at 60°C would largely apply to any temperature above the 

glass transition temperature. The error bar for the 67% polystyrene point illustrates the 

upper and lower values recorded, with the average taken as the plotted point. Hence the 

decline in performance of the polymers with high poly(vinyl acetate) content: This result 

indicated that care needed to be taken with numerical comparisons, but the general trends 

were still clear. 
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Figure 6.11. DMTA tensile testing results for polymer latices with varying 

polystyrene content at 60°C. 
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The inclusion of polystyrene has been shown to reduce the undesirable weakening of films 

at higher temperatures. This result was important, because the inclusion of polystyrene can 

address, to a significant one of poly(vinyl acetate), s shortcomings. 

6.5.3 Dynamic Mechanical Testing Results 

Dynamic mechanical testing can be used to assess a variety of mechanical properties using 

a number of bending and stretching modes over a wide range of temperatures. The 

information obtained for this study included the storage (elastic) modulus E', the loss 

(viscous) modulus E" and tan 0 (= En I E'). Unlike the two previous methods, data 

obtained from using DMTA in this manner was not directly related to the performance that 

might be expected of an adhesive in service. 
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Figure 6.12. Dynamic mechanical thermal analysis data for latex containing 

67% polystyrene. 
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Films were prepared in the same manner as those used for tensile testing with DMTA. The 

testing was carried out on the same instrument as used for the tensile testing but at a 

different time and with different films. A DMTA temperature ramp program using a single 

frequency (1 Hz) was employed through the temperature sweep range 10 to 140°C at a 
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heating rate of 4°C min-I. A second temperature sweep program was also used for some 

measurements (-20 to 80°C at 3°C min-I). 

The results of DMTA examination of the latex from the current series containing 67% 

polystyrene are shown in Figure 6.12. The storage modulus (E') was seen to decrease with 

temperature, with sharper decreases coinciding with the dynamic glass transition 

temperatures of the two polymers. The loss modulus (EI!) showed a similar overall 

decrease, but with local maxima around the same two temperatures. The two peaks in the 

tan 0 data identify the dynamic glass transition temperatures of the two polymers present. 

It will be noted that the values determined by DMTA were higher than the published Tg 

values for poly(vinyl acetate) and polystyrene of29°C4 and lOO°C,4 respectively. This was 

due to the nature of the measurement made using DMT A. The high stretching frequency 

of the DMTA instrument does not allow infinite time for the polymer chain relaxation 

behaviour that characterises a glass transition. Consequently a higher temperature is 

needed to observe the glass transition, and it is only in the limit of zero modulation 

frequency that Tg values measured by DMTA will coincide with those done with static 

measurement techniques such as dynamic scanning calorimetry with a very slow heating 

rate. The fact that there were two clear peaks in the tan 0 plot provides further evidence 

that there were separate domains of the two polymer types present in the film. If the film 

contained a homogenous mix of the two, then only one peak would show in the tan 0 plot. 

No assessment of the adhesive performance of this latex could be obtained from looking at 

Figure 6.12 in isolation. To obtain a comparison with the other latices in the series it was 

necessary to compare the specific features from all the DMT A data. There were no 

features in the plots to indicate a direct linle between the DMTA data and some aspect of 

adhesive performance (i.e. the trends from plot to plot did not match those observed with 

the more direct tests described previously). The trends that were evident could all be 

explained in terms of the variation of the ratio of the two polymers. An example of this is 

shown in Figure 6.13, which plots the percentage polystyrene content against the value of 

the tan 0 maximum for the poly(vinyl acetate) transition. 

There was a steady decrease in the value of tan 0 as the polystyrene content increased. 

This was simply due to the decreasing relative amounts of poly(vinyl acetate) in these 
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samples. If data were available for all samples up to 140°C, then it would be predicted that 

the opposite trend would be evident for the tan 0 maximum associated with polystyrene. 

4 

3 

1 

.. .. 
a 

0.0 0.2 0.4 0.6 0.8 

Mass Fraction of Polystyrene 

Figure 6.13. Plot of maximum tan 0 value for the peak associated with 

poly(vinyl acetate) as a function of polystyrene content. 

6.5.4 Summary 

1.0 

The three methods m this section provided three different ways of assessmg the 

performance characteristics of a latex. The beech slip test provided the most direct 

measure of how the latex would perform as a wood adhesive. The test was able to assess 

both film adhesion and cohesion, and has the potential to be used to assess a variety of 

environmental conditions not considered here. Such conditions include exposure to water 

(where the glued beech slips can be immersed in water prior to testing) and elevated 

temperature (where the samples can be tested in a climate controlled chamber at any 

desired temperature). Tensile testing using DMTA apparatus gave similar trends to the 

beech slip test. This was not a foregone conclusion: while both tests involve application of 

tensile stress to a sample, beech slip testing results in a shearing force being applied to the 

bond. Testing using DMTA was able to give a quantification of film strength that enabled 

ranking of the tested films. The ability to investigate films over a range of temperatures 
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was a useful feature, as this infonnation was more easily obtained than it would have been 

using the beech slip method. This was due to the smaller sample size, allowing 

temperature equilibrium to be more quickly reached, and the inherent ability of the 

instrument to operate over a large range of temperatures. A DMTA investigation to assess 

mechanical properties of the samples such as the loss and storage moduli was not able to 

give a direct assessment of the potential adhesive perfonnance of a latex. More work in 

this area may be able to provide relationships that can be used to assess the adhesive 

perfonnance potential of a latex. Some care must be taken when interpreting the results of 

tests on films pressed from freeze-dried latices. The freeze-drying method was able to 

create films from polystyrene homopolymer latices, which were assessed to have tensile 

strengths in the region of 3 MPa. While this represents a reasonable tensile strength for a 

free-standing film, the results would not be duplicated in a test involving wood gluing, for 

the polystyrene would fonn a very poor film (the minimum filming temperature of 

polystyrene is above the boiling point of water which is the maximum possible temperature 

ofa latex). 

The series of latices tested in this section were created with the intention of varying the 

polystyrene content in a latex having one polystyrene domain per particle. This could not 

be achieved without varying other microscopic properties. Changes to microscopic 

characteristics that would have accompanied the change in polystyrene content include 

particle size, surfactant coverage of the particles, changes in morphology to accommodate 

the increased polystyrene content, and relative amount of polystyrene grafting to 

poly(vinyl acetate). Changes to the latex, such as those listed above, will also change the 

film fonnation and observed adhesive perfonnance. The testing results assume that any 

differences in observed perfonnance was a result of the change in polystyrene content 

rather than coming from these other effects. The creation and testing of more latices would 

be needed in order to investigate these other possible effects systematically. 

6.6 Effect of Particle Morphology on Adhesive Performance 

It was thought that the morphology of latex particles might play an important role in 

determining their adhesive perfonnance. Some of these effects have been alluded to in 

Subsection 6.5.1. The area of interface that must fonn between poly(vinyl acetate) and 

polystyrene was one such consideration. Two extremes in morphology, a core-shell latex 
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and a blend of poly(vinyl acetate) and polystyrene latices, provide an illustration of tbis 

effect. In the case of the core-shell morphology, the interface between polystyrene and 

poly(vinyl acetate) was completely established before fihn formation occurred. For a 

blend of poly(vinyl acetate) and polystyrene latices, tbis interface must be established as 

fihn formation occurs. The creation of this interface was expected to complicate the film 

formation process, as the two polymers were forced into intimate contact. In the core-shell 

case it was expected that all the polystyrene domains would be separated by a layer of 

poly(vinyl acetate). In the case of a blend there exists the possibility that some polystyrene 

particles would be in contact once the film had formed. As the polystyrene particles were 

not able to deform and permit diffusion of polymer chains between neighbouring particles, 

the resulting film would be weakened. More poly( vinyl acetate) migration needs to occur 

in order for a continuous film to form from the blend of polymer latices, a factor that 

would hamper the formation of a strong film in cases where poly(vinyl acetate) mobility 

was low. 

Evaluation of effects that morphology had on adhesive performance was not a 

straightfOlward task. In much the same way as described in the previous section, altering 

the latex to change the desired variable (in this case morphology) will result in other 

microscopic characteristics being changed. It was necessary to bear in mind that observed 

differences in performance between latices might be due to a greater or lesser extent to 

differences other than the desired morphological ones. 

