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Chapter 1 
 
 
Introduction 
 
 
 
Synopsis: Vision is probably the most important of our six senses. The recovery of vision 

for patients who suffer from diseases like cataract, when the human lens looses its 

transparency, are field of intense research. Although nowadays cataract can be treated 

with fairly satisfactory results, the patients loose the ability to accommodate in the 

classical way. The long-term aim of this research is the development of material for 

intraocular lenses, which not only allows the patients to recover their vision, but also 

enables them to accommodate without auxiliary aids. This material could also be of great 

interest in the expanding field of corrective eye surgery, especially regarding the cure of 

presbyopia.  

 

 

1.1  The natural lens 
 

1.1.1 Anatomy of the lens 

The human eye is composed of the cornea, which is a clear outer tissue that refracts light 

rays to the pupil, the iris, controlling the size of the pupil and thus incoming light, and the 

lens, which focuses incoming light through the vitreous fluid upon the retina. The receptors 

of the retina distinguish contrasts and intensities and generate the neural impulses that 

finally lead to recognition (Figure 1). 

The around 4 mm thick lens is suspended between the aqueous humour, the fluid content of 

the anterior and posterior eye chambers, and the vitreous body. It is enclosed in the 

capsular bag; an outer elastic envelope that is circularly connected to the ciliary muscle by 

the zonular fibres.1 The lens capsule is an optically clear basement membrane of collagen 

and glycos-aminoglycans.2, 3 

  1 
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The biconvex structure of the lens is more bent in the back (r = 6 mm) than in the front  

(r = 10-11 mm). The asymmetry of the front- and back of the lens is due to variations of the 

epithelium. Whereas the single layer epithelium at the lens’s anterior side and equator 

keeps its ability to grow throughout life, the epithelial cells at the back form the inner 

centre (nucleus) of the lens during embryonic development, but stop growing during 

childhood. The continuous growth of the anterior epithelium cells forms new cells without 

loss of older cells.4 Consequently, there are cells in the adult lens nucleus, that have been 

present since before birth, whereas the latest additions are at the periphery.  
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1.1.2 Physiology of the lens 

The lens affects the quality of the image created upon the retina in two ways. With its 

refractive properties and its variability it assists the cornea and pupil in the formation of 

high-contrast images on the retina at the back of the eye. Its selective absorption also filters 

the light and affects the spectral distribution on the retina.6 

 

1.1.2.1 Refraction  

 The lens is part of a refractive apparatus consisting of cornea, aqueous humour, lens and 

vitreous body. Specific fibre proteins, the crystallines, and the regular arrangement of fibre 

layers prevent the cell membranes from scattering light but serve the transparency and high 

refractive index of the lens (1.42). 

During a life span the refractive index rises due to increasing protein concentration, but as 

it is only one part of the refractive system, this effect seems negligible compared to loss of 

the power of accommodation and opacification.7  

 

1.1.2.2 Accommodation 

Accommodation is the ability of the eye to increase its refractive power in order to produce 

a clearer image close by. By contraction and relaxation of the ciliary muscles the thickness 

and surface curvature of the elastic lens is changed, allowing accommodation, i.e. the 

focusing of a sharp projection upon the retina. To focus distant objects the ciliary muscles 

are relaxed and the lens is stretched out in the capsular bag. For near objects, the ciliary 

muscle contract and reduce the traction on the capsular bag, allowing the lens to form a 

thicker centre and with this a higher refractive index (see Figure 1). In addition, ciliary 

muscle contraction initiates a pressure gradient between vitreous and aqueous 

compartments. This hydraulic suspension seems to affect the shape of the lens as well.8 The 

lens is capable of altering its focusing power from 19 dioptres at rest up to 14 dioptres 

when it is fully accommodated.4 Every 5 years, power of accommodation is reduced by 

around ¾ dioptres. A 45-year-old man is still able to accommodate 3 dioptres, a 60-year-

old man only 0.75 dioptres. The natural loss of accommodation is called presbyopia. 

Grasser and Campbell9, and lately Hayashi10 and co-workers, have presented studies on the 

loss of 
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accommodation power with age. Although the individual data may differ considerably, a 

continuous decrease in accommodative power can be observed during a lifetime (Figure 2).  

The elasticity of the lens was measured by Young`s modulus, a procedure introduced 200 

years ago.12 Fisher demonstrated that Young’s modulus increases with age, from less than 

1 kPa at the age of 20, to more than 2 kPa at ages higher than 50. The natural lens looses its 

ability to accommodate when Young’s modulus is above 1.5 kPa.13 

Studies showed that patients with intraocular lens (IOL) implant use the contraction and 

relaxation of the ciliary muscles for accommodation, moving the IOL forward and 

backward within the capsular bag. This mechanism is called pseudo-accommodation and 

decreases proportionally to age.14 
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Figure 2. Changes in lens weight and accommodative amplitude with age: Weight of human 

    lens in respect to age (■)11; Accommodative power of 27 lenses in respect to age (◊)9. 
 

1.1.2.3 Transmission and Absorption 

Lens proteins are exposed to environmental damage over many decades. Either as a result 

of age-related environmental insults, sudden physical trauma, radiation pulse or poor 

nutrition, conversion of the crystalline fibres results in opacification of the lens, a condition 

known as cataract.3 The word cataract comes from the Greek for waterfall. The classical 

world believed that a cataract was formed by opaque material flowing, like a waterfall, into 

the eye. In Figure 3 the decrease in transmission of the lens with age is demonstrated.  
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The gradual fall of transmittance at shorter wavelengths with age due to `yellowing´ of the 

crystalline lens can clearly be seen.  
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Figure 3. Changes of lens transmittance with age (after Weale6 and Charman15), rate of 
     transmittance of 14 year- ( ) , 49 year- (■) and 92 year –(▲) old lenses. 
 
 
1.2 History of intraocular lens implantation 
 
Every year around 10 million human cataractous lenses are replaced worldwide, mainly in 

the developed countries.16, 17 The demographic changes towards longer living increase the 

need for cataract surgery in a range of 5% per year.18  

Cataracts have been surgically removed since the early days of civilisation. In Babylonia 

(Iraq), Greece, and Egypt bronze instruments have been discovered that would have been 

appropriate for cataract surgery. The earliest reference in Sanskrit manuscripts to cataract 

surgery by the Hindu surgeon Susruta dates from the 5th century BC.  

The first attempts to cure the disease with IOL surgery were reported in the 18th century 

when the turbid lens was replaced by a glass lens. Due to the weight the glass lenses 

dislocated after the operation. The beginning of modern cataract surgery started in 1949. 

Sir Harold Ridley replaced the turbid lens by an intraocular lens (IOL) implant made from 

Perspex, polymethyl methacrylate (PMMA). Ridleys interest in PMMA as a material for 

IOL went back to reports during World War II. Windshields in fighter planes were made 

from PMMA. It was observed that the material remained inert in the eyes of pilots hurt in 
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aerial combat accidents, where the shattered windscreen penetrated their eyes. Since 

PMMA is also transparent it seemed ideal as lens replacement material. Ridley fixated the 

artificial lens successfully in the posterior eye chamber, but the IOL power calibration was 

imprecise, and the first patient suffered a refractive error. Furthermore, the wounds on the 

cornea and capsule were big and complicated the healing process and the first patient 

suffered from this afterwards.19  

Ridley’s experiences in the late 1940s and early 1950s already revealed complex problems 

that have challenged IOL surgery ever since. Refinements in operation techniques, 

placement of the lens, type of fixation, lens material and disinfectants help to prevent 

complications such as secondary glaucoma or dislocation. 

In 1957 Barraquer developed a method to enzymatically dissolve the zonules to remove  

the lens. In 1961 Krawicz introduced Cryo-surgery for the removal of the cataractous lens 

via a tiny probe, that could be attached by freezing a small area on the surface of the lens.19 

In 1967 Kelman invented a method to emulsify the lens contents with ultrasonic vibrations 

and finally aspirate the emulsified cataract through a small incision.20 The continuous 

improvement of the phacoemulsification procedure (phaco), and other techniques allow 

removal of the lens without destroying the capsule (endocapsular cataract extraction, 

ECCE).21  

Nowadays the natural lens can be extracted through a fairly small incision of 1.2 to 1.5 

mm, and foldable lenses can be implanted through an incision of only 3-4 mm.2 Three 

different materials for IOL are generally used today for IOLs, PMMA, silicones and acrylic 

copolymers.  

IOLs made of PMMA are rigid with water content of  <1%. PMMA is relatively inert, 

lightweight, durable, and resistant to changes caused by aging and climate. Because of, 

e.g., its rigidity, slower visual rehabilitation and enlarged phacoemulsification wounds, the 

use of PMMA lenses becomes less popular.  

Foldable silicone lenses are the second popular type of IOLs. Silicon is hydrophobic and 

has low adhesive properties with extra cellular components that inhibit posterior capsular 

opacification (PCO). PCO is also called secondary cataract. The surface of the silicon IOLs 

appears “slippery”, especially when wet and is difficult to manipulate. The insertion into 

the capsular bag may result in a rapid unfolding action depending on the insertion system. 
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This can lead to uncontrolled insertion and intraocular damage.  The surface makes silicon 

lenses less adherent to ocular tissue.  

Hydrophobic acrylic lenses are made of acrylate and methacrylate copolymers, which make 

them flexible and durable. Due to a high refractive index, they are lightweight and thinner 

than lenses made from PMMA and silicon. The material is relatively inert and its 

consistence allows a slower unfolding action and a more controlled insertion by the 

surgeon.23 However, the softer nature of this acrylic copolymer makes it fragile and more 

susceptible to cracks, dents and scratches. In general IOLs from hydrophobic acrylic are 

well tolerated and have a low incidence of PCO formation. Disconcertingly, acrylic IOLs 

have been noted postoperatively to have problems with “glistening” or water 

microvacuoles that form within the IOL.23 Hydrophilic acrylic lenses contain 18-36% water 

and have excellent biocompatibility because of their relatively hydrophilic lens surface.21 

IOLs of this material are made of a hydroxyethyl-methacrylate (HEMA) backbone and a 

hydrophilic acrylic monomer. Because of their soft and flexible surface, these IOLs show 

little or no surface alterations or damage from folding with insertion. On the other hand, the 

hydrophilic surface properties provide an ideal matrix for lens epithelial cells (LEC) 

migration on the optic. The high incidence of LEC correlates to a higher rate of PCO. 

The refractive index of PMMA is 1.49, higher than that of silicone (1.41-1.46), but lower 

than that of some acrylic copolymers (1.44-1.55). Most eye surgeons choose foldable acryl 

lenses (58% acrylic-IOLs vs. 38% silicone IOLs and 4% PMMA IOLs in the year 2002). 24 

 

1.2 Injectable IOLs    
 

Cataractous lens removal and IOL replacement provide significant benefits for most 

cataract patients, but it is estimated that up to fifty percent of all patients, who have IOL 

implants in the lens capsule, develop posterior PCO. Deposits of cells and fibres on the IOL 

implant and on the posterior capsular membrane hinder the passage of light. These cell 

deposits originate from LEC on the inner surface of the capsule, or from accumulation of 

inflammatory cells and protein deposits on the intraocular lens implant. Ophthalmic 

surgeons typically take considerable care in removing all residual LEC prior to the  

implantation of an artificial IOL, but (1) those residuals are difficult to detect during the 
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operation, and (2) the aim of the operation is to harm the surrounding tissues as little as 

possible. PCO can be treated by laser, but the laser energy is usually directed through the 

IOL implant and may damage its optical and structural characteristics. Injectable IOL could 

solve this problem because the complete filling of the capsular bag would leave no space 

for growing cells. 