Three particle morphologies were chosen for this assessment. They were: core-shell made 

by the conventional route, acorn morphology produced in an attempt to create an inverse 

core-shell latex, and a blend of poly(vinyl acetate) and polystyrene latices. A 50:50 ratio 

ofpoly(vinyl acetate) to polystyrene was chosen for this series oftests, to be representative 

ofthe best performed latices from the previous section. Both beech slip testing and tensile 

testing using DMTA had found this ratio to give the best performance at near ambient 

temperatures. The blend was created by mixing polystyrene and poly(vinyl acetate) latices 

to have an equal weight of each polymer in the mixture. This was shaken for a short 

period to ensure adequate mixing. The particle radius chosen for this comparison was 

around 55 nm. Tbis size was chosen to enable the creation of core-shell particles by the 

conventional route without secondary nucleation. This meant the use of CF:STI 

polystyrene latices (see Table for details) as seeds for shell polymerisation and for use 
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in the blend, and CF:VA2 latices (see Table 2.5 for details) for seeds in the creation of 

acorn morphology and as the poly(vinyl acetate) component in the blend. To synthesise 

the acorn morphology required the use of poly(vinyl acetate) created with chain transfer 

agent, in order to obtain only one polystyrene domain per particle. It was considered 

important to introduce the effect of reduced poly(vinyl acetate) chain length into the other 

morphologies to be tested. In the case of the core-shell morphology, this was done by 

adding chain transfer agent for the second stage vinyl acetate polymerisation. In the case 

of the blend, this meant using the poly(vinyl acetate) seed latex used in the creation of the 

acorn particles (which was synthesised in the presence of chain transfer agent) to blend 

with polystyrene particles. 

Table 6.2. Latex types tested to assess the effect of morphology on adhesive 

performance. 

Morphology Code for Polystyrene Poly(vinyl 
testing component acetate) 

reCIpe component 
reCIpe 

Poly(vinyl acetate) homopolymer VAc CF:VAI 
(Table 2.5) 

Poly(vinyl acetate) homopolymer VAc-C CF:VA2 
synthesised with chain transfer agent (Table 2.5) 

Blend ofpolystyrene/poly(vinyl acetate) Blend CF:STI CF:VAI 
(Table 2.3) Cfable 2.5) 

Blend of polystyrene/poly( vinyl acetate) Blend-C CF:STI CF:VA2 
with chain transfer agent (Table 2.3) (Table 2.5) 

Acorn Acorn-C CF:VA-ST6 CF:VA2 
(Table 5.3) (Table 2.5) 

Core-shell CS CF:STI CF:ST-VA4 
(Table 2.3) (Table 4.3) 

Core-shell with chain transfer agent used CS-C CF:STI CF:ST-VA5 
in shell polymerisation (Table 2.3) (Table 4.3) 

It was not thought important that chain transfer agent be added for polystyrene 

polymerisation, as the morphological and physical propClties of polystyrene were not 

greatly affected by a reduction in chain length at these temperatures well below the 

polystyrene glass transition (as opposed to those of poly(vinyl acetate) at these 
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temperatures). A core-shell latex with no added chain transfer agent in the shell, and a 

blend without any chain transfer agent added in the production of either of the component 

parts, were tested for comparison. The two poly(vinyl acetate) seed latices, CF:VAI and 

CF:V A2, were also subjected to the testing to gain added insight into the effects of the 

inclusion of polystyrene. A summary of the latices described above is given in Table 6.2. 

A code has been assigned to each latex type to simplify their identification. The' -C' 

suffix indicates the presence of chain transfer agent in the poly(vinyl acetate) synthesis. 

It was decided to evaluate the effects of latex morphology on adhesive properties by tensile 

testing of free-standing films and also using the beech slip test. Owing to the availability 

of facilities for tensile testing of films at the University of Canterbury it was decided to use 

this test as a screening test, and then submit selected samples for beech slip testing at 

Forest Research in Rotorua. 

6.6.1 Tensile Testing 

The first stage in testing of the morphologies described in Table 6.2 was to establish a 

film-forming protocol to allow reproducible creation of samples suitable for tensile testing. 

Samples of the seven latex types were cast into films in the manner described in 

Subsection 6.3.2. Inspection revealed that the two latex blends had cracked on drying and 

thus were not suitable for tensile testing, whereas the other five had formed even films. A 

series of trials were conducted using the Blend latex in order to investigate ways in which 

latices ofthis morphology could be cast into films without the formation of cracks. 

For a film to form required the removal of water from the latex by evaporation (or 

absorption where a wood substrate was used). This removal of water causes a reduction in 

the latex volume. In some cases this volume contraction can be sufficient to cause 

cracking in the film as it dries. The possibility of cracking was increased when a larger 

area of film was cast (it was possible to create films without cracks from the Blend latex, 

so long as the film dimensions were restricted to less than approximately 7 mm square, but 

this size was too small to permit tensile testing). Trials were conducted with latices having 

a higher solids content to determine whether cracking could be reduced if less water 

needed to be removed during the film formation process. Rather than attempt the synthesis 

of high concentration poly(vinyl acetate) and polystyrene latices to make the blend, it was 

decided to concentrate the existing blend. The first method tdalled for this purpose 
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involved placing a quantity of latex in a beaker. This beaker was stirred using a magnetic 

flea, while air was blown across the latex surface. The stirring helped prevent a skin 

fomling on the latex, while the blown air increased the rate of water evaporation. This 

method enabled the solids content of the blend to be increased to more than 45% before 

coagulation became a significant problem. The major drawback was the formation of a 

rim of dried polymer as the latex volume decreased. The other latex concentration method 

investigated did not have this drawback. A length of cellulose acetate dialysis tubing was 

filled with the blend, and its ends tied off. It was then wrapped in absorbent paper towels 

and pressed under a flat weight. The water was able to diffuse through the tubing, 

resulting in a gradual increase in solids content. This method was found to be most 

effective in increasing solids content, but was not able to produce latex with solids content 

much above 50%. The reasons why neither method was able to achieve higher solids 

contents were the inability of the ionic surfactant present from synthesis to stabilise the 

latex I combined with the increase in ionic strength for the latex that was concentrated in a 

beaker. The problem of colloidal instability at high polymer concentration could have 

been addressed through the addition of poly(vinyl alcohol) or a similar steric stabiliser. 

Casting films from the Blend latex concentrated to around 50% solids resulted in similar 

levels of cracking to that seen when lower (ca. 30%) solids contents latices were cast. 

Another method of reducing the amount of water removed during film formation was to 

use a smaller volume of latex. For a tray of the same area this will translate into a thinner 

film. An opposing theory was that a thicker film might provide more cohesive strength to 

resist cracking. The two theories were tested at the same time by casting a series of films 

with thickness ranging from 0.1 to 2 mm. All exhibited cracking, leading to the conclusion 

that altering the film thickness in isolation would not prevent the formation of cracks. 

In commercial settings, a plasticiser or solvent is often added to an adhesive to aid 

coalescence of the film. These chemicals function by increasing the mobility of polymer 

chains, which could allow the movement associated with shrinkage to be accommodated 

without cracking. To assess whether the addition of a plasticiser would have a noticeable 

effect on the degree of cracking, the following trial was conducted. sample of Blend 

latex was mixed with 5% by weight (on total latex mass) of dibutyl phthalate (DBP), a 

commonly used plasticising agent. The latex was heated to facilitate partitioning of the 

plasticiser into the particles. film was cast in the normal manner ii'om the placticised 
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latex. 5% represents a much higher level than would normally be added to an adhesive, 

but the film still exhibited cracking. 

Poly(vinyl alcohol) is added to commercial poly(vinyl acetate) wood adhesives for a 

number of reasons. One of these is to aid in film fonnation. Thus, it was decided to trial 

the post-addition of various levels ofpoly(vinyl alcohol) to the Blend latex, to determine if 

a cohesive film could be formed. There are a wide range of poly(vinyl alcohol) grades 

used in formulating poly(vinyl acetate) adhesives, encompassing variations in molecular 

weight, degree of hydrolysis and spatial location of residual acetate groups. These 

differences result in huge variation in the properties oflatex to which poly(vinyl alcohol) is 

added. Therefore there is no 'typical' poly(vinyl alcohol) added to a poly(vinyl acetate) 

latex; the type (or, more commonly, types) that are added will depend on the properties 

desired. 

The poly(vinyl alcohol) type added to latices in this chapter to improve film formation was 

an 88% hydrolysed grade with an average molecular weight of 84000, as this type is 

commonly used in poly(vinyl acetate) manufacture. It was manufactured by Chang Chun 

of Taiwan, who identify it by the designation BP17, the number 17 referring to the 

viscosity in centipoises of a 4% solution in water at 20°C. Care would be needed to extend 

the results obtained in these tests to other poly(vinyl alcohol) grades; this is an area of 

research that continues to attract a great deal of attention and effort. To allow addition to 

latex, the poly(vinyl alcohol) was first dissolved in water. The amount of poly(vinyl 

acetate) that could be dissolved was effectively governed by the viscosity of the resulting 

solution. In the case of the BP17 poly(vinyl alcohol), this maximum concentration was 

around 30% before the solution became too viscous to handle. As a result all solutions 

were prepared at about 27% poly(vinyl alcohol) by weight. The poly(vinyl alcohol) was 

dissolved, with considerable stirring, in water that had been heated to around 85°C. This 

solution was then cooled to room temperature and added to the latex to give the desired 

poly(vinyl alcohol) concentration. 

A series of Blend latices were prepared with poly(vinyl alcohol) concentrations ranging 

form 2 to 17.5% by weight of total polymer. These were poured into trays, and allowed to 

dry at 40°C. At higher levels of added poly(vinyl alcohol) the film had maintained its 
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integrity, indicating that a way of casting films fi·om the Blend latex had been found. The 

minimum level ofpoly(vinyl alcohol) that had led to an unbroken film was 10%. 

The above required that all the samples be tested with 10% added poly(vinyl alcohol), by 

weight of total polymer, so as to enable a meaningful comparison. Those samples that 

could form films in the absence ofpoly(vinyl alcohol) were also tested to assess the effects 

of adding this chemical. Films with and without added poly(vinyl alcohol) were cast and 

cut into dumb bell shapes using the method described in Subsection 6.3.2. Some films 

were created with the aid of poly(vinyl alcohol) from the Blend latex type, but no testing 

results were obtained due to the extremely brittle nature of these samples. However, these 

test results were obtainable for the Blend-C latex with poly(vinyl alcohol). It was possible 

that the shorter poly(vinyl acetate) chains of this blend gave rise to better film formation. 

The tensile testing of films cast from latices with various morphologies was carried out at 

the University of Canterbury using an Instron 1195 in an environment controlled room set 

to 20°C and 68% relative humidity. The samples were clamped in rubber-covered jaws, 

with an initial separation of 50 mm. The samples were heated with a hot air gun prior to 

insertion into the jaws, to reduce the possibility of cracking. A minute was allowed after 

the sample was clamped for temperature equilibrium to be re-established. This period was 

thOUght to be sufficient based on the small sample dimensions. This assumption was borne 

out by trials where a longer cooling period was used; there were no discernible differences 

in results obtained. The samples were pulled apart at 1 mm min-! until sample failure 

occurred, or 10 minutes had elapsed. Some samples were extremely brittle, which often 

resulted in failure of the film between the jaws in which it was clamped. Some trials were 

conducted to ensure that the clamping force was not affecting the determination of tensile 

results for samples where the failure did occur in the necked portion of the sample (testing 

data was discarded for samples where failure occurred away form the neck region). These 

trials were conducted by gluing strips of poly(vinyl chloride) sheet to the ends of each 

sample using Araldite® adhesive where the clamps would normally grip. The clamps were 

then able to grip the free ends of the strips and pull the samples apart in the normal 

manner. There was no observed difference in testing results when this clamping method 

was used as compared to gripping the samples directly. 
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Tensile strength for each sample was calculated using Equation 6.1. It was assumed that 

the strain in the sample was confined to the necked portion of the film. Measurement of 

the strain with the instmment's strain gauge in the neck region was unable to be conducted 

due to the brittle nature of the samples. The knife-edges of the strain gauge and the gauge 

weight resulted in sample fracture before strain could be applied. Less accurate 

comparison of the extended neck length, as measured with vernier callipers, with the 

overall extension, as determined by the instmment, indicated that all observable film 

extension had occurred in the neck region. There was considerable scatter in the tensile 

strength results obtained for each sample type. This scatter in the data could largely be 

explained by the effects of flaws in the films, such as bubbles and scratches.s A better 

guide to tensile properties is often obtained from the modulus of elasticity (MoE). This 

quantity is defined by Equation 6.3, where a is the stress in Pascal and E is the strain 

expressed as a fraction of the initial sample length. 

a 
MoE=

E 
(6.3) 

40.---------------------------------------------~ 

30 

z -<D e 20 o 
LL. 

10 

0.0 0.5 1.0 1.5 2.0 

Extension Imm 

6.14. Plot of force versus extension for a film cast from poly(vinyl 

acetate) homopolymer blended with 10% poly(vinyl alcohol). 
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The MoE is normally obtained from the initial slope of the force-extension curve, over a 

portion of the stress-strain plot that is linear. As can be seen from Figure 6.14, which is a 

typical force-extension plot, there was no truly linear portion on this plot from which to 

obtain a MoE. The slight positive curvature at small extension can be explained by the 

sample aligning itself in the tester as it was strained. This occurred if the sample buckled 

as the clamps were tightened. The negative curvature evident from 0.5 rnm extension was 

a result of viscous (non-elastic) sample behaviour. There was a small amount of noise 

evident in the data, this being probably due to the load cell having a maximum stress 

capacity of 10,000 N, and thus, the measurements made here were toward the lower limit 

ofthe load cell's resolution. 

A technique commonly used to overcome the problem of curvature in the stress-strain 

curve is to take the secant modulus,s which is the slope of a line drawn from the origin 

through some arbitrary point on the stress-strain curve. The point on the curve 

corresponding to 2% strain is commonly used for brittle materials, so this was adopted for 

this work. 2% strain corresponded to an extension of 0.5 rnm for these samples. The 

origin was determined as the point where the curvature of the stress-strain curve became 

negative, to eliminate variation caused by samples straightening as strain was applied. The 

portion of the force-extension curve typically used to determine the MoE is illustrated in 

Figure 6.14. Error in the calculated MoE was reduced by taking the average over a number 

of points to detennine the stress at the origin, and at 2% strain. Some samples were too 

brittle to enable MoE values to be calculated, as fracture occurred before 2% strain was 

achieved. 

The tensile strength results for the sample latices, prepared without poly(vinyl alcohol) and 

with 10% added poly(vinyl alcohol) respectively, are presented in Figure 6.15. Results 

were not obtained for the Blend-C latex type in the absence of poly(vinyl alcohol) due to 

the cracking that occurred during film fornlation. As already explained, no results were 

possible for the Blend latex. Two of the latex types presented here were characterised in 

terms of tensile strength using DMTA with the results presented in Subsection 6.5.2. They 

were the VAc-C and Acorn-C, which gave tensile strengths of 1.7 and 1.5 MPa 

respectively when the strenf,rth was measured using DMTA. The tensile strength measured 

in this section for the same two latex types were 5.3 and 6.2 MPa respectively. The testing 

of films pressed from freeze-dried samples using DMTA gave tensile strengths that were 
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considerably lower than the tensile strengths measured using Instron testing of films cast 

on glass. There were a number of possible reasons for this difference in the results from 

the two test procedures. The method used to prepare the pressed films was thought to be a 

major reason: despite the high temperatures and pressures used to press the films there 

were normally sman bubbles of air trapped in the pressed films. The pressed films were 

relatively hygroscopic, so it was possible that water was plasticising the films and reducing 

their strength. The different sample shape and dimensions may also have affected the 

results. The necked sample profile was not used for films tested with DMTA, so it was 

expected that stress concentrations near the clamps might have lowered the measured 

tensile strength. The different strain rates may also have contributed to the difference in 

measured tensile strength. For the samples tested using DMTA, the strain rate was 0.1% 

min-I, whilst for the Instron testing it was 4% min-l, Differences such as this are well 

known to produce variations in measured tensile strength, see ref. 6 for example. 

14 

12 

ro 10 
0... 
~ --..c en 
c 
~ 
(j) 

~ 
w 
c 
Q) 

I-

8 

6 

4 

2 

o 
VAc VAc-C Blend-C Acorn-C 

DO% PVOH 

[§]10% PVOH 

cs cs-C 

Figure 6.15, Comparison of measured tensile strength for various 

morphologies. 

In the absence of added poly(vinyl alcohol), the testing indicated that the poly(vinyl 

acetate) homopolymer was stronger than any latex containing polystyrene. The addition of 
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chain transfer agent to the poly(vinyl acetate) homopolymer considerably reduced the 

performance of the corresponding film, giving it a strength at the level of the polystyrene 

containing latices. The addition of poly(vinyl alcohol) has resulted in the Acorn and two 

core-shell type latices having similar tensile strengths, whereas in the absence of 

poly(vinyl alcohol) the CS-C type latex had superior strength. It was interesting to note 

that the addition of chain transfer agent to the core-shell latex increased its strength in the 

absence of poly(vinyl alcohol). This effect of shorter poly(vinyl acetate) chains on tensile 

strength was the reverse of what was observed for the poly(vinyl acetate) homopolymer. 

Presumably this was related to the ability of the short poly(vinyl acetate) chains to 

facilitate film formation and polystyrene encapsulation. 

400 

co 300 
0.. 
~ --:c :2 
Ui 
&1200 

(J) 
::J 
"5 
"0 
o 
~ 100 

o 
VAc 

DO% PVOH 

~10% PVOH 

VAc-C Blend-C Acorn-C cs cs-C 

Figure 6.16. Comparison of measured modulus of elasticity for various 

morphologies. 

The modulus of elasticity results for the same sample latices are presented in Figure 6.16. 