Another field of application for IOLs is presbyopia, the insufficient power of 

accommodation for clear vision at short distances. Presbyopia can easily be corrected 

nowadays with reading, or bifocal spectacles. But the demands of modern society to 

improve the quality of life of people suffering from presbyopia make IOLs attractive 

compared to external aids. Lenses on the market nowadays allow accommodation of only 

one dioptre, and are thus not a real answer. Injectable accommodating IOL have a potential 

to solve this problem.  

A major requirement for the successful function of injectable accommodating IOLs is that 

the suspension- and accommodating system of the natural lens, mainly the ciliary muscles 

and the zonular fibres, continues to work sufficiently. Aging can have a negative influence 

on these systems and decrease the possibility to accommodate even with a functioning lens. 

There are as yet no known techniques for the restoration of an insufficient accommodation 

system once it has deteriorated. 

While it is possible to adapt the refractive power of an IOL to a certain extent prior to 

implantation, injectable lenses require refraction control during the operation. Capsular 

defects must be avoided to prevent the filling material from leaking into the vitreous body 

or the anterior chamber and hence to avoid secondary cataract development. The materials 

must have a certain viscosity to be injectable and either change their consistency after 

injection by polymerisation, or they may be enclosed in an additional bag or balloon.22 

 8



 
     Introduction  

First attempts to inject an IOL were made by Kessler, who succeeded in the 1960s in 

refilling the lenses of rabbits in vivo with a silicone elastomer, but the surgical technique at 

that time could not preserve the capsule.25 Parel and co-workers (1986) applied the 

technique to lens extraction and refilled the capsule with a silicone elastomer gel, which 

was cured within the capsular bag (Figure 4).  
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was suppressed. Hettlich found evidence that formation of a full-size injected lens might 

afford a number of benefits22:   

• Therapy potentials for presbyopia. 

• Smaller bulb opening, thus a smaller risk of surgically induced injury and rapid 

optical rehabilitation of the patient. 

• Preservation of the shape of the iris-lens diaphragm, thus further minimising the 

risk of complications after the operation. 

• Complete refilling of the capsular bag, which should reduce the incidence of 

secondary cataract. The growth of LEC could be suppressed by ensuring close 

contact to the capsule (`no space no cell´). 

 

1.4 Hydrogel for an accommodating lens  
 

Hydrogels are a class of materials that are interesting for this application. The natural lens 

itself is a hydrogel. Hydrogels have been found biocompatible and are used in numerous 

applications in medical technology. Additionally, hydrogels have the potential to be very 

soft, due to the presence of water. However, in order to function as an IOL, the properties 

of the hydrogel would have to be comparable to the natural lens with respect to refractive 

index, modulus and transparency, which are, respectively, 1.42, 1.5 kPa and more than 

60% in the visible light range. 

Injectable collagen-based intraocular hydrogel lenses have been described but the collagen 

concentrations used were low, resulting in a low refractive index.28, 29 Furthermore, 

collagen is neither chemically nor biologically inert and is assumed to increase the 

incidence of PCO. Collagen is used in cell culture experiments, particularly for the 

stimulation of LEC.22 

International Patent Application WO 01/08604 introduced an aqueous solution of linear 

polymers. The water-soluble polymers were modified to low degrees in order to obtain 

lightly cross-linked hydrogels and thus keep the elasticity modulus of hydrogel lenses 

low.30 High polymer concentration and low cross-linking density can lead to significant 
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swelling in an aqueous environment, affecting the refractive index and even leading to 

rupture of the capsule bag. 

Hydrogel that comprise polyvinyl alcohol and polyvinyl pyrrolidone, (US Patent 

Application US 2001/0049532) resulted in successful lens formation within the capsular 

bag, and closure of the incision hole.31 The swelling of the cross-linked material was not 

tested, similarly to International Patent Application WO 00/47185.32 

Ravi et al. investigated the accommodation mechanism using a thermal curing 

poly(ethylene glycol) monocarylate and diacrylate (PEGMA and PEGDA). To obtain a 

polymer with a low modulus, the polymer content and, consequently, the refractive indices 

of the materials were very low (<1.36). The materials showed also swelling after curing.33  

The International Patent Application of Pharmacia WO 01/77/197 using hydrogels formed 

from polyallyl alcohol and poly(hydroxyl propanediyl), showed that the cross-linked 

material had very good properties, such as refractive index, transparency and  low modulus 

but, due to the water insolubility of the material, it could not be injected into the capsular 

bag with a standard cannula.34 

Injectable IOLs were based on various components. Central problems were the hydrogel 

density, affecting elasticity modulus and refraction, the viscosity and hydrophobic 

character of the injected solutions, and additional swelling after the polymer solutions were 

cross-linked, also duration and temperature of polymerisation were often not acceptable. 

International Patent WO 03/015669 A1 suggests another type of accommodating lens 

which is not based on refilling the capsular bag, but implanting a device and deformable 

lens material. 35 The concept works similarly to the accommodating system of water birds. 

Under pressure the soft lens material is forced through a plate with a hole, which results in 

a deformation and increases the refractive power of the lens. However, nothing is 

mentioned about the materials that could be used in such a system.  

The conclusion is that conventional hydrogels cannot be used as accommodating lens 

material. In order to develop such a material, novel approaches as well as novel polymers 

are needed. 
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1.5 Cross-linked latices as possible new injectable accommodative 
      hydrogel lens material  
 
The crucial obstacle in hydrogel development is the osmotic pressure of the injected 

dissolved polymeric material and thus the swelling pressure of the hydrogels. This problem 

arises from the fact that polymeric solutions in water differ from IOL materials used 

nowadays such as PMMA or silicones, which are not dissolved in water and do not swell in 

an aqueous environment.36 

The osmotic pressure Πosm of an aqueous solution of polymeric material is caused by the 

affinity of polymer to water and is proportional to the polymer concentration. This affinity 

depends on the polymeric composition. Without any counterforce the material tends 

towards an infinite solution. If the aqueous solution of polymeric material is separated from 

a surrounding aqueous phase by a water-permeable membrane, like the capsular bag in the 

eye, the affinity of the polymer towards the water will lead to an osmotic pressure. The 

elastic retracting force, that grows with increasing amounts of water swollen into the bag, is 

the counterforce to the osmotic pressure, leading towards a final equilibrium in the system.  

One problem is that the swelling with water results in a decrease in the refractive index. 

This makes it problematic to adapt the material to a final refractive index. The osmotic 

pressure of polymeric solutions is generally very high, for example for 10 wt% polyvinyl 

alcohol solution it is around 50 kPa.37 This is far too high, keeping in mind that material 

with the right refractive index requires a much higher solid content. It is known that the 

capsular bag will rupture at pressures above 8 kPa.38 For IOL material it was therefore 

focused on cross-linked polymeric material. The osmotic pressure of a polymeric solution 

has an impact on the swelling pressure of the cross-linked “solution”, the hydrogel. The 

hydrogel has a tendency to attract water, which causes the swelling pressure ω. It has been 

defined by Flory-Rehner as follows39 : 

 

+−−= )(1{(RT/v)[lnω ϕ G(I)]}wχ 32 −++ ϕϕϕ   (1) 
 

v is the molar volume of the solvent, φ  the volume fraction of the polymer, χ and w 

second- and third-order interaction parameters and G the elastic modulus of the swollen 
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network. The part of the equation in brackets refers to the mixing term. Equation 1 can also 

be written as40  

 

GΠω mix −=      (2) 

 

in which Πmix is the osmotic mixing pressure. The desired modulus of the hydrogel is 

limited to 1.5 kPa, which, for the equilibrium of the system where the swelling pressure is 

0, gives a value for Πmix of 1.5 kPa as well. Πmix is proportional to the osmotic pressure of 

the aqueous solution of the polymer and therefore also proportional to the polymer 

concentration. Although for hydrogels Πmix is smaller than the corresponding osmotic 

pressure of the polymer solution, for “normal” hydrogels it is still far too high, e.g. for 

PVA hydrogels with a solid content of 25%, the value is around 100 kPa.41 With regard to 

the high refractive index required there is a conflict between low swelling pressure and 

high refractive index.  

Core-shell polymers may solve this problem. It has been mentioned in the literature that the 

osmotic pressure of these latices is much lower than linear polymer aqueous solutions. 

Whereas charged core-shell latex particles have an osmotic pressure of 3 kPa at particle 

sizes of 30 nm and concentrations of up to 15%, uncharged 330 nm core-shell latex 

particles with, e.g., a polystyrene core and a polyvinyl alcohol shell, have an osmotic 

pressure of around 1 kPa at a solid content of 32% to 55%.42  At lower solid content levels 

the osmotic pressure is not even measureable.42 It has also been shown that impurities of 

non-adsorbed shell polymer increase the osmotic pressure noticeably. The formation of a 

hydrogel by cross-linking transparent core-shell latices with a particle size up to 40 nm 

could provide an ideal material for IOLs with a high solid content and thus a high refractive 

index, but with low swelling pressure.  
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Latices have not yet been tested as material for IOLs. Benchmarks for the development of a 

core-shell latex that can be used for the formation of IOLs after endocapsular cross-linking 

are:  

• Optical transparency due to its use as lens material. 

• A refractive index as close to 1.42, the refractive index of the human lens, as 

possible.  

• Good biocompatibility of the material since it will be implanted into the human 

body. 

• Low osmotic pressure of the latex and low swelling pressure of the cross-linked 

material. 

• Physical properties of the material before and after injection. The latex should be 

homogeneous and fluid before injection into the capsular bag, to fill the whole 

volume of the bag. Too low viscosity would allow undesired leakage into the eye 

before cross-linking. The physical properties of the newly-formed lens, after the 

latex is cross-linked in the capsular bag, should be close to those of the human 

lens.  

• Safe endocapsular cross-linking conditions. 

 
The latex should consist of polymeric particles with a core-shell morphology. The core of 

the particles should be made of a densely cross-linked hydrophobic material, a microgel. 

The densely cross-linked core should provide particle stability with no possibility of 

swelling, and a high refractive index. Onto the core a shell should be polymerised from 

hydrophilic material, capable of swelling in water. The microgel particles should be 

reactive, which means, they should have reactive terminal groups. These groups enable 

inter-particle cross-linking, leading to a new lens in the final step by, e.g., a 

phosphineoxide initiator and blue light irradiation after the latex has been injected into the 

capsular bag.32 Other cross-linking mechanisms, like the use of a two-compound batch 

system, are also possible. Figure 5 depicts the core-shell morphology and the impact of its 

components on osmotic pressure and their functions in the final product.  
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Three different techniques were selected to synthesise the core: emulsion polymerisation, 

pulsed electron beam initiated emulsion polymerisation and microemulsion 

polymerisation. These techniques were investigated and compared to find the most 

appropriate technique to obtain the core latex. DVB seemed to be a very good monomer 

for this purpose. However, preliminary tests on microemulsion polymerisation were not 

encouraging. Due to the high amount of surfactant required and the need to remove it prior 

to the seeded shell polymerisation, to prevent secondary particle formation, 

microemulsion polymerisation was considered less suitable, in this case.  