In the absence of added poly(vinyl alcohol) the latices containing polystyrene all have 

higher MoEs than the poly(vinyl acetate) homopolymers. The addition of poly(vinyl 

alcohol) has resulted in the same trends for the polystyrene containing latices, with MoE 

increases for Acorn-S and CS, and a decrease for CS-S, to once again tend toward 
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equalising their respective perfonnance levels. The addition of poly(vinyl alcohol) to the 

V Ac latex has resulted in a large increase in modulus of elasticity, but this had not 

occurred for the V Ac-C latex. 

The effect on tensile strength and MoE of adding poly(vinyl alcohol) to the films was not 

consistent across the latices studied, with no clear pattern emerging as to its effects. 

6.6.2 Beech Slip Testing 

Latices blended with 10% poly(vinyl alcohol) were submitted for beech slip testing. These 

latices had a considerably higher viscosity than the corresponding latices without added 

poly(vinyl alcohol), but still not as high as a typical commercial poly(vinyl acetate) latex. 
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Figure 6.17. Beech slip break: load for samples with 10% added poly(vinyl 

alcohol). 

Beech slip break: loads for the samples are plotted in Figure 6.17. There was no great 

distinction between the values for samples with and without polystyrene. The main trend 

evident was that the addition of chain transfer agent has increased the bond strength over 

the corresponding latex where it was not present. This was observed for both poly(vinyl 

acetate) homopolymer and the core-shell latices. A possible reason for this may have been 
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the ability of the shorter poly(vinyl acetate) chains to diffuse sufficiently to be in intimate 

contact with the wood and hence form a strong bond. 

The corresponding wood failure results are plotted in Figure 6.18. The average wood 

failure was very low (which would indicate that the latex samples were poor adhesives), 

with the Acom latex type recording zero wood failure. The same trend for the effect of 

added chain transfer agent was observed here as for the break load, i.e., samples 

synthesised with chain transfer agent exhibited an increase in wood failure over the 

corresponding latex without chain transfer agent. It was possible that shorter chains give 

enhanced bonding to wood, an effect that would not be evident from substrate-free testing. 

This of course was consistent with the results of the previous subsection. 
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Figure 6.18. Beech slip wood failure for samples with 10% added poly(vinyl 

alcohol). 

Two of the latex types tested in using the beech slip test in this current section were also 

tested using the same method in Subsection 6.5.1. These two latex types were VAc-C and 

Acom-C. The difference between the latices tested in each section was the addition of 

10% poly(vinyl alcohol) for the current test series. Table 6.3 details the results obtained 

from both tests. The addition of poly(vinyl alcohol) has resulted in a decrease in break 
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load and wood failure for both latex types. This effect was not expected, for a number of 

reasons. Poly(vinyl alcohol) is added to commercial adhesive fonnulations because it is 

known to bond well to wood, but the opposite effect has been observed here (Le., there 

should have been more wood failure when poly(vinyl alcohol) was added to the latices). 

The addition of poly(vinyl alcohol) also increased the latex viscosity, which should have 

reduced the amount of glue able to be squeezed from the joint before the film hardened, 

and hence leave more latex in the joint to fonn a strong bond. It was possible that the 

reduction in bond strength might not have been observed with some other grades of 

poly(vinyl alcohol), but the result does leave some currently accepted wisdom open to 

question. Perhaps some polymer incompatibility gave this unexpected result. It would 

probably be a good idea to repeat the experiments, doing them at the same time (here 

results from different batches were being compared). The bigger mystery was the decrease 

in percentage wood failure with addition of poly(vinyl alcohol); the reduction in strength 

was negligible in the case ofVAc-C. 

Table 6.3. Effects ofpoly(vinyl alcohol) addition on adhesive perfonnance 

measured by beech slip testing. 

Latex Type O%PVOH 10%PVOH 

VAc-C Break load IN 2380 2285 

Wood failure /% 69 23 

Acom-C Break load IN 1969 1409 

Wood failure /% 52 0 

6.6.3 Summmy 

The experiments in this section sought to detennine whether for a constant ratio of 

polystyrene to poly(vinyl acetate) there was a morphology that gave better perfonnance as 

a wood adhesive. Generally, the best-perfonned latex type has been the core-shell with 

chain transfer agent used in the synthesis of the shell layer. The Blend-C latex perfonned 

better than expected, but it was considerably more brittle and harder to handle as a film 

than the other morphology types. The inclusion of polystyrene into the latices has not 

provided a consistent perfonnance advantage over the corresponding poly( vinyl acetate) 



Physical Testing 239 

latices in these tests. At the same time, some of the results from including polystyrene 

were encouraging, and certainly the idea warrants further investigation. 

The testing results from this section have highlighted that the effects of morphology may 

be less than the effects of other microscopic changes that were needed to produce the 

desired morphology. A clear example of this was found with chain length, where a 

reduction through the use of chain transfer agent for a particular morphology can have a 

bigger effect on perfonnance than altering the morphology. A closely related issue was 

that of optimisation of microscopic characteristics for a particular morphology. A 

reduction in chain length was responsible for both increases and decreases in film 

perfonnance in various situations. It was therefore likely that the chain length (along with 

other microscopic characteristics) would need optimising for each latex type to enable a 

true assessment of the perfonnance potential of each morphology. 

6.7 Assessment of Modified Commercial Latex 

Two inverse core-shell latices were synthesised, as detailed in Section 5.9, usmg a 

commercial poly(vinyl acetate) wood adhesive as seed. Styrene was polymerised into one, 

and vinyl acetate into the other, in order to create latices with particles having similar 

particle size distributions. These latices still had the characteristics associated with a 

commercial poly(vinyl acetate) wood adhesive, namely a high viscosity and good film

fonning properties. This made the latices quite different to those studied up to this point, 

where creating a desired morphology had been more important than optimising adhesive 

perfonnance. 

Table 6.4. Beech slip and tensile testing results for latices derived from 

commercial poly(vinyl acetate) latex. 

Commercial Second-stage Second-stage 
PVAc PVAc cores PSty cores 

Beech slip break load IN 2590 2870 2366 

Beech slip wood failure /% 76 68 79 

DMTA tensile strength at 25°C /MPa 1.12 1.36 1.65 

DMTA tensile strength at 60°C lMPa 0.07 0.06 0.62 
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These two samples and the seed from which they had been created were submitted for 

beech slip testing and tensile testing using DMT A. The beech slip testing was carried out 

in the manner described by Subsection 6.3.3. Tensile testing was carried out on films 

pressed from freeze-dried samples prepared by the method described in Subsection 6.3.1. 

The tensile testing by DMTA was conducted in the same way as outlined in Subsection 

6.5.2. The results from the two testing methods are summarised in Table 6.4. 

The beech slip results clearly illustrate the increased suitability of the commercial wood 

adhesive over the model latices of previous sections in the role of gluing two pieces of 

wood together. With the exception of the poly(vinyl acetate) homopolymer created with 

chain transfer agent, the results of Table 6.4 show an improvement in both tensile strength 

and wood failure. Further polymerisation of vinyl acetate appears to provide the best bond 

strength, while the inclusion of polystyrene has resulted in a slight decrease in bond 

strength. The differences between the wood failure measured for each latex type were not 

thought to be significant. The DMTA results were able to give information on 

standing films. At 25°C the polymerisation of vinyl acetate results in a slight strength 

increase over the seed latex. This would possibly be due to the newly formed poly(vinyl 

acetate) (which was located in the centre of the particles, and hence would not actively 

participate in fihn formation) having a larger average molecular weight, or a greater degree 

of branching. Polymerising styrene provided an even greater performance increase over 

the base level for the seed latex. The testing conducted at 60°C has again illustrated the 

benefits of having glassy cores present when the temperature exceeds the Tg of poly(vinyl 

acetate). The performance for the three latices decreased at the elevated temperature, but 

the latices not containing polystyrene were worst affected. 

The results presented in this section for modified commercial poly(vinyl acetate) latex 

have followed the general trends for model latices presented in earlier sections. This 

information was useful because it validated the approach of testing model latices to assess 

the effects of microscopic characteristics. These model latices did not embody many of the 

characteristics found in commercial poly(vinyl acetate) wood adhesives, but have still 

enabled meaningful and consistent results to be obtained. 
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Effects of on Adhesive 

Chemicals to introduce cross-links between polymer ehains are commonly added to 

poly(vinyl acetate) wood adhesives to improve their performance under conditions such as 

high temperature or exposure to water. Under conditions such as these a cross-linker can 

prevent the slippage of polymer chains past one another that would otherwise allow the 

bond to deform or break. Some of the chemicals used to create these cross-links include 

trivalent metal salts, glyoxal and diisocyanates. Commonly employed metal salts include 

aluminium nitrate, aluminium chloride and chromium nitrate. The metal centres can bond 

to hydroxide groups of the poly(vinyl alcohol) present in the adhesive; cross-linking then 

occurs when hydroxide groups from different chains are bonded to the same metal centre. 

Glyoxal, the structure of which is illustrated in Figure 6.19, acts in a similar manner by 

creating links between poly(vinyl alcohol) chains. 
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Figure 6.19. Chemical strueture of glyoxal. 

Diisocyanates are able to react with two hydroxyl groups to provide cross-linking between 

neighbouring poly(vinyl alcohol) chains in the same fashion as the two previously 

mentioned methods. All three cross-linking methods necessitate poly(vinyl acetate) 

becoming a two-pot system to prevent cross-linker reaction in the latex before a film has 

formed, which would reduce or nullify the effect of the cross-linker. The cross-linker is 

added just prior to application, with the timescale of film formation being faster than that 

of cross-linking. Thus, a film can form, then it can harden with time. 

6.8.1 Using Cross-Linking in Conjunction with Polystyrene Cores 

Latex containing polystyrene cores has been shown to give a large increase in film strength 

at higher temperature compared with latex without polystyrene. This effect might be 

further enhanced if there were some cross-linking of the films cast from the polystyrene

containing latex. Linking the glassy polystyrene domains to each other would result in a 

stronger film under conditions where the poly(vinyl acetate) comprising the continuous 
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film begins to fail. Cross-linking in the presence of polystyrene domains should also 

create a stronger film than cross-linking a poly(vinyl acetate) homopolymer film without 

polystyrene domains to provide reinforcement centres. 

Providing cross-links between the polystyrene domains was a non-trivial task. In order to 

form these sorts of cross-links, the cross-linking reaction needed to occur after the film had 

formed (the cross-links could not form while the polystyrene domains were located in 

separate latex particles). Thus at least some cross-linking between polymer chains in 

different particles must occur after the film has been cast. Another problem was the 

formation of cross-links to the polystyrene chains. The cross-linking methods described 

previously all utilise poly(vinyl alcohol) as their targets, and polystyrene does not contain 

any groups reactive toward such cross-linkers. 

6.8.2 Experimental Approach 

To investigate the effect on adhesive performance of cross-linking films containing 

polystyrene domains, an approach was first needed that would utilise existing cross-linker 

technology. For this initial attempt it was decided to ignore the problem of cross-linking 

directly to the polystyrene, and concentrate on forming cross-links between particles. To 

achieve this required the addition of poly(vinyl . alcohol) to the latices prior to film 

formation, so as to provide cross-linkable functionality. There were likely to be some 

hydrolysed groups on the poly(vinyl acetate) chains, but not sufficient numbers to 

guarantee grafting. The cross-linker chosen for this task was isophorone diisocyanate 

(IPDI). IPDI will react with two hydroxyl groups, as illustrated in Figure 6.20. A cross

link will result if the two hyroxyl groups are located on different polymer chains. The 

result of adding IPDI to the latex plior to film formation will hopefully be to form an 

extensive network of cross-linked poly(vinyl alcohol) round the particles as the film forms. 

This could be considered a partial approach to the desire to directly anchor the polystyrene 

domains in the film. The polystyrene will not be anchored directly, but will be contained 

in a web of cross-linked poly(vinyl alcohol). It was also possible that some poly(vinyl 

alcohol) would remain weakly bound to polystyrene surface domains, somewhat like a 

steric stabiliser. In this sense there could be some partial cross-linking of poly(vinyl 

alcohol) domains. 
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The approach used to evaluate the effect of cross-linking strategy was to cast films and 

perform tensile testing on dumb-bell shapes cut from thesc films, as in Subsection 6.6.1. 

Latices that had been mixed with poly(vinyl alcohol) to a 10% level were used as the base 

latices. 1.5%, by weight on total latex, of IPDI (Bayer) was added to these latices and 

mixed with a glass stirring rod. Care needed to be taken not to introduce air bubbles into 

the latex, as the viscosity imparted by the addition of poly(vinyl alcohol) meant bubbles 

could remain for a number of hours. The latices were left to stand overnight at room 

temperature to allow the IPDI to reach an equilibrium distribution through the latex. The 

next day the latices were poured into the trays described in Subsection 6.3.2 and placed in 

the oven at 40°C for the film to form and the isocyanate groups to react. The films were 

cut into dumb bell samples and subjected to tensile testing using the Instron 1195 in the 

same way as described in Subsection 6.6.1. 

6.8.3 Verification of Cross-Linking 

In order to carry out an assessment of the effects of cross-linking, it was considered 

important to ensure that a substantial amount of cross-linking had occurred. It was desired 
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to ensure that any effects observed in physical testing were a result of cross-linking, rather 

than other possible reactions. For this to be accomplished a test to quantify cross-linking 

was needed. There are a number of techniques that can quantify branching in polymers, 

for example triple-detector size exclusion chromatography and liquid phase nuclear 

magnetic resonance spectroscopy, but these cannot be applied to extensively cross-linked 

systems as the polymer will no longer dissolve in any solvent. However, this property of 

highly cross-linked films being insoluble in any solvent can be utilised to measure the so

called content'. By measuring the fraction of a film that will not dissolve in a 

particular solvent, a measure of the cross-linked portion can be obtained. This method 

relies on the solvent being able to dissolve a sample of the polymer that has not been cross

linked. When the sample was highly cross-linked, the only parts able to dissolve will be 

those not incorporated in or trapped by the cross-linked network. The fraction remaining 

undissolved will depend on both the solvent used and the length of time taken to dissolve 

the sample. In order for polymer to be insoluble in a good solvent, it needs to be cross

linked to an extent that gives spatial dimensions approaching that of the film sample. This 

means that if cross-linking occurred in latex particles prior to film formation, this cross

linking may not be extensive enough to render the polymer insoluble, the particles being 

relatively small on a microscopic scale. This hypothesis was checked by exposing a 

poly(vinyl acetate) latex to a gamma radiation source located at the University of 

Auckland, to effect cross-linking in the particles. This latex was cast into a film, and 

SUbjected to an insoluble fraction determination by the mesh thimble method. This 

determined that there was no "insoluble" fraction. Thus for a result to be recorded the film 

needed to have an extensive cross-linked structure established after the film had formed. 

In other words, only if the size of the networks is significantly greater than that of the 

particles will the following tests record the networks as being insoluble. 

Soxhlet Method for Determination of Insoluble Fraction 

A Soxhlet extractor was used to characterise the cross-linking in cast films. The Soxhlet 

extractor was set up in the usual manner7 and a thimble (Whatman single thickness 

cellulose 28 x 120 mm) placed in the holder. The heating mantle was switched on and the 

empty thimble extracted with toluene for 1 day to remove soluble thimble material. 

Toluene was chosen as it is a good solvent for both polystyrene and poly(vinyl acetate). 

The blank extraction step was found to be important, as there was often in excess of 0.3 g 
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extracted from the empty thimble, and the method relies on a constant thimble weight 

while the extraction of polymer was occurring. The thimble was removed and dried in an 

oven at 60°C. Once the thimble had dried thoroughly it was removed from the oven and 

allowed to equilibrate to room temperature and humidity before being weighed. 

Approximately one gram of dried polymer film was then inserted into the thimble and the 

thimble reweighed. The thimble was replaced in the holder and extraction using clean 

toluene as solvent was carried out for 48 hours. The thimble was dried and weighed as 

before. The insoluble fraction could then be determined from the weight of polymer 

remaining in the thimble. 

A number of film samples were characterised using the Soxhlet procedure to determine the 

fraction of insoluble material. The method was effective as the sample was continually 

being flushed with near boiling toluene. However it did have a number of drawbacks. The 

weight of cellulose thimble used to hold the film sample was affected by water absorbed 

from the atmosphere; this made accurate weighing very difficult. Weighing the sample in 

the absence of the thimble was not an option, as the polymer would often adhere strongly 

to the cellulose. Some polymer types tended to block the pores in the thimble, so after a 

few cycles the thimble would not drain properly when the toluene siphoned from the 

holder. These problems led to the evaluation of the mesh thimble method described in the 

following section. The soxhlet method was not considered a suitable method for 

determination of gel fraction. 

Mesh Thimble Method for Determining Insoluble Fraction 

To overcome the problems associated with the Soxhlet method a simpler method was 

devised to measure the insoluble fraction. To eliminate the problems associated with the 

cellulose thimbles, it was decided to construct the thimbles from stainless-steel mesh. The 

mesh (3.9 strands per mm) was cut and folded into a cup 28 mm wide and 16 mm high. 