Polymerisation of the shell should result in a hairy layer consisting of hydrophilic polymer 

on the hydrophobic core/seed latex. PVAc or a copolymer of PVAc and polyethylene 

(PEt) where chosen as the most promising shell materials.   

As a last step, the reactive microgel particles should be cross-linked to form the IOL in the 

capsular bag. After obtaining results from this last step one should go back to the synthesis 

of the latex to optimise the final properties of the product by varying the polymerisation 

procedures. 

The route towards our model for artificial lenses made of core-shell latex with reactive 

terminal groups for endocapsular cross-linking is shown in Figure 7. 
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1.6 Outline of the thesis 
 
The present investigation focuses on the feasibility of preparing transparent core-shell 

latices, designed with the aim of using latex as a model for endocapsular cross-linked 

IOLs.  

Emulsion polymerisation is the main synthesis technique used within these studies. After 

an introduction into the principles of emulsion polymerisation in Chapter 2, the main part 

of the research is presented in the Chapters 3-6.  

Chapter 3 and 4 cover the synthesis of the seed latex.  The emulsion polymerisation of 

DVB, aiming at obtaining small particle sizes is described in Chapter 3. Based on the 

work of Funke et al., new insights into the emulsion polymerisation of DVB have 

emerged and important improvements have been made towards the synthesis of 

transparent PDVB. The effect of various polymerisation parameters on particle size and 

latex stability is shown in this chapter.  

The successful use of pulsed electron beam (PEB) initiation for the synthesis of unique 

transparent latices with small sized particles, which are stable at low surfactant 

concentrations, is shown in Chapter 4. The water-solubility and the propagation rate 

constant of the polymerised monomers are shown to have a significant impact on the 

latices obtained. The mechanism of PEB initiation and the feasibility of up-scaling have 

also been investigated. 

The emulsion polymerisation of VAc in the presence of small PDVB latex particles is 

presented in Chapter 5. Inhibition effects in the systems were discovered and overcome.  

It has been shown that changes in the seed latex surface and copolymerisation with 

ethylene (Et) increased conversions of VAc in the presence of PDVB seeds.   

In Chapter 6 it is described how an increase in the solid content of the multi-layer latex 

particles obtained, affects refractive index, viscosity and transparency of the latex. Cross-

linking of latices with a high solid content to form a transparent hydrogel is also 

demonstrated.  

Chapter 7 discuses the outcome of this thesis against the background of the research done 

so far and highlights the benefits and obstacles concerning the possible use of structured 

transparent latices as material for injectable IOLs.
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Chapter 2 

 

Theoretical aspects of emulsion polymerisation 
 

 

Synopsis: The main polymerisation technique used in this research is emulsion 

polymerisation. This chapter provides a broad overview of emulsion polymerisation and its 

kinetics. A comparison between emulsion polymerisation of divinylbenzene (DVB), the 

main monomer studied in this project, and classical emulsion polymerisation theory 

highlights important differences between the emulsion polymerisation of DVB and that of 

other monomers. As the following chapters show, this has a great impact on the properties 

of the polymeric material obtained. 

 

2.1 Introduction 

Emulsion polymerisation has been investigated from the 1900s onwards1, 2, 3 and 

commercially runs since 1929.4, 5, 6 Nowadays it is a very important industrial process. 

Around 15% of the total amount of synthetic polymers is produced by emulsion 

polymerisation.7   

Emulsion polymerisation is a free-radical initiated chain polymerisation procedure. The 

simplest recipes contain water, surfactant, (predominantly) sparsely water-soluble 

monomer and initiator. The polymerisation product is latex, a colloidally stable dispersion 

of submicron polymer particles in water. 

Major advantages of emulsion polymerisation are the ability to obtain polymeric material 

of high molecular weight, and to achieve in general good heat exchange during the process, 

due to the relatively low overall viscosity of the system. Another advantage is the use of 

water as continuous phase, which is friendly to the environment. A disadvantage of the 

system is that in some cases additives, for example the surfactant, need to be removed after 

polymerisation to obtain desired product properties. Polymer produced by emulsion 

polymerisation has a broad field of applications, for instance paints, adhesives and artificial 
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rubber. Due to its commercial importance, emulsion polymerisation has always been, and 

still is, a field of intense research. 

 

2.2 Division of the emulsion polymerisation process into three intervals 

For a systematic description of emulsion polymerisation and its kinetics, the process is 

commonly split into three intervals7: 

 

Interval I 

During interval I, the formation of particles takes place. Besides the most often-described 

micellar nucleation, homogeneous nucleation and coagulative nucleation also occur.  

In ab initio polymerisations, where no particles are initially present in the system, an 

emulsion is formed from the ingredients water, monomer and surfactant, prior to the start 

of polymerisation. With the help of mechanical stirring, emulsifier stabilised monomer 

droplets and monomer-swollen surfactant micelles are formed. The finite solubility of even 

very hydrophobic monomers, like styrene (Sty), results in a low concentration of dissolved 

monomer in water.  

The addition of a water-soluble initiator, and thermal decomposition of that initiator, leads 

to the formation of free initiator radicals that start the polymerisation process by reacting 

with monomer dissolved in the aqueous phase. Polymerisation then proceeds, after addition 

of more monomer molecules, to form an oligomeric radical. The growing oligomer 

becomes surface-active when a monomer depended characteristic chain length of jz is 

reached. It then can enter the monomer-swollen surfactant micelles. Within the micelles the 

oligomeric radical reacts further with monomer, and propagates to form a polymer particle. 

This process is called micellar nucleation.  

If a propagating oligomeric radical does not enter a micelle but continues to grow in the 

aqueous phase, propagation can occur until the critical chain length jcrit is reached. jcrit 

depends on the monomer and is thought to be around 20 monomer units for a hydrophilic 

monomer like vinyl acetate (VAc). For hydrophobic monomers the value is much lower.7 

When the chain length jcrit is reached the polymeric chain is no longer water-soluble and 

collapses to form a particle. This particle can adsorb surfactant, then becomes stabilised, 
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absorbs monomer and becomes a locus of polymerisation. This mechanism is called 

homogeneous nucleation.  

The actual number of particles formed in emulsion polymerisation is also affected by so-

called coagulative nucleation. Not all primary particles formed in the emulsion 

polymerisation process are colloidally stable, although they have a stabilising end group 

from the initiator radical and some adsorbed surfactant on their surface. These unstable, so-

called precursor particles are usually a few nanometres in size. Because of their small size 

and poor electrostatic repulsion, resulting from insufficient surfactant coverage, the 

particles coagulate due to strong van der Waals attraction (see Chapter 3.3.5). Precursor 

particles coagulate until they reach a stable size, where they have developed an efficient 

“barrier against coagulation”.7 The coagulative nucleation occurs in varying degrees not 

only during interval I, but throughout the whole polymerisation process. Particles formed 

by coagulative nucleation can act as loci of polymerisation.  

Entry of radicals into monomer droplets is also possible, but it is usually not significant due 

to the low concentration and relatively small surface area per unit volume of the aqueous 

phase of the droplets, as compared to that of the micelles. 

If a second radical enters a particle, already containing one radical, bimolecular termination 

will occur, and the polymerisation will stop. When the particle captures another radical, 

polymerisation re-starts and the particle continues to grow.  

As the monomer-swollen loci of polymerisation grow during propagation, additional 

surfactant is adsorbed from the water phase to maintain colloidal stability. When the 

surfactant concentration in the water drops below the critical micelle concentration (CMC), 

micelles, into which no propagating radical has entered, become unstable and growing 

polymer particles adsorb their surfactant. The end of interval I is reached when all micelles 

have disappeared and particle formation is complete.  

 

Interval II 

Interval II of emulsion polymerisation starts after all micelles have disappeared and only 

monomer-swollen, surfactant stabilised polymer particles and surfactant stabilised 

monomer droplets are present in the reaction mixture. Polymerisation continues in the 

particles. No new particles are formed. Polymerisation proceeds by swelling of existing 
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particles with monomer, and polymerisation of that monomer, thus causing the particles to 

grow. Initiation and termination maintain a balance in the overall radical concentration in 

the particles. The consumption of monomer by growing particles is compensated at the 

expense of monomer droplets, thus keeping the monomer concentration constant at 

thermodynamic equilibrium level. Monomer transport takes place through the aqueous 

phase. Interval II finishes when all monomer droplets have disappeared. 

The behaviour of particle formation and particle growth is depicted in Figure 1. During 

interval I new particles are formed and existing particles swell with monomer and grow. 

The time period interval I lasts is defined as tI. In interval II particle formation is finished 

and no further particles are formed. The existing particles grow by swelling with monomer 

and polymerisation. As a result the particle size distribution is mainly determined by the 

duration of interval I,  tI. Coagulative nucleation is not depicted in Figure 1. 

 

 

 
 tI 

monomer conversion

Interval I Interval II

 

 

Figure 1: Schematic drawing of particle formation and growth during interval I and II. 

 

Interval III 

Interval III of polymerisation starts after all monomer droplets have disappeared. At that 

point monomer remaining in the polymer particles will polymerise and the usually small 

amount of monomer dissolved in the aqueous phase will migrate into the polymer particles. 
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Overall monomer concentration in loci of polymerisation decreases, resulting in a decrease 

in the reaction rate. Polymerisation continues until (ideally) all the monomer has reacted. 

Sometimes, at high conversions, the Trommsdorff-Norrish gel effect is observed: polymer 

particles become glassy and diffusion of radicals within the particles decreases. When a 

second radical enters the particle, termination does not occur right away. This leads to an 

increased rate of polymerisation because two (or more) radicals are present in the locus of 

polymerisation.   

The three different stages of emulsion polymerisation described above are depicted in 

Figure 2. 
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Figure 2: Schematic drawing of interval I to III of a typical emulsion polymerisation. 

 

It must be emphasised that these three intervals do not occur in the same way in all 

emulsion polymerisations. This will be discussed in Chapter 3 in the case of 

divinylbenzene (DVB). Seeded emulsion polymerisation also does not go through all three 

intervals. In polymerisation onto polymer seeds, no new particles are formed, hence 

interval I, the formation of new particles, does not take place. However, the three-interval 

concept constitutes a good model of the emulsion polymerisation system in general, since 

the major effects that can occur during the process are covered. 
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2.3 Kinetics of emulsion polymerisation 

The biggest difference between emulsion polymerisation and other polymerisation 

techniques, such as solution polymerisation, is its kinetics. Fundamental theories postulated 

by Harkins, Smith and Ewart give a general idea of the kinetics of emulsion 

polymerisation.8-10 For an ideal system, where monomer swollen polymer particles are the 

main loci of polymerisation, the rate of polymerisation Rp is defined7 by Equation 1: 

 

sm
mol

w ⋅
⋅

⋅⋅⋅
= 3

A

Pm,p
p N

NCnk
R      (Interval II)                                   (1) 

 

with kp the propagation rate coefficient, n  the average number of radicals per particle, Cm 

the average monomer concentration in the particles, N the number of particles and Nav the 

Avogardo constant.  

Cm,p is generally assumed to be constant in the second interval and decreases in the last 

interval, although the particle diameter affects the values for Cm,p, as can be seen in 

Chapter 4.  

The average number of radicals per particle n  is affected by three different processes: 

absorption of radicals from the aqueous phase into the particle (entry), desorption of 

radicals from the particle (exit), and termination of the radical in the particle after the entry 

of a second one. Smith and Ewart presented three different cases depending on the ratios of 

entry, exit and termination: 

 

Case I: n << 0.5, a faster desorption of radicals from the particles than entry into the 

particles. So particles contain at a maximum one radical, or no radical. 

Case II: n = 0.5, direct termination of a radical when a second radical enters the particle 

and negligible radical desorption. Case I and II are called zero-one systems because a 

particle can contain either zero or one radical. 

Case III: n >> 0.5, termination will not occur directly after entry of a second radical into a 

particle and radical desorption is negligible, hence more than one radical can be present in 

the particle. 
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Prediction of the number of particles N is rather complicated. Smith and Ewart offered 

solutions for two borderline cases, calculations leading towards “too many particles” and 

“too few particles”.11 

“Too many particles”: The calculations for “too many particles” assumes that in interval I 

of the polymerisation all radicals will be captured by micelles, as long as micelles are 

present in the system, and form new particles. Equation 2 defines N:  

 

N = ρ · t1        (Interval I)                                            (2) 

 

ρ is as the rate of radical formation (number per litre per second), t1 is the time of interval I, 

i.e. the time from the start of the reaction until all micelles have disappeared. t1 ends when 

all surfactant has been used for particle stabilisation. This prediction ignores the fact that 

particles, which can also capture radicals, are already present in the system in interval I. 

Therefore these calculations lead a prediction for N that is too high. The detailed prediction 

for N is given in Equation 3: 
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2
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µ
ρ 0.53N ⋅







=        (Interval I)                                     (3) 

 

µ is the volume growth factor, ae is the surface occupied by one mol surfactant, and [S] is 

the surfactant concentration in the recipe. 

“Too few particles”: The calculations for “too few particles” assume that the possibility of 

capturing a radical depends on the particle surface irrespective of surface curvature. This 

prediction for N leads to Equation 4. Classical diffusion theory, however, indicates that  the 

diffusion stream, and consequently the chance of radical capture, decreases as surface 

curvature increases. Therefore, calculations based on this assumption lead to results for N 

that are too low.  
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=         (Interval I)                                      (4) 

 

Equations 3 and 4 only differ in the value of the numerical factor, 0.53 and 0.37, 

respectively. Smith and Ewart assumed that the practical value for this factor would be 

found between these two numbers. The dependence of the particle number, and rate of 

polymerisation, Rp, on the initiator [I] and surfactant [S] concentration is represented in 

Equation 5: 

 

5
3

5
2

p [S] , [I]  N, ~R         (Interval II)                                     (5) 

 

Another, more recently adopted way to describe an emulsion polymerisation procedure is 

to make a distinction between zero-one and bulk condition.  

 

Figure 3 depicts the rate of polymerisation over time of a typical ab initio Sty emulsion 

polymerisation system in comparison with overall conversion, in reaction intervals I to III.  
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Figure 3: Conversion(      ) and  rate of polymerisation (     ) of a typical ab initio Sty emulsion 

                 polymerisation in reaction intervals I to III.7  
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In interval I, when particle formation takes place, N and Rp increase drastically. When 

particle formation has finished, in interval II, N, Cm and n  are constant, thus Rp is constant 

as well. In interval III, when the monomer droplets have disappeared, Cm slowly decreases, 

which continuously lowers the overall rate of polymerisation until the reaction has finished. 

 

2.4 Comparison of DVB emulsion polymerisation with the classical 
      emulsion polymerisation kinetics  

The classical emulsion polymerisation kinetics outlined so far is based on the standard 

monomer Sty.  A lot of exceptions are seen in the emulsion polymerisation of other 

monomers. The theory nevertheless provides a guideline for emulsion polymerisations in 

general, but as with all theories, it also has certain limitations when unconventional 

monomers or reaction conditions are chosen.  

While the theory is generally valid for the standard monomer Sty, the emulsion 

polymerisation of DVB deviates from the predictions. The chemical structure of the two 

monomers Sty and DVB differ only in one respect, the second vinyl bond, that enables 

DVB to cross-link (Figure 4). The ability to cross-link has an impact on the course of DVB 

emulsion polymerisation and the properties of the latices obtained. 

 

Styrene p-Divinylbenzene 
 

Figure 4. Chemical structure of styrene and p-divinylbenzene. 

 

Polystyrene (PSty) particles formed in interval I of the emulsion polymerisation will swell 

with monomer and continue to grow during interval II and III.  Initially formed 

polydivinylbenzene (PDVB) particles quickly become densely cross-linked. Due to the 

cross-links in the polymeric material the PDVB particles are not, or only to a low degree, 
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able to swell with monomer and to grow. Sheu et al. took PSty seed latices, cross-linked in 

different degrees with DVB, and used them as seed latices in Sty polymerisations.12, 13 Sty 

that was polymerised as shell onto the differently cross-linked seed latices was allowed to 

swell into the seed prior to initiation. Spherical core-shell morphologies were obtained 

when the seed was not cross-linked. With increasing cross-linking of the core the degree of 

swelling of the seed with monomer was less, resulting in a snowman- and finally, at high 

degrees of seed cross-linkage, in a raspberry structure of the latices obtained (Figure 5 in 

Chapter 5). These results indicate that cross-linking of the seed drastically decreases the 

seed’s ability to swell with monomer.  

Primary formed cross-linked PDVB particles in emulsion polymerisation remain rather 

small. The interval I of PDVB emulsion polymerisation occurs over a longer period, hence 

more particles are formed (Equation 2). The almost immediate cross-linking of PDVB 

hinders the swelling and growth of the particle as described in the classical emulsion 

polymerisation theory during interval II. Interval III does occur in the PDVB system. The 

volume growing factor µ in Equations 3 and 4 is very small, resulting in an increased 

particle number N and high rates of polymerisation Rp.  

The rate of polymerisation over time (which is proportional to the particle number) is not 

expected to reach a constant value as postulated for interval II (Figure 3), because no 

constant particle number is reached. In systems with sufficient surfactant concentration, 

this behaviour should lead to smaller PDVB latex particles than PSty latex particles 

polymerised under similar conditions.  

Figure 5 depicts the different behaviour of Sty and DVB in the formation and growth of 

particles. The first interval of the DVB emulsion polymerisation occurs over a longer 

period, tI
,, than in the emulsion polymerisation of Sty ( tI). 
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DVB
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Figure 5: Particle formation and growing over time in emulsion polymerisation of Sty (above)  
                and DVB (below). 
 

The Trommsdorff-Norrish gel effect is expected to occur already at low conversions in the 

cross-linked PDVB system, thereby allowing two or more radicals to be present in one 

particle. With a high average number of radicals per particle n , Rp is expected to be higher 

than in Sty systems that are not cross-linked. This effect is counteracted by low monomer 

concentrations in the PDVB particles.  

The ability of DVB to cross-link has further effects on emulsion polymerisation. The 

emulsion polymerisation of DVB is expected to be more sensitive to more coagulation 

leading to the formation of larger particles. Due to the high number of small particles 

formed, there is a greater chance that primary particles that are too small will coagulate. 

Since PDVB is not able to swell to a high degree with monomer, the particles formed by 

coagulation of precursor particles tend to have a less spherical shape. Cryo-TEM 

measurements of PDVB latices demonstrate a more “cauliflower” shaped particle surface 

(Figure 6). 
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Figure 6: Cryo-TEM picture of PDVB latex particles. 

 

The entry of radicals into DVB monomer droplets can lead to 3-dimensional growing and 

large particles. Whereas initiation of noncross-linkable monomer droplets leads to linear 

polymeric chains that collapse after polymerisation and form new particles, the initiation of 

DVB droplets leads towards large, irregularly shaped and cross-linked particles. These 

particles form coagulate, precipitating from, but also floating in the latex. This coagulate 

will decrease the transparency of the latices obtained (and transparency is a main objective 

of this work) rather drastically. 

In conclusion, there are some major differences between DVB and classical emulsion 

polymerisation, which open the possibility of synthesising latices with interesting 

properties, among others transparency. 
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Chapter 3 
 
 
Emulsion polymerisation of divinylbenzene 
 
 

Synopsis: The hypothesis, that cross-linked microgel latices could function as material for 

intraocular lenses was confirmed by preparing microgels based on divinylbenzene (DVB). 

The emulsion polymerisation of DVB was investigated systematically in order to obtain 

transparent, stable latices with small particle sizes.  

The degree of monomer purity was found to affect the latex transparency. Varying 

polymerisation temperature had a significant effect on the latex properties. Monomer 

content and surfactant concentration in the emulsion were varied to obtain the highest 

latex transparency. The emulsion polymerisations of DVB and styrene (Sty) were compared 

with regard to the transparency of the latices obtained. To enhance the stability of the 

polydivinylbenzene (PDVB) latices, copolymerisations of DVB with methacrylic acid 

(MAA) or acrylic acid (AA) were performed. Surprisingly, higher amounts of free radical 

initiator sodium peroxodisulphate (SPS) stabilised the latex but led to larger latex particle 

sizes. The radical transfer effect of 4-tert-butylcatechol (TBC) improved latex transparency 

due to the diminution of the number of polymer particles formed from monomer droplets. 

 

 

3.1 Introduction 

Polydivinylbenzene (PDVB) is a hydrophobic polymer with a high refractive index of 1.62. 

The combination of PDVB as seed latex with a hydrophilic shell polymer seems very 

promising for the application as artificial intraocular lens (IOL) material. Whereas the use 

of DVB as a cross-linking agent, especially for Styrene (Sty), has been intensively 

investigated1-6 little research has been done in the area of DVB homopolymerisation.  
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Funke et al. investigated the polymerisation of 1,4-DVB7-11, with special emphasis on 

emulsion polymerisation.11-17 Main focus of the Funke team was the use of reactive PDVB 

microgel particles as an ingredient for various commercial applications. One interesting 

aspect they investigated was the thermal initiation of DVB in emulsion polymerisation.16 

An unusual growth in particle size was observed as the surfactant concentration was 

increased. Funke et al. also investigated the effect of initiator and emulsifier concentrations 

on the degree of coagulation in the system and the microgel particle size and compared 

their results with a PSty system.14 Furthermore, they demonstrated the stabilisation of 

microgel particles with sulphate groups originating from persulphate-initiator.15 

Funke et al. did not relate polymerisation conditions to the small particle size of the PDVB 

latices they obtained. Therefore, the emulsion polymerisation of DVB was investigated in 

this study regarding transparent latices with small particle sizes.  

Emphasis within this research was on the transparency of the obtained latices. It will be 

shown in this chapter that this characteristic is not easy to control. Already small amounts 

of coagulation or small shifts in particle size distributions towards larger particles can have 

a large effect on latex transparency. Both effects were often not detectable by the applied 

particle size measurement techniques due to the small particle sizes and proximity of the 

cut-off value of the analytic tools. It was therefore sometimes impossible to distinguish 

whether coagulation or particle size distribution decreased latex transparency. 