Constructing the thimbles from stainless steel meant that solvents would not alter the 

thimble weight, thus eliminating the need to condition the thimbles prior to use. The mesh 

thimbles did not absorb water, so weighing was considerably simplified. It was decided to 

immerse each thimble in a jar containing solvent rather than using a Soxhlet apparatus to 

conduct the extractions. This allowed many determinations to be conducted 

simultaneously. The procedure used to calculate the fraction of insoluble material was the 
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same as used for the Soxhlet method. The ability to measure the mass of the thimble 

reproducibly allowed a smaller sample weight of around 0.1 g to be used for the 

determination. The amount of solvent used was ca. 130 g, which meant that even if all the 

polymer dissolved, the resulting solution would be less than 0.1 % polymer by weight, 

which should not have appreciably slowed the dissolving of polymer. It was envisaged 

that the soluble polymer might take longer to dissolve in solvent at room temperature, 

rather than the elevated temperatures of the Soxhlet extraction. assess the time taken 

for a constant weight of polymer to remain, a series of tests were carried out on samples 

with a range of insoluble fractions. Samples from a number of films were placed in 

thimbles and put into jars for varying lengths of time, and the fraction remaining was 

calculated after the thimbles were removed and dried. The resulting data for one such film 

with a relatively high insoluble fraction is shown plotted in Figure 6.21. Latices with 

lower insoluble fraction contents were shown to reach a steady fraction remaining faster 

than was seen with the sample of Figure 6.21. From these results it was decided to conduct 

all insoluble fraction determinations for one week to ensure that the long-time value would 

be reached in all cases. 
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Figure 6.21. Variation with time of fraction of remaining film for a mesh 

thimble extraction. 
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Despite the development of the jar method, the gel fraction value obtained for a particular 

sample is highly arbitrary. The comparison of results obtained using different methods is 

meaningless, as the values obtained depends strongly on test conditions. 

The insoluble fractions were measured for the films cast from the six latices evaluated in 

Section 6.6. After one week in toluene the films had all completely dissolved, i.e. the test 

did not find an insoluble fraction for any of the films. When the same latices were mixed 

with 10% poly(vinyl alcohol) and cast as fihns, the test gave a different result. Poly(vinyl 

alcohol) is not soluble in toluene, so this component remained after the sample had been 

immersed in toluene for a week (see Table 6.5). This discovery created a problem, because 

the test method to determine insoluble fraction relied on having a solvent that would 

completely dissolve the sample polymer if there was not an extensive network formed as a 

result of cross-linking. A search was conducted to find a solvent that could dissolve 

polystyrene, poly(vinyl acetate) and poly(vinyl alcohol). Not surprisingly, no solvent was 

found. Thus, the method could not be used as had been hoped as a direct measure of cross

linked material, but it could still determine the material that was able to dissolve. Material 

that was left in the film would either be insoluble in the solvent, sufficiently massive so as 

not to dissolve, or be trapped by insoluble or cross-linked material. 

Table 6.5. Insoluble fraction determined by mesh thimble method for films 

prepared with and without IPDI. 

Morphology WithPVOH With PVOH and IPDI 

VAc-C 0.124 0.143 

Blend-C 0.124 0.165 

Acom-C 0.137 0.180 

CS 0.112 0.199 

CS-C 0.127 0.178 

Insoluble fraction determinations were carried out on films cast from five latices with 10% 

poly(vinyl alcohol) and 1.5% added IPDI. The results are given in Table 6.5. It can be 

seen that the addition of IPDI had increased the amount of insoluble fraction. The 

poly(vinyl alcohol) fraction, plus some extra, was already insoluble without IPDI. By 

adding the IPDI, this fraction has become even more insoluble. The increase in insoluble 
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fraction meant the [PDT had either reacted with some poly(vinyl acetate) chains or it had 

prevented the solubilising of these chains in some other way. These results indicate that at 

least some cross-linking has occurred, so it was worth progressing to the tensile testing 

phase. 

The problem of detennining insoluble fractions for films containing polymer types that are 

not all soluble in the one solvent could have been addressed by sequential extractions using 

two solvents to enable all free polymer to be dissolved. In this case toluene could be used 

to dissolve the polystyrene and poly(vinyl acetate), while a second extraction using water 

would dissolve the poly(vinyl alcohol). 

6.8.4 Tensile Testing Results/or Cross-Linked Films 

Tensile testing of films cast from latices mixed with IPDI was carried out to enable an 

assessment of how the addition of cross-linker had affected perfonnance. Tensile testing 

had been carried out on films with added poly(vinyl alcohol) but without IPDT, so these 

provided the base-line from which to gauge any change in perfonnance. The addition of 

IPDI resulted in a more brittle film, which did not aid in preparation of dumb-bell samples. 

Presumably this increased brittleness was a result of cross-linking making film fonnation 

more difficult, suggesting that cross-linking was occurring before and during the film 

fonnation. The films were cast in the manner described above, then cut into dumb-bell 

shapes in the same fashion as employed earlier. Tensile testing was carried out using the 

Instron tester in the same manner as before, and tensile strength and modulus of elasticity 

data extracted. A comparison of tensile strength data for the five latices is shown in Figure 

6.22. It can be seen that the addition of IPDT to the latices containing no polystyrene had 

resulted in a small increase in tensile strength. However, the opposite trend was observed 

for the three polystyrene containing latices. It was possible that the earlier observation of 

the brittle nature of the samples was contributing to this reduction in tensile strength. The 

san1ples may have been sufficiently brittle that they were breaking due to clamping forces 

rather than the applied tension. The poly(vinyl acetate) samples were brittle before the 

addition of IPDT, and so may be able to better withstand an increase in brittleness. The 

strength of the poly(vinyl acetate) sample not containing chain transfer agent was 

considerably higher than that of any ofthe other samples. 
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The modulus of elasticity results for the same series of latices are shown in Figure 6.23. 

The addition of cross-linker had very little effect on the modulus of elasticity for all 

samples with the notable exception of the V Ac-C sample. For this sample the addition of 

cross-linker to the film has bought about a dramatic increase in the modulus of elasticity. 

The results for both tensile strength and modulus of elasticity would suggest that the 

addition of IPDI to the latices containing poly(vinyl alcohol) has not bought about an 

increase in performance for the latices containing polystyrene domains. The initial 

postulate was that the strength would be increased if the cores were cross-linked together. 

Perhaps the postulate was wrong. Perhaps it was not being tested, i.e., the polystyrene 

domains were not being linked, but only poly(vinyl alcohol) and poly(vinyl acetate) in the 

continuous film was being cross-linked. Perhaps not much cross-linking was occurring at 

all. Perhaps cross-linking was occurring too rapidly, preventing films from forming as 

well, and this was the dominant factor behind the observed performance changes. All in 

all, these results were inconclusive. It remained to be seen how performance was affected 

by cross-linking of polystyrene domains after film formation. Certainly the results of this 
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section were too vague to indicate any morphological effects (i.e., blend versus acorn 

versus core-shell). 
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Figure 6.23. Modulus of elasticity for latices containing 10% poly(vinyl 

alcohol), with and without added IPDT. 

Another investigation was conducted to assess whether significant increase in film strength 

could be achieved without the added poly(vinyl alcohol) to provide functionality for the 

IPDI to react with. A V Ac latex was mixed with 1.5% IPDI in the absenee of any 

poly(vinyl alcohol) to determine if a performance difference could be observed. The 

results of this test are shown in Table 6.6. There had been a small increase in the tensile 

strength, and the modulus of elasticity had increased considerably with the addition of the 

IPDT. This would strongly u~,.,,..,_u. that the IPDI had reacted with the poly(vinyl acetate), 

most likely with the small number of hydrolysed groups that were nOlmally present in a 

poly(vinyl acetate) polymer. Cross-linking between these groups has resulted in a big 

increase in modulus of elasticity. The modulus of elasticity value was sti1llower than the 

corresponding figure when the same latex was blended with poly(vinyl alcohol) prior to 

cross-linking with IPDT. It was also quite likely that some of the cross-linking of 

poly(vinyl acetate) chains also takes place when there was poly(vinyl alcohol) added to the 
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latices. Insoluble fraction detenninations support this hypothesis, as the insoluble fraction 

when IPDI was added was significantly above the fraction of added poly(vinyl alcohol), so 

the additional insoluble fraction could be comprised ofpoly(vinyl acetate) chains that have 

been incorporated into the insoluble mass through reaction with IPDI. 

Lastly, it was noted that another cross-linking approach was also tried: beech slip joints 

(fonned without IPDI) were exposed to gamma radiation. These samples perfonned very 

poorly in mechanical tests. It appeared that the radiation had caused more damage to the 

wood, resulting in a high degree of wood failure and low break load. For this reason the 

approach of gamma radiation was not pursued. 

Table 6.6. Tensile properties of V Ac latex with no added poly(vinyl alcohol). 

Tensile Strength 

Modulus of Elasticity 

Without IPDI 

12.0 

159 

6.9 Summary of Structure-Property Relationships 

WithIPDI 

12.5 

220 

This chapter has presented the results of a number of different tests carried out on a range 

of latices. Thus, there are a number of microscopic properties that have been investigated. 

The following sections summarise the possible effects from some of these microscopic 

characteristics. 