This chapter describes the effect of monomer purity, temperature, solid content, surfactant 

concentrations, stabilising comonomers, concentration of free radical initiator, and 

polymerisation inhibitor 4-tert-butylcatechol (TBC) on the transparency of the PDVB 

latices obtained.  
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3.2 Experimental 
 

3.2.1 Materials  

DVB (technical grade, 55% m-DVB, 25% p-DVB, >17% m-& p-ethylvinylbenzenes, >1% 

o-, m- & p-diethylbenzenes, Aldrich), Sty (99%, Merck) methacrylic acid (MAA, 99,5 %, 

Merck) and acrylic acid (AA, 99% Merck) were used, if not mentioned otherwise, after 

being purified of inhibitor by passing them over a column filled with an inhibitor remover 

package (Aldrich). Toluene (99%, Biosolve), Cu(I)Cl (99%, Biosolve), methanol (MeOH, 

99%, Biosolve), sodium dodecylsulphate (SDS, +97%, Fluka), sodium peroxidisulphate 

(SPS, +99%, Merck), VA-44 (2,2`-azobis(2-(2-imidazolin-2-yl)propane)dihydrochloride 

(WAKO Chemicals), V-50 (2,2`-azobis(2-methylpropionamide)dihydrochloride) (WAKO 

Chemicals), α,α`-azobisisobutyronitrile (AIBN, Merck, >98%) and 4-tert-butylcatechol 

(TBC, 97%, Aldrich) were all used as received.  

 

3.2.2 Purification of p-DVB 

For purification 600 g crude DVB and 400 mL toluene were placed in a 2-L 3-neck reactor 

fitted with a reflux cooler, a thermometer and a Teflon stirrer. The mixture was heated up 

to 80º C for 30 min, after which 260 g Cu(I)Cl was added. The mixture was then slowly 

cooled to 50º C and 25 mL MeOH was added to accelerate p-DVB/Cu(I)Cl complex 

formation. As the temperature fell, the suspension turned from green to yellow, which 

confirmed the formation of the DVB-Cu(I)-complex. The yellow complex was allowed to 

precipitate overnight and then filtered off. Subsequently, it was suspended in 600 mL 

toluene, heated to 80º C for 30 min and filtered at that temperature. The toluene was 

removed from the liquid phase in a rotation evaporator. The remaining DVB was purified 

by several re-crystallisations at -18º C and run over a column of basic Al2O3. 

 

3.2.3 Polymerisation  

A typical emulsion polymerisation procedure was performed in a 300 mL double-walled 

glass reaction vessel with mechanical Teflon stirrer, attached reflux cooler and gas inlet. 

The vessel was first fed with 8 g of SDS, then sealed and purged with argon for about 10 

minutes. After that, 147 mL water, that had been made oxygene-free by purging for about 
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20 minutes with argon, was added. The mixture was stirred  at 400 rpm for 30 minutes 

under argon atmosphere at the reaction temperature of 60° C, to dissolve the surfactant. 

Then 12 g DVB monomer and optionally either stabilising comonomers MAA or AA, or 

TBC were added. The mixture was further stirred for 45 min to allow the monomer to 

emulsify. After an emulsion was formed, typically 0.3 g radical initiator SPS, dissolved in 

3 ml water, was added to initiate polymerisation, which took place over 4 hours. 

The poorly water-soluble initiator AIBN was dissolved in a small amount (2 mL) of 

acetone before being added to the emulsion. 

 

3.2.4 Analysis  

Conversion 

Conversion was measured gravimetrically. Further polymerisation was prevented by 

addition of small amounts of TBC. To remove water and residual monomer the latex 

sample was precipitated in aluminium cups, weighed, dried, first on a hotplate at 70° C, 

and then in a vacuum oven overnight at 80° C, and weighed again. Higher monomer 

evaporation temperatures led to polymer decomposition. 
 

Coagulation 

To measure the amount of coagulate, the coagulates were separated from the latex by 

centrifugation.  They were then washed 3 times with DI water, dried on a hotplate, cured in 

a vacuum oven overnight and weighed. 
 

Dynamic light scattering (DLS) 

A Malvern 4700 light scattering apparatus with a 488 nm laser, a Malvern 7032 correlator, 

a PCS7 stepper motor controller and a PCS8 temperature controller were used for dynamic 

light scattering measurements. The scattering angle was 90° and the measuring temperature 

25° C. The intensity weighed mean-average diameter was measured thirty times to arrive at 

an average value.  

 38



 
  Emulsion polymerisation of divinylbenzene 

Filtration 

Latices were filtered by passing them through a 200 nm PTFE/PP micro filter using a 

syringe.  

 

Capillary Hydrodynamic Fractionation (CHDF) 

A CHDF 2000 apparatus from Matec Applied Science was used to determine particle sizes. 

The CHDF eluent, ELUENT 1X, was used with a flow rate of 1.4 mL/min. Sodium 

benzoate was used as an internal marker. The average particle size by area was taken as the 

average particle size. To prevent blockage of the capillary the latices were generally 

filtered through a 1 µm filter. 

 

UV-Vis Measurements  

The transmission measurements providing information on latex transparency were made on 

a Hewlett Packard UV-Vis diode array spectrophotometer (HP 8451 A) using a quartz 

cuvette of 1 cm optical path length. Measurements were performed at room temperature.  

The degree of transparency of the latices obtained is important to the final aim of the 

project, i.e. the use of latices as intraocular lens material. When measuring transparency, it 

is essential to keep in mind the fact that small amounts of coagulate, or just a slight shift in 

particle size distribution, will diminish the transparency of the latex. These slight 

differences, which have great impact on latex transparency, are often not detectable with 

the analytical tools applied (see Appendix). 

 

High pressure liquid chromatography (HPLC)  

HPLC spectra were measured on an Agilent 1100 series instrument with a Superspher 

100RP-18E; 150 x 3 mm column. The eluent composition was: water + 0.1% acetic acid / 

methanol + 0.1% acetic acid ; the gradient: t = 0 min: 30 % water + 0.1% acetic acid / 70 % 

methanol + 0.1% acetic acid; t = 10 min: 100 % methanol + 0.1 % acetic acid; t = 15 min: 

100 % methanol + 0.1 % acetic acid. 
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3.3 Results and Discussion 

3.3.1 Purification of DVB 

Technical DVB contains approximately 55% meta-DVB and 25% para-DVB, less than 

17% of meta- and para- ethylvinylbenzenes and less than 1% ortho-, meta- and para-

diethylbenzenes. This means that around 80% of the monomer is able to cross-link, 17 % is 

able to polymerise but not cross-link and less than 1% is unable to polymerise.  The 

emulsion polymerisations of DVB were carried out with both, purified monomer and 

technical DVB. One would expect more densely cross-linked, smaller particles with pure 

DVB, and a higher degree of reactivity due to the higher amount of double bonds present in 

the monomer. 

Its ability to cross-link complicated the process of purification, because DVB can also 

cross-link during purification.  

Over the years several methods of purifying the monomer have been investigated. The 

most extensively researched principle is that of complexation the m- and p-DVB with 

Cu(I), separation and purification of the complex and final decomplexation. Optional 

purification of the obtained crude m- and p-DVB can follow. The first article mentioning 

this principle was by Leikin, Davankow and Krivova in 1963.19 The raw DVB and Cu(I)Cl 

were mixed at room temperature, the formed complex was washed, dried and then 

decomplexed at 80º C. The purified m- and p-DVB was separated afterwards from the 

Cu(I)Cl using CCl4 as a solvent. Popow and Schachula patented a refined mechanism that 

was published 1976.20 They used toluene as a solvent and formed the complex by first 

heating all ingredients, followed by a slow cooling down of the mixture. Also 

polymerisation inhibitor was added. In the patent of Vardanyan et al. the purification was 

performed at lower temperatures and included fractionated distillation as final step in the 

purification process.21 Three Japanese patents published between 1981 and 1984 by the 

Ashai Company included the possibility to use silver halides for the complexation and 

xylene as a solvent.22-24 Purification of the raw product by freezing crystallisation is 

mentioned in the latter patent. He et al. (1988) focused in their article about the DVB-

Cu(I)Cl complexation mechanism on the effects of the reaction conditions.24  
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Distillation is another technique that has been investigated extensively. The first patent 

published by Dow in 1948, described a small-scale distillation performed with inhibitors to 

prevent polymerisation.26 The paper of Shashkov et al. describes an azeotropic distillation 

of raw DVB.27 Ashai Company patented two extractive distillations in the presence of 

amines, carboxylic acids, alcohols, nitriles or amides, in 1976 and 1977.28, 29 

In 1975, Adams patented a method involving fractional crystallisation from a melt onto a 

cooled rotating shaft followed by centrifugal separation, for various products including 

DVB.30 

A GC-separation method was published by Wiley et al. in 1967.31  

The present purification process started from technical DVB. Complexation of p-DVB took 

place with Cu(I)Cl in toluene as been described in several papers. To further purify the 

crude p-DVB obtained after decomposition of the p-DVB-Cu(I) complex at 80º C and 

evaporation of the solvent toluene, the crude p-DVB was distilled under strongly reduced 

pressure. However, during distillation DVB polymerised due to thermal initiation. 

It was therefore decided to use re-crystallisation as an alternative method of purifying. The 

crude p-DVB was cooled to –18º C when crystallisation started. After 2/3 of the liquid had 

crystallised the molten residue was removed, the crystallised p-DVB molten, and 

crystallised again in the same way. This procedure was repeated six times until a colourless 

liquid was obtained that crystallised already at 6º C. For final purification the liquid was 

rinsed over a column filled with basic Al2O3. 

HPLC spectroscopy showed that pure p-DVB had been isolated from the crude DVB. 

Figure 1a) shows the HPLC spectrum of technical DVB, Figure 1b) the spectrum of the 

purified p-DVB. In Figure 1a) 4 major peaks can be seen. It is possible to identify these 

peaks because their intensities are proportional to the relative amount of the components in 

the technical DVB as given by the supplier. The large peak of m-DVB is seen at around 9 

min, directly followed by the less intense peak of p-DVB and the two peaks of the m- and 

p-ethyl-vinyl benzenes between 11 and 10 min. The spectrum of the purified p-DVB in 

Figure 1b) shows that it is made up nearly exclusively of p-DVB; a small amount of m-

DVB is seen in a shoulder at lower eluation times. m- and p-ethylvinylbenzene are present 

only in small traces The purified monomer is almost 100% cross-linkable. 
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  a)  b)  
 

Figure 1. HPLC spectra of a) technical DVB and of b) purified p-DVB. 

 

The difference in refractive index between not purified and purified DVB was small. It 

increased from a value of 1.57 for the technical DVB to1.585 for the purified p-DVB. 

Conversion measurements of the emulsion polymerisations performed with pure p-DVB 

and technical DVB proved that pure p-DVB reacts faster (Figure 2). Both polymerisations 

finally reached the similar conversions. Repetition of these experiments gave similar 

results. There are two possible explanations for the faster conversion of the purified p-

DVB.  

The first is that p-DVB is the component predominantly polymerised in the purified DVB, 

whereas m-DVB is the main component of the technical DVB. The positions of the vinyl 

groups have an effect on the monomer reactivity. In the case of Sty it is shown that the 

vinyl group is an electron-donating group, which increases the electron density in the o- 

and p-position. This effect also increases the electron density of substituting groups in these 

positions.32 In the p-vinyl group of DVB a higher electron density and reactivity can be 

expected than in the m-vinyl group.  

The second explanation relates to the fact that the purified DVB contained nearly 100% 

species with two double bonds whereas the technical DVB contained only around 80% of 

those species. The increased vinyl group concentration may have led to a faster conversion. 
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Figure 2. Conversion as a function of time of the emulsion polymerisation of purified p-DVB (o)  
                 and  technical DVB (×).  
 

 CHDF particle size measurements showed no difference between the PDVB latices 

prepared from purified p-DVB and those made from technical DVB, within measurement 

errors (Table 1). The UV-Vis measurement of the filtered latices revealed that latex 

prepared from purified DVB was less transparent than latex prepared from technical DVB. 

Coagulate probably decreased the transparency of the latex synthesised with p-DVB. The 

amount of coagulate was too small to be detected by CHDF measurements (see Appendix). 

DLS measurements of the two latices did not show significantly different results.  

A possible reason for the transmission behaviour might be found in different swelling 

behaviour of the two systems at low conversions. Swelling will be lower for the purified 

DVB system due to the higher amount of cross-linking species. This results in smaller 

particles as compared to the system with the technical DVB. However, primary particles 

with too small particle sizes will coagulate and form larger particles of sizes stable against 

coagulation.  
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Table 1. Particle sizes of PDVB latices and transparencies of filtered PDVB latices prepared with  

technical DVB and purified p-DVB. 
 

Purified 

DVB 

Particle size (nm)  Transmission  

450 nm (%) 

Transmission  

550 nm (%) 

Transmission  

650 nm (%) 

no 26.6 68.5 86.4 93.3 

yes 26.9 54.8 79.0 89.4 

 

The experiments showed that it is possible to purify technical DVB to a satisfactory quality 

in a laboratory scale setup. However, emulsion polymerisation resulted in less transparent 

latices obtained from the purified monomer as compared with the technical DVB. 

 

 

3.3.2 Effect of the polymerisation temperature on PDVB latex properties 

The reaction temperature has an important effect on the properties of the latices obtained. 

Experiments carried out by Funke et al. and Wennekes33 were performed predominantly at 

70º C and resulted in some coagulation.  

The temperature was varied between 50º C and 70º C to investigate its effect on reaction 

rate, particle size and transparency of the latices. The conversion/time plot of the reactions 

is shown in Figure 3. Increase in reaction temperature resulted in faster conversions. 
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Figure 3. Conversion as a function of time of SPS initiated DVB emulsion polymerisation at  
                50º C (∆), 60 º C (□) and 70º C (◊). 
 

The slopes of the curves in Figure 4 for the rate of polymerisation over time do not follow 

the pattern of a typical emulsion polymerisation as shown in Figure 3 in Chapter 2. But as 

also mentioned in Chapter 2, deviating behaviour was to be expected for the emulsion 

polymerisation of DVB. Because the PDVB polymer particles are cross-linked, they cannot 

swell with monomer and grow further. As a consequence, continuous particle formation 

will occur throughout the whole polymerisation at sufficient surfactant concentrations. 

Interval II with constant particle number and constant rate of polymerisation will not be 

reached. Instead, the course of the rates of polymerisation in Figure 4 resembles more of a 

combination of interval I and III: initial rate increase due to an increasing particle number 

immediately followed by a decrease because the monomer concentration rapidly decreases. 
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Figure 4. Rate of polymerisation as a function of time of SPS initiated PDVB latices polymerised at  
   a) 70º C (◊), b) 60º C (□) and c) 50º C(∆). 

 

There are two reasons for the increased rates of polymerisation at higher temperatures. The 

first reason arises from higher propagation rate coefficients (kp) for monomer at higher 

temperatures: the rate of polymerisation is directly proportional to kp. The kp values for 

DVB have not been measured, but a comparison with the more extensively investigated Sty 

shows how kp increases with temperature (Table 2).34  

The second reason is related to the temperature dependence of the rate coefficients of 

dissociation (kd) of the free radical initiator SPS (Table 3). At lower temperatures less SPS 

dissociates, leading to lower radical concentrations in the water phase. At higher 

temperatures the initially greater radical concentration in the water phase leads to creation 
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of a larger number of particles. The rate of polymerisation is proportional to the particle 

number and a larger number of particles leads to a faster conversion.  

The thermal initiation of DVB at higher temperatures has to be considered as well. The 

initiation mechanism for thermal polymerisation should be similar to that of Sty, involving 

a thermal Diels-Alder reaction between two molecules.35 Funke investigated the thermal 

initiation of DVB16 and found the frequency factor value A = 2.7·106 (dm3)1.3 ·mol-1,3 ·s-1 

and the activation energy value Ea = 80.2 kJ·mol-1 for 1,4-DVB (Funke found the order of 

reaction to be 2.3 for 1,4-DVB). The resulting rate constants kth for thermally initiated 1,4-

DVB at temperatures between 50º C and 70º C are given in Table 3. Thermal initiation of 

DVB will affect the conversion of the chemically initiated DVB emulsion polymerisation 

system only to a minor degree (a thermally initiated DVB emulsion polymerisation needs 

several days for complete conversion). But the increased thermal initiation can increase the 

amount of polymer particles formed from monomer droplets. Even small amounts of these 

particles can decrease the latex transparency. 

 

Table 2.   Table 3.   Table 4. 

Rate coefficients of  Rate coefficients of   Rate constants (kth) for  
progagation (kp)  dissociation (kd) of               the thermal initiated 
of Sty.34    the free radical    polymerisation of 

      initiator SPS.35    1,4 –DVB. 
__________________   ___________________ ____________________     

     T                   kp            T                  kd                      T                 kth 

   (ºC)          (Lmol-1s-1)             (ºC)                (s-1)     (ºC)       (L1.3 mol-1.3s-1) 
__________________________  ____________________________ ______________________________ 
 
 50  269        50  9.5   10-6     50  2.9   10-7 

 60  386        60  3.1   10-5     60              6.8   10-7  
 70  542        70              1.0   10-5     70  1.6   10-6 
____________________ ____________________ _____________________ 
 
 

Lowering the polymerisation temperature from 70° C to 60° C resulted in latices with 

smaller particle sizes (26.2 instead of 27.1 nm) and increased transparency (Table 5). A 

possible reason for these findings is the decrease in the number of polymer particles formed 

from monomer droplets at lower temperatures. These particles could not be detected by 

CHDF measurements. When the temperature was lowered from 60º to 50º C, the particle 
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size slightly enlarged again, possibly due to a minor increase in swellability of the latex 

particles, caused by the lower monomer reactivity at 50º C. Generally, less fouling on the 

reactor walls was observed at lower temperatures. 

After filtration and removal of the larger particles, the initially less transparent latex 

polymerised at 70º C was more transparent than latices polymerised at 50º C and 60º C. 

 

Table 5. Particle sizes of unfiltered PDVB latices and transparencies of unfiltered and filtered 
 PDVB latices polymerised at various temperatures. 

 
Transmission 

Unfiltered latex (%) 

Transmission  

Filtered latex (%) 

Reaction 

temperature 

(ºC) 

Particle 

size   

(nm) 450 nm 550 nm 650 nm 450 nm 550 nm 650 nm 

50 27.1 43.5 64.9 76.0 61.5 83.1 91.9 

60 26.2 39.8 50.0 53.6 68.6 86.0 92.5 

70 27.2 32.4 437 49.4 68.9 88.4 95.5 

 

Although the differences in particle size are hardly significant, 60º C was chosen for further 

investigations because of the small size particles obtained at that temperature. 

 

3.3.3 Effect of solid content on PDVB latex properties 

In order to obtain a high refractive index of the final polymer (up to 1.42), a solid content 

of around 30% is necessary. It was important to find out, whether a high solid content-latex 

could be obtained in one step, or whether it would be necessary to concentrate the PDVB 

latex after polymerisation. For the investigation the effect of monomer content of the 

emulsion on the latex transparency, a monomer: surfactant-ratio of 3: 2 was chosen. 

Emulsions with 6% to 14% monomer content were polymerised. Particle size and 

transparency of the latices obtained were examined. Table 6 shows the particle sizes of 

various latices measured with CHDF and DLS. 
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Table 6. Particle sizes of unfiltered DVB latices with different solid content. 

 
Solid content (%) 

 

Particle size (nm) 

measured with CHDF 

Particle size (nm) 

measured with DLS 

6 27.5 27.0 

8 26.1 27.8 

10 27.0 30.9 

12 26.4 32.9 

14 25.6 41.0 

 

CHDF measurements showed no effect on the particle sizes when latices were polymerised 

with a different monomer content. The particle size distributions were also similar. The 

necessary filtration of CHDF samples prohibits detection of larger sized particles. Larger 

particles do affect the particle size distributions in DLS measurements. DLS measurements 

of the unfiltered latices show an increase in the average particle size at higher solid content. 

The particle size distributions showed a broadening tendency towards larger particle sizes 

in the area of 60 nm. This possibly indicates more coagulation during the polymerisations 

with higher DVB content.  

The latex transparency decreases drastically in emulsions at higher solid content. This 

effect on the latex transparency became obvious when the latices were unfiltered and 

disappeared after filtration. Figure 5 a) shows the transparency of latices with different 

solid content prior filtration. For the purpose of measurements all latices were diluted to a 

solid content of 6% (Figure 5 b). 

It can be observed that the latex transparency decreased with increasing monomer content 

in the emulsion. The difference between the various latices in Figure 5 a) is large, but 

latices with higher solid content will scatter more light. For an objective comparison all 

latices were diluted to a solid content of 6%. Latices polymerised with 6% and 8% 

monomer content had similar transmissions whereas the values for the latices polymerised 

with higher monomer content decreased. 
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Figure 5. Optical transmissions at 650 nm (◊) 550 nm (□) and 450 nm (∆) of unfiltered PDVB  
   latices polymerised with different quantities of solid content a) before dilution b) after 
   dilution  down to a solid content of 6%. 

 

A possible explanation for this effect are small amounts of coagulate, not detectable by 

CHDF measurements. This coagulate can occur when a highly reactive cross-linkable 

monomer like DVB is polymerised with larger monomer content. The chance of 

coagulation of reactive PDVB latex particles during the polymerisation process increases 

with higher solid content. It is therefore advisable to increase the solid content of the 

PDVB latex only after polymerisation is finished and the temperature has been lowered 

(see Chapter 6).   

 

3.3.4 Effect of surfactant concentration on PDVB and PSty latex properties 

The amount of surfactant added to the system affects both the emulsion polymerisation 

process and the size of the latex particle. Following classical emulsion polymerisation 

theory, a higher amount of surfactant in the system leads to a larger number of micelles 

above the critical micelle concentration. With more micelles in the emulsion, more loci of 

polymerisation and more particles can be formed, leading to smaller sized particles. 

Equation 5 in Chapter 2 gives the relation between surfactant concentration and number of 

particles. 
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The intention of this part of the investigations was to find out to which degree surfactant 

concentration plays a role in forming small DVB particles. To find the optimal surfactant 

concentration one has to keep in mind the obtained DVB latices will be used as seed latices 

for core-shell polymerisations. This implies that too high remaining surfactant 

concentration in the seed latex would lead to unwanted secondary nucleation (Chapter 6) 

when the latex would not be dialysed prior the core-shell polymerisations. Additionally the 

surfactant would have to be withdrawn from the final product before it could be placed in 

the human eye. Therefore, on the one hand, it would be desirable to have a surfactant level 

high enough to prepare small particle sizes, but, on the other hand, it should be as low as 

possible in order to prevent secondary nucleation during shell polymerisation and to avoid 

lengthy dialysis of the final latex. This study was performed with a standard recipe 

consisting of 150 ml water and 8% monomer content. In addition to water-soluble peroxide 

initiator SPS, also water-insoluble azo-type initiator AIBN and water-soluble azo-initiators 

VA 44 and V 50 were used. For comparison with the DVB system, polymerisations with 

Sty were also preformed. Sty is an extensively investigated monomer that generally reacts 

in accordance with emulsion polymerisation theory.  