6.9.1 Inclusion of Polystyrene into the Latex 

One of the original aims of this project was to assess the change in adhesive properties that 

would result from including polystyrene into a poly(vinyl acetate) latex. In testing carried 

out at temperatures below the Tg of poly(vinyl acetate) there was often a slight decrease in 

tensile strength observed when polystyrene was incorporated into the particles. This can 

be explained by poly(vinyl acetate) being a relatively strong material below its Tg, and thus 

the inclusion of polystyrene did little to enhance the tensile properties (the slight 

diminution in properties refleeting poorer film fonnation when polystyrene was present). 

However, the perfonnance of poly(vinyl acetate) adhesives is more than adequate under 
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these types of conditions, so a small decrease in the performance at low temperature could 

be accepted in order to improve performance under other conditions where poly(vinyl 

acetate) is not adequate. The modulus of elasticity was increased through the inclusion of 

polystyrene. This effect may have its origins in the creep behaviour of poly(vinyl acetate) 

as compared to polystyrene. Poly(vinyl acetate) is prone to creep, unlike polystyrene, so it 

is possible that this tendency was evident even at the relatively fast strain rate ofthe tensile 

testing. Poly(vinyl acetate) is soft and rubbery above its and in this situation the 

inclusion of polystyrene domains was able to give a dramatic improvement over films cast 

from poly(vinyl acetate) homopolymer. At elevated temperature the inclusion of 

polystyrene was shown to be beneficial, by providing rigid, reinforcing domains through 

the film. 

6.9.2 Amount o/Polystyrene in the Latex 

The optimum loading of polystyrene appeared to be about 50%, sufficient to gIVe 

significant improvement to properties such as tensile strength at high temperature, but not 

so much as to impede the formation of a cohesive film. The testing carried out on the 

series of latices with varying polystyrene content all showed a peak in performance at 

around this level. It was postulated that this peak arose due to two competing mechanisms. 

The first was the increased perfomlance brought about by polystyrene inclusion (e.g. 

strength and heat resistance). As the polystyrene content was increased the beneficial 

effects became more apparent. This mechanism was in competition with the second, the 

decrease in ability to form a cohesive film as polystyrene content was increased. This 

feature was not unexpected, as only the poly( vinyl acetate) is soft enough to form a 

cohesive film, so reducing poly(vinyl acetate) content was going to result in more film 

formation difficulties. The polystyrene content that corresponds to the peak in 

performance depended to a certain extent on the exact test conditions used. 

6.9.3 Polymer Chain-Length 

The microscopic properties of polymer chain-length and degree of branching were 

responsible for determining the latex particle morphology, as well as the observed 

performance characteristics. Ideally the investigation into morphology and particle 

polystyrene content would have been conducted with polymer having the same chain-
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lengths. However, it was not possible to create the inverse core-shell latices without the 

use of chain transfer agent to effect a reduction in chain-length. 

When poly(vinyl acetate) homopolymer films were tested in the absence of a wood 

substrate it was clear that reduced chain length had a detrimental effect on performance. 

However, this trend was not found when the core-shell latices made with and without chain 

transfer agent were compared - shorter chains had a generally beneficial effect on 

performance. This was an unexpected, and therefore very interesting finding. It was 

possible that the shorter chains aid in the formation of a cohesive film around the rigid 

polystyrene domains, which would result in better performance for the sample. 

When testing using a wood substrate was carried out, the latices prepared with a chain 

transfer agent all outperformed their counterparts without it. It is therefore likely that once 

again the mobility associated with shorter chains is allowing a better bond to be formed 

with the wood, as well as helping in the formation of a more cohesive film. It was possible 

that the chain mobility needed to be high in order to obtain good bonding to wood, and that 

a better method could be found to achieve this other than a reduction in chain-length, e.g. 

copolymerisation with a low 

investigated. 

6.9.4 Particle Morphology 

monomer such as butyl acrylate. This remains to be 

Three distinct morphologies were tested to assess their adhesive performance. As has been 

discussed, varying morphology alone, for the purpose of unambiguously determining its 

effect on performance, was essentially impossible (in varying morphology, other 

microscopic properties were also altered). For the purpose of this present comparison the 

CS-C latex will be taken as being representative of core-shell morphology, as the 

poly(vinyl acetate) chain-lengths should be similar to those found in the Acorn-C latex. It 

could be concluded that core-shell morphology generally outperformed the Acorn 

morphology, which was in tum better than a physical blend. The Blend latex was 

especially poor in the absence of added poly(vinyl alcohol). Adding poly(vinyl alcohol) to 

the latices masked the performance differences between these three morphology types. 

These results are as expected: polystyrene encapSUlation should become better in going 

from blend to acorn to core-shell. 
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6.9.5 Presence of Poly(vinyl alcohol) 

Poly(vinyl alcohol) was added to all the latices to be tested in order to aid in film formation 

(especially for the blend latex) and to increase the latex viscosity to facilitate easier wood 

gluing. Adding poly(vinyl alcohol) to the latices cast as free-standing films had a range of 

effects. For the poly(vinyl acetate) homopolymer samples it resulted in a decrease in 

tensile strength. This could have been a result of incompatibility between the two polymer 

types causing problems as the film dried. Adding poly(vinyl alcohol) to the polystyrene 

containing latices had mixed results. In the case ofthe blend latex it allowed the formation 

of a cohesive film (therefore effectively giving a dramatic improvement in performance). 

Adding poly(vinyl alcohol) also gave slight performance improvements to the Acom-C 

and CS latices, but a slight decrease was observed for the CS-C latex. When testing with 

wood was undertaken, it was found that the addition of poly(vinyl alcohol) had resulted in 

a general decrease in performance. This decrease could possibly be attributed to the grade 

of poly(vinyl alcohol) employed, or to the fact that it was all post-added (as opposed to 

addition at the start of polymerisation, as in the case of a commercial poly(vinyl acetate) 

latex). The addition of poly(vinyl alcohol) at the beginning of the polymerisation would 

result in more incorporation into the particles as a result of entrapment and grafting of 

poly(vinyl alcohol). This would in tum give a more homogeneous film, with less phase 

separation between the poly(vinyl acetate and poly(vinyl alcohol). 

6.9.6 Presence of Cross-Linking Agent 

Some experiments were conducted to evaluate the effect of including IPDI into the 

samples cast as films. This chemical was able to induce cross-linking by reacting with two 

hydroxyl groups. In this manner it cross-linked the poly(vinyl alcohol) added to the 

latices. A tensile performance advantage was noted when this chemical was added to 

poly(vinyl acetate) homopolymer latices, but not to latices containing polystyrene domains. 

This was hard to explain. It was likely that the IPDI was not functioning as desired. 

6.10 Conclusion 

Testing of adhesive properties is a complicated task. There are many physical and 

chemical properties that summed to give the overall performance of the adhesive. Some of 
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these related to how readily a bond formed, some to the strength of the bond, and others to 

the durability of the bond under various conditions that cause bond degradation. This 

chapter has sought to establish correlations between microscopic structure in a poly(vinyl 

acetate) based latex and results from testing of films and wood-to-wood bonds created 

fi-om these latices. A number of tests have been carried out on samples prepared from the 

same latex samples to evaluate the way in which the performance was assessed by each 

test. This was done with a view to establishing correlations between test results. The 

effects of an increasing polystyrene content were assessed, and it was found by both beech 

slip testing and tensile testing of freeze-dried films that a 50% polystyrene content 

represented an optimal level of hard polymer. The inclusion of polystyrene did not provide 

benefits of increased strength at temperatures around ambient. However, increasing the 

temperature at which the test was conducted to 600 e resulted in a very clear performance 

gain. Latices with little or no polystyrene experienced considerable weakening compared 

to their strength at 20oe, but those with appreciable polystyrene content were able to 

maintain their strength. This could be of significance in terms of enabling a latex to meet 

commercial testing standards. Testing was carried out to investigate the effect of particle 

morphology on the performance as an adhesive. Here tensile testing showed that the core

shell morphology with added chain transfer agent gave rise to superior tensile properties 

when compared with an acorn type morphology and a physical blend ofpoly(vinyl acetate) 

and polystyrene. This performance advantage was reduced when poly(vinyl alcohol) was 

added to the latices before films were cast. The detrimental effect of poly(vinyl alcohol) 

addition to some latices was unexpected, but may have its origins in incompatibility 

between the polymer types. 

Physical testing to assess other characteristics of the latices was not carried out, mainly due 

to time constraints. Two properties ofpoly(vinyl acetate) adhesives where the inclusion of 

polystyrene might have been expected to help were water resistance and creep. The water 

resistance of a poly(vinyl acetate) adhesive is determined primarily by the protective 

colloid employed, usually poly(vinyl alcohol). Thus having polystyrene domains in the 

particles would not be expected to confer improved water resistance. However, the 

inclusion of polystyrene would also not decrease the water resistance of the dried film, as 

polystyrene is inherently more water resistant than poly(vinyl acetate). The inclusion of 

polystyrene domains into the particles should however increase the creep resistance of 
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films. Polystyrene was shown to have beneficial effects as far as high temperature 

resistance was concerned, and it was expected that this would translate to better creep 

resistance. 