Figure 6 gives the CHDF measurements for particle sizes of PDVB latices initiated with 

SPS or AIBN.  

The particle size of PDVB latices initiated with AIBN shows large fluctuations at low 

surfactant concentrations whereas no further effect was observed at high surfactant 

concentrations. The SPS initiated latices showed expected behaviour. At very low 

surfactant concentrations a larger particle size was synthesised, due to the smaller number 

of micelles, which led to less but bigger particles as well as insufficient stabilisation of 

small particles. The particle size dropped as the surfactant concentration increased till it 

reached a minimum particle size at an SDS concentration of about 0.25 mol/l. From that 

point on, the particle size was constant and did not change with increasing surfactant 

concentrations. 
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Figure 6. Particle sizes of unfiltered PDVB latices initiated with SPS (×) and AIBN (●) at  

   different emulsifier concentrations, measured with CHDF. 
 

The formation of small sized PDVB latex particles initiated with AIBN was a surprising 

finding, because under visual inspection the latices were inhomogeneous. The amount of 

coagulate found after polymerisations explained this phenomenon (Table 7).  

The measurements showed high amounts of coagulate in the AIBN initiated system, which 

decreased when more emulsifier was added. AIBN is not water-soluble and will 

predominantly be present in micelles or monomer droplets rather than initiate 

polymerisation in the water phase. With more emulsifier in the system more micelles are 

present which cause a reduction of the relative amount of monomer droplets in relation to 

micelles. This decreases the chance for AIBN to enter a monomer droplet and initiate 

polymerisation instead of entering a micelle and start polymerisation there. At high 

surfactant concentrations the majority of monomer will be present in micelles leaving only 

low amounts of monomer in the droplets that could be initiated by AIBN to form large 

polymer particles, observed as coagulate.  
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Table 7.  Amount of coagulate of PDVB latices initiated with SPS or AIBN synthesised  
   at various SDS concentrations. 

 
 SPS initiation AIBN initiation 

SDS concentration  

(mol/L) 

Amount of coagulate  

(% of solid content) 

Amount of coagulate  

(% of solid content) 

0.092 0.9 71 

0.14 0.8 78 

0.18 0.5 51 

0.23 0.3 45 

0.28 0.3 35 

0.37 0.3 21 

0.46 0.5 11 

0.56 0.5 0.6 

 

As expected, the amount of coagulate in the SPS initiated system was much lower. 

Although at low surfactant concentrations less micelles are present, which leads to 

increased initiation of monomer droplets and, subsequently a higher amount of coagulate, 

at high surfactant concentrations the degree of coagulation was negligible.  

Furtheron, stabilising end groups might explain the difference between AIBN and SPS 

initiated systems. SPS initiated latices are more stable due to the sulphate end group of the 

SPS initiation. This hydrophilic group enhances the latex stability. The hydrophobic end 

group of the AIBN initiation does not have the stabilising effect. 

Tests with water-soluble azo-initiators VA 44 and V 50 gave results similar to those of SPS 

initiated polymerisations. The use of a non-peroxide initiator might become important at a 

further stage of the research, for example in reactions with cobalt complexes that are not 

stable against SPS.  

 

To evaluate the data in the DVB system, they were compared with Sty polymerisations. 

Although the monomers in both systems have almost the same chemical structure, DVB 

differs due to its second double bond, which enables it to cross-link. This characteristic has 

a strong effect on the emulsion polymerisation kinetics of DVB (see Chapter 2).  
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The comparison between the PSty and PDVB latices obtained showed two striking 

differences: (1) All PSty latices were opaque, and (2) no mentionable coagulation was 

observed in any of the PSty latices. 

Figure 7 gives the particle sizes of PSty latices initiated with SPS and AIBN. Both 

initiators show the same tendency: as the quantity of surfactant rises, smaller latex particles 

are produced, until a concentration is reached where particle size does not change any  

more. 
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Figure 7. Particle sizes of unfiltered Sty latices initiated with SPS (×) and AIBN (●) at different  

   emulsifier concentrations, measured with CHDF.  
 

A comparison shows that the PSty latex particle sizes were 5 to 10 nm larger than those of 

PDVB. The particle sizes in both PDVB and PSty latices were obviously just at the limit 

where transparent latex turns opaque. This effect was observed in PDVB latices with an 

average particle size of around 30 nm and more. The latices with particles that were 

slightly above the transparency limit appeared opaque, whereas the smaller sized PDVB 

latices were transparent. CHDF measurements did not show much broader distributions of 

the particle size of PSty latices as compared with PDVB latices. 
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In contrast to the DVB system, no coagulation was observed after Sty emulsion 

polymerisation, whereas on the other hand opaque PSty latices were obtained. This may lie 

in the different cross-linking ability of the two monomers. The coagulates observed in the 

PDVB system are possibly polymer particles formed from monomer droplets. The  

particles, that were able to grow three-dimensionally within the droplet, will have large 

sizes and will be present as coagulate in the system. In contrast linear PSty chains will be 

formed within the initiated Sty monomer droplets. The PSty chains will collapse and form 

particles, which are similar in size to other particles in the latex. 

In summary, it can be said that surfactant concentrations for the synthesis of PDVB latices 

with small particle sizes should lie around 0.2 mol surfactant per litre latex. Water-soluble 

initiators gave much better results than water-insoluble ones where high amounts of 

coagulate were observed, caused by polymer particles formed from monomer droplets. In 

contrast to DVB, the polymerisations of Sty did not lead to transparent latices. No 

coagulate was obtained when Sty was initiated with AIBN. 

 

3.3.5 Effect of stabilising comonomers MAA and AA on PDVB latex properties 

The stabilisation of the small DVB latex particles was an important facet of this research. 

Chapter 3.3.3 showed the effect of the concentration of PDVB latex particles on the 

occurrence of coagulation. After a few months’ storage of not stabilised PDVB latices, 

coagulation and gel-formation was observed.  

The decrease in particle sizes strongly affects the size-dependent inter-particle forces, 

which in turn, have a direct effect on the stability of the latices. In the field of particle 

interaction potentials the combination of electrostatic repulsion and van der Waals 

interaction is a good indicator of particle stability. The combined interaction indicates 

whether repulsion between two particles keeps them apart or attraction causes them to 

coagulate.  

Miller and Zukoski37 showed that a decrease in PSty particle size from 100 nm to 10 nm 

drastically lowers the energetic repulsion barrier of two particles, which increases the 

possibility of their coagulation (Figure 8).  
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Figure 8.  Repulsion Potential curves of PSty latices with different particle sizes after Miller and  

    Zukoski.37 
 
The second factor influencing the stability of PDVB latex is the latex particle reactivity. 

DVB has two vinyl functions. During and after polymerisation the formed PDVB-latex 

particles are covered with unreacted vinyl groups. The double bonds on a particle can react 

with the double bonds on other particles to form coagulate that decreases the latex 

transparency.  

The effect of copolymerisation of hydrophobic monomers with methacrylic acid (MAA) 

and acrylic acid (AA) to increase latex stability is a well-investigated phenomenon.38-40 The 

copolymerised MAA and AA will be located on the outer surface of the latex particle as a 

hydrophilic layer. This layer increases the stability of the latex in addition to the surfactant 

that is present in the system, due to electrostatic repulsion of the acidic groups and their 

sterical repulsion. In a copolymerisation the reactivity ratios r show the preference of the 

two monomers to copolymerise. The reactivity ratios for the copolymerisation of Sty/MAA 

(r1=0.43, r2=0.28) and of Sty/MAA (r1=0.25, r2=0.45) indicate that these copolymerisations 

are very favourable.41 But aqueous phase polymerisation will occur to a high degree due to 

the hydrophilic character of the monomer. It was observed that up to 40% PMAA remained 

in the aqueous phase.42 The presence of this material would not be favourable in the final 

product since it will enhance the osmotic pressure of the latex. 
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Figure 9 shows a schematic drawing of latex particles stabilised with PMAA or PAA on 

their surface. The covalently bound PMAA or PAA polymeric chains form a layer structure 

on the surface of the latex particle. 
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Figure 9. Schematic drawing of a latex particle stabilised by MAA/AA-copolymerisation. 

 

The aim of this part of the research was to see whether the incorporation of MAA or AA on 

the surface of PDVB latex particles would decrease coagulation of the reactive PDVB latex 

particles during and after polymerisation. The shelf stability of the obtained latex was of 

minor interest due to the final goal of the project, which focused on the use of PDVB 

latices as seed latex for the polymerisation of a hydrophilic shell onto the PDVB. To 

investigate the effect of MAA and AA copolymerisation on the stability of the PDVB latex 

system, between 1.7% and 8.3% MAA or AA, relative to the amount of DVB, was added to 

the emulsion and allowed to copolymerise. The latices obtained were compared with latex 

that was not copolymerised with MAA or AA. Table 8 gives the results for particle size 

(measured with CHDF) and optical transmission at 450 nm, 550 nm and 650 nm for the 

latices obtained. 
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Table 8. Particle sizes (measured with CHDF) and transmission rates of PDVB latices  
 copolymerised with various amounts of MAA or AA. 

 
Transmission 

Unfiltered latex (%) 

Transmission  

Filtered latex (%) 

Amount 

stabilising 

comonomer (%) 

Particle 

size  

(nm) 450 nm 550 nm 650 nm 450 nm 550 nm 650 nm 

Unstabilised latex 

- 26.2 53.4 68.2 74.8 68.6 86.0 92.5 
Latex stabilised with MAA 

1.7 26.4 45.0 62.2 70.4 70.3 87.8 94.4 

3.3 26.2 48.3 62.6 68.7 67.6 86.3 94.6 

5.0 26.9 43.4 60.3 68.4 65.9 86.4 94.5 

6.7 26.8 50.7 66.5 73.5 65.7 85.9 93.8 

8.3 25.9 53.9 72.6 80.9 67.7 86.5 93.9 

Latex stabilised with AA 

1.7 26.1 51.1 68.0 75.6 66.1 86.0 93.7 

3.3 26.4 59.2 78.2 86.2 64.7 85.3 93.5 

5.0 26.6 51.9 69.0 75.7 64.5 85.2 93.4 

6.7 26.6 50.6 70.3 79.2 63.8 84.9 93.2 

8.3 26.5 50.5 67.7 74.9 62.4 83.2 91.5 

 

The latices show no evidence of a reduced degree of coagulation due to incorporation of 

MAA or AA on the PDVB. 

The latex transmission measurements, in the range of visual light, show no difference in 

transparency when the latices were copolymerised with MAA or AA. Only in the filtered 

copolymerised latices a slight increase in transparency was observed. 

Storage of the different latices showed that nonstabilised PDVB latices tended to turn into 

gels faster than the copolymer stabilised latices. Especially dialysed latices, from which all 

surfactant had been removed, turned into gel when stored for longer periods, when no 

stabilising copolymer was present. The high amount of PMAA and PAA that is expected to 

remain in the water-phase and increase the osmotic pressure of the latex would nevertheless 

be unfavourable for the final product. 
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3.3.6 Effect of free radical initiator concentration on PDVB latex stabilisation 

Funke et al.15 introduced an alternative method to stabilize PDVB, using sulphate groups 

originating from the persulphate-initiator to stabilise PDVB microgel particles.  The SPS 

sulphate groups that initiate polymerisation are present as end groups of the polymer after 

the final conversion of the latex. These hydrophilic sulphate groups were expected to 

enhance particle stabilisation by electrostatic repulsion, and the more sulphate groups 

present in the latex particle, the greater the expected latex stability. 