It should once again be stressed that the differences observed when testing different latices 

can be due to factors other than those envisaged. To obtain an accurate assessment of the 

effects that a change in a characteristic such as morphology has on performance it was 

necessary to precisely control other microscopic variables, or to first quantify the effects of 

these variables. The effects of these secondary changes can also vary depending on the 

type of test used (an example of this was the effect of chain length reduction being 

different if the test was conducted with or without a wood substrate). In reality a 

complicated multivariate analysis of a matrix of results is probably necessary. 
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Summary Results 

The work of this thesis had the overall aIm of understanding relationships between 

microscopic latex characteristics ofpoly(vinyl acetate) based latices, and their performance 

as wood adhesives. In parallel with this aim has been the desire to assess the effect of 

including a rigid and water resistant polymer core into the poly(vinyl acetate) particles. 

This task was made difficult by a number of factors. The most important of these factors 

was the complexity of the process involved in the creation of poly(vinyl acetate) based 

wood adhesives. The complexity extends from the recipe used to make the base latex to 

subsequent compounding. There are a large number of ingredients utilised, and a 

correspondingly large variation in the methods by which they can be added to make the 

base latex. The compounding carried out to make the latex more suited to a particular 

application is an additional source of variation. The complexity of commercial poly(vinyl 

acetate) adhesive formulations led to the decision to use simplified 'laboratory' recipes to 

enable better control over the microscopic latex properties, and thus make the 

determination of structure property relationships less complicated. 

The initial strategy adopted was to use a conventional core-shell route to produce the 

required particle structure of polystyrene cores completely surrounded by a shell layer of 

poly(vinyl acetate). Computer modelling using a simplified version of currently accepted 

particle formation theory was undertaken to establish conditions that might favour the 

formation of shells on the seed particles rather than the creation of new particles. The 

model accurately predicted that new particle formation would not occur when seed latices 

having small particles were used. However the model did predict that secondary particle 

formation would occur if the same type of polymerisation was carried out in the presence 

of large seed particles. This prediction was verified experimentally, with the detection of 

new particles in the presence of the large polystyrene seeds. The detection of secondary 

nucleation was carried out with CHDF and TEM. TEM proved to be a very versatile 

technique, enabling the observation of secondary particles, the accurate assessment of 
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particles size distributions and also morphological characterisation. With regard to this last 

aspect of TEM use, a number of sample preparation and staining techniques were 

developed to suit the application of viewing polystyrene in the presence of poly(vinyl 

acetate). The principles underlying the model were used to predict conditions that might 

prevent new particle formation, but none were able to reduce the formation of new 

particles to acceptably low levels. 

The modelling work did suggest that inverse core-shell polymerisation might provide a 

route to the formation of the desired particle structure. The aqueous kinetics of styrene 

emulsion polymerisation are such that new particle formation is much less likely than for 

vinyl acetate. This meant a considerably larger seed particle could be used before 

secondary nucleation would be observed. The inverse core-shell strategy was trialled, and 

it was determined that secondary nucleation had not occurred. The elimination of 

secondary particle formation was just one hurdle on the way to creating true core-shell 

morphology through the inverse method. Considerable development was carried out to 

obtain poly(vinyl acetate) particles with one polystyrene domain per particle, located away 

form the particle-water interface. This was accomplished through the modification of both 

the polymer chain mobility and interfacial tensions between the polymer and water phases. 

The inverse core-shell method was successfully applied to two systems closely related to 

the model poly(vinyl acetate) system under consideration. These were a poly(butyl 

acrylate)-poly(vinyl acetate) copolymer similar to latices used in surface coatings, and a 

poly(vinyl acetate) latex normally used (with further compounding) as a wood adhesive. 

Having established ways to create latices with the desired morphology, testing using 

various techniques was undertaken to evaluate various aspects of performance. Testing 

using a variety of protocols was needed for two main reasons. 

(i) The latices produced in the course of this work (with the exception of those 

synthesised using the commercial poly(vinyl acetate) latex) were not designed to 

function well as wood adhesives, rather they were created to have specific 

microscopic characteristics. This factor meant that they would most likely give 

very poor results if subjected to testing procedures normally carried out to 

evaluate poly(vinyl acetate) wood adhesives 



Conclusions 259 

(ii) Many aspects of macroscopic film properties, substrate interactions and bond 

durability are summed to give an overall adhesive performance. Even for a small 

subset of adhesives such as poly(vinyl acetate) latex adhesives, there exists a 

range of performance criteria that are important to the overall performance, and 

these are not necessarily related to each other. Thus testing using a range of 

protocols is needed to ensure that more than one aspect of performance is 

evaluated. 

Testing carried out on a series of 7 latices with varying polystyrene contents gave good 

correlation between tests on free-standing films and tests conducted using beech wood as a 

substrate. This was important, as it meant that results from one test could be used to infer 

performance from another closely related test. Both testing procedures indicated that the 

optimal polystyrene content in the region of 50% by weight gave the largest benefits. 

Testing at higher temperature clearly showed the benefits of polystyrene content, in 

increased film strength. 

Evaluations were carried out to assess the differences in film properties that could be 

attributed to variations in morphology. These evaluations needed to be carried out in the 

presence of post-added poly(vinyl alcohol) to allow the formation of cohesive films from a 

blend of polystyrene and poly(vinyl acetate) latices. Films formed from this latex blend in 

the absence of poly(vinyl alcohol) had extremely low cohesive strength, and tended to 

crack on drying. This effect is also observed when high levels of inert fillers are added to 

commercial latex formulations. On the other hand, latices containing the same level of 

polystyrene were able to form cohesive films in the absence of poly(vinyl alcohol) if the 

polystyrene was incorporated into the particles. This result illustrates an important 

advantage of the various core-shell morphologies over physical blending. Forming films 

in the presence ofpoly(vinyl alcohol) did not generally give the anticipated increase in film 

properties, or improve bonding to wood. 

Testing was carried out on the modified commercial latex. Results indicated that the 

inclusion of polystyrene had generally enhanced the properties of the adhesive, especially 

at elevated temperatures. The combined test results for the modified commercial latex 

followed the same trends as had been seen in the latices that were not optimised for 

adhesive performance. Therefore the limited testing carried out on these latices also 
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validated the general approach taken in this thesis that of evaluating latices with carefully 

controlled structure rather than necessarily those with good adhesive properties. 

Further testing was canied out to see if cross-linking the poly(vinyl alcohol) in the film, in 

the presence of polystyrene domains could bring about an improvement in performance. 

The results from evaluation of free-standing films indicated that there was little or no 

benefit to strength, but this does not preclude benefits in other areas of performance. 

7.2 Issues raised Research 

Wood adhesion covers a large field, studied by a wide range of disciplines. Narrowing the 

focus to the use of poly(vinyl acetate) adhesives does little to diminish this scope. As a 

result the accumulation of knowledge in this area is a gradual affair, with research into 

various aspects being combined into an ever-growing pool of information. 

Despite the large volume of work that has been carried out on poly(vinyl acetate) 

adhesives, there is still significant gaps in the understanding of certain aspects of their use. 

One such aspect is the creation of a cohesive bond from a poly(vinyl acetate) latex. The 

bond formation is thought to be similar to film formation on a substrate where one surface 

is exposed to the air. There are of course differences such as the absence of a latex-air 

interface, and the porous and irregular nature of the wood surface. This lack of 

information extends to a qualitative description regarding the effect of particle size on film 

formation. These are aspects ofpoly(vinyl acetate) adhesion that need to be investigated in 

order to allow a more thorough investigation of such aspects as particle size in the present 

study. 

The testing undertaken in this study investigated the shear strength of glued wood 

specimens and the tensile strength of free-standing films. This testing was carried out at 

three temperatures, only one of which was above the Tg ofpoly(vinyl acetate). In order to 

assess more thoroughly the effects of including polystyrene cores into vinyl acetate 

particles, more tests would be needed. Specifically conditions that have not yet been 

evaluated are exposure to water and humidity, as well as the effects of prolonged stress 

(conditions that will give rise to creep). One of the original postulates that prompted the 

work in this thesis was that polystyrene cores should improve perfonnance in these areas. 
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The other area that has not been explored in any detail is cross-linking of the polymer 

chains. Facets such as the effects of cross-linking the core polymer to the shell, long range 

networks to cross-link polystyrene domains in the film and the effect of intra-particle 

cross-linking before film formation did not received any attention. It is quite possible that 

cross-linking between cores could significantly improve the water sensitivity of these 

films, which would be another desirable feature to compliment the improvement noted in 

temperature resistance. 

While the work in this thesis has answered many of the questions initially posed, it has in 

tum prompted at least as many that remain unanswered at this point. 
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