In order to determine whether this technique was appropriate for the stabilisation of the 

investigated transparent latex system, the concentration of the free radical initiator SPS was 

varied between 10 and 20 mmol/L during emulsion polymerisation of DVB with 0.2 mol/L 

of SDS (Table 9).  

 
  

Table 9. Particle sizes and transmission rates of PDVB latices polymerised with various amounts  
 of SPS. 
 

Transmission 

Unfiltered latex (%) 

Transmission  

Filtered latex (%) 

SPS 

concentration 

(mmol/L) 

Particle 

size   

(nm) 450 nm 550 nm 650 nm 450 nm 550 nm 650 nm 

9.8 26.2 53.4 68.2 74.8 68.6 86.0 92.5 

16.8 27.5 47.6 65.7 73.9 63.3 83.7 91.4 

22.4 28.5 39.2 59.0 69.4 58.5 80.2 89.0 

 

As demonstrated in Table 9 the particle size of latices polymerised at higher free radical 

initiator concentrations became slightly larger. However, the optical transparency of these 

latices decreased in comparison to latex that was polymerised at a lower SPS concentration 

of around 10 mmol/L. The findings were surprising since one would expect more and thus 

smaller particles to be formed with more initiator present in the system.  The effect of 

polymerisation in monomer droplets will be small because the transparencies of the 

unfiltered latices do not differ very much.  
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These findings can be explained by the fact that higher initiator concentrations increased 

the number of primary formed particles (Equation 2.4). Although the number of stabilising 

groups per particle stays the same, their number might be insufficient to stabilise such 

small particles. Because the particle size of these primary precursor particles was not large 

enough, they coagulated to form finally larger sized particles that are stable against 

coagulation (Chapter 2.3). Cryo-TEM measurements give evidence that a larger fraction of 

the PDVB latex particles is formed by this coagulative nucleation process (Chapter 2). The 

higher ionic strength in the emulsions with higher initiator concentrations also might have 

decreased the stability, especially of small particles.  

This stabilisation system might enhance the PDVB latex shelf stability but also increases 

the average particle size and reduces the transparency of the latex, an effect that is not 

wanted. 

 

3.3.7 Effect of 4-tert-butylcatechol (TBC) on PDVB latex properties 

Many commercially available monomers (including DVB) contain 4-tert-butylcatechol 

(TBC) as a polymerisation inhibitor, which is added to reactive monomers to prevent 

polymerisation during storage. Radicals that might start polymerisation are trapped by 

TBC, which then becomes a more stable radical. During polymerisation TBC can act as a 

radical transfer agent. Kemmere et al.43 explained that 4-tert-butyl-1,2-

benzochinoncatechol (TBBC), an oxidation product of TBC, actually forms long-living 

radicals that are able to perform radical transfer effects. The structure of TBC and TBBC is 

depicted in Figure 10.  
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Figure 10. Chemical structure of a) 4-tert-butylcatechol (TBC) and b) 4-tert-butyl-1,2- 
     benzochinoncatechol (TBBC).  

 
 

TBBC is soluble in monomer. Therefore, it is present in the particles and monomer 

droplets. Radical transfer results in a charged TBBC radical that desorbs from the particle 

due to its charge, and retards polymerisation. The desorbed radical then reacts with another 

radical to become a TBBC molecule that can be reabsorbed into a particle. In fact, 

TBC/TBBC lowers radical initiator efficiency. The TBBC radical can also initiate 

polymerisation in the aqueous phase, which then contributes to the polymerisation in the 

usual way by propagation and final entry into an existing particle or the formation of a new 

particle. At a high radical flux, this effect retards particle growth resulting in a longer 

nucleation period and consequently in larger numbers of particles. 

Kemmere et al. found a higher number of particles in emulsions to which TBC had been 

added. This effect was also seen by Huo et al.44, 45 Both Kemmere and Huo worked with 

the monomer Sty. Kemmere et al. could not find the retardation in polymerisation seen by 

Huo et al.  In their research Huo et al. found that with higher concentrations of TBC the 

conversion of the monomer was slowed down and the time/conversion curve shifted to the 

right. Because neither team explicitly mentioned that oxygen was excluded from their 

reaction set-ups, Scholtens46 assumed that the differences between their results were caused 

by different reaction conditions, particularly with regard to the amounts of oxygen present. 

Oxygen was expected to affect the conversion of TBC into TBBC.  

TBBC should also affect the degree of coagulation. The number of micelles and particles in 

the system, and their surface, is much higher than that of monomer droplets. If TBBC is 

present in the monomer droplets, it will trap radicals that enter the droplet and desorb from 

the droplet. The probability of a radical re-entering a monomer droplet is low, resulting in 
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less coagulate caused by polymer particles formed from monomer droplets. We wanted to 

know, whether the findings described above were of any benefit in the emulsion 

polymerisation of DVB, with the focus on transparent latices. 

Initial tests of emulsion polymerisation of commercial DVB that contained around 80 ppm 

TBC showed an increase in latex transparency. The amount of TBC was varied 

systematically to investigate its effect on the emulsion polymerisation of DVB. Figure 11 

shows the conversion/time plot of the DVB emulsions with different amounts of added 

TBC. The retardation of polymerisation as a function of TBC concentration is obvious. The 

uninhibited emulsion (0 ppm TBC) starts to react almost immediately after initiation. With 

20 ppm to 70 ppm, inhibition time was in the range of several minutes. From 70 ppm TBC 

onwards, inhibition time increased drastically. When 110 ppm TBC was added to the 

emulsion inhibition time was around 70 minutes, and with 190 ppm polymerisation was 

inhibited for nearly 3 hrs.  
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Figure 11. Conversion as a function of time of a DVB emulsion polymerisation with 0 ppm (×),  
                  20 ppm (∆),70 ppm ( □),110 ppm (○), 190 ppm (+) and 310 ppm (●) TBC added. 
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Figure 12. Optical transmission at 450 nm (○), 550 nm (□), and 650 nm (×) of unfiltered PDVB  

     latices polymerised with various amounts of TBC added.  
 

Figure 12 shows that transmission of latices polymerised when the inhibitor TBC was 

present, was greater than that of latices polymerised without the inhibitor. At a TBC 

concentration of around 110 ppm large variations in the degree of latex transparency can be 

seen. 

When the latices were filtered through a 200 nm micro filter the differences between latex 

transparencies diminished, indicating that the loss of latex transparency of  latex, 

polymerised without TBC, was caused by coagulates larger than 200 nm. This coagulate 

may be due to polymer particles formed from monomer droplets. 

 Figure 13 shows the unfiltered latex particle sizes measured with DLS and CHDF. These 

results correspond to the tendencies found in the UV-Vis measurements.  

The CDHF measurements did not reveal any big differences in the particle sizes of latices 

polymerised with or without TBC. DLS particle size measurements, that are more sensitive 

to bigger particles than CHDF, showed that latices inhibited with low amounts of TBC 

seem to have smaller particles. After the latices were passed through a 200 nm micro-filter, 

the differences in DLS-measured particle sizes diminished. Tests to estimate the amount of 
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coagulate in the latices with micro filtration did not lead to any results, indicating that the 

amounts involved were very small. 
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Figure 13. Particle sizes of PDVB latices polymerised with various amounts of TBC added  

    measured with DLS (○) and CHDF (×). 
 

The significant effect of TBC in the emulsion polymerisation of DVB is, as already 

mentioned, in the monomer droplets. Polymerisation in monomer droplets may occur in an 

uninhibited system. Even small amounts of polymer particles formed from monomer 

droplets decrease the transparency of PDVB latices. When amounts of TBC are present in 

the droplets, the degree of polymerisation in the droplets diminished. The TBC, or to be 

more exact TBBC, traps radicals that enter the droplets and will retard polymerisation. 

From our results, we can conclude that the differences in transparency between latices 

polymerised without TBC and with TBC in the range of 20-100 ppm are caused by 

different amounts of polymer particles formed from monomer droplets.  

A concentration of around 110 ppm TBC in the emulsion seems to be critical, because at 

that point inhibition time rises significantly, transparency decreases and particle size 

increases.  
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In conclusion, a quantity of 20-80 ppm TBC added to the DVB emulsion system can 

prevent the initiation of polymerisation in monomer droplets and thus increases the 

transparency of the latices obtained without negatively affecting the final particle size.  

 

3.4 Conclusions 

The emulsion polymerisation of divinylbenzene (DVB) was investigated in view of 

obtaining transparent latices with small sized particles. It was possible to obtain latices with 

particle sizes in the range of around 26 nm and a transparency of the filtered latex of 

around 70% at 450 nm, 88% at 550 nm and 94% at 650 nm with a solid content of 8%.  

Polymerisations with purified 1,4-DVB and technical DVB containing 80% cross-linkable 

DVB isomers showed that latices obtained with the purified 1,4-DVB were less 

transparent. Purification of technical DVB is therefore not necessary and even 

contraindicated for the synthesis of transparent latices. 

The variation of reaction temperature showed that 60º C is optimal for polymerisation. 

Higher temperatures may possibly increase the thermal initiation of DVB, resulting in a 

higher amount of polymer particles formed from monomer droplets. At lower temperatures 

the rate of polymerisation decreases drastically and the latices obtained have slightly larger 

particle sizes.  

The variation in surfactant concentrations showed that a monomer: surfactant ratio of 3: 2 

was sufficient to obtain small PDVB particles. At lower surfactant concentrations larger 

particles were formed and more coagulation occurred; higher surfactant concentrations did 

not change the latex properties. A comparison with Styrene (Sty) showed that Sty 

polymerised under similar reaction conditions formed opaque latices with larger particle 

sizes.  

The initiation of DVB emulsion polymerisation with the water-insoluble initiator AIBN 

leads to a high degree of coagulation at low surfactant concentrations, due to more polymer 

particles formed from monomer droplets and decreased latex stabilisation. 

In emulsions polymerised with more than 8% monomer content, higher degrees of 

coagulation were observed because of reactive vinyl bonds present in PDVB latices. 
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The addition of stabilising comonomers acrylic acid (AA) and methacrylic acid (MAA) to 

the DVB emulsions improved storage stability and increased the transparency of the final 

latex slightly, due to electrostatic repulsions of the copolymerised groups. Around  2% of 

comonomer in relation to DVB was sufficient to obtain this effect.  

Tests to stabilise PDVB latices with higher amounts of free radical initiator sodium 

peroxodisulphate (SPS), added to the emulsion, led to less transparent latices and bigger 

particle sizes, probably due to coagulative nucleation. 

The addition of around 20-80 ppm radical transfer agent 4-tert-butylcatechol (TBC) to the 

DVB emulsion decreased the number of polymer particles formed from monomer droplets 

and thus of coagulation.  

Generally, it can be said that polymerisation in monomer droplets has, in particular in the 

case of cross-linkable monomers (like DVB), a major impact on properties of the obtained 

latices, especially the transparency. The PDVB particles formed out of the monomer 

droplets are much bigger than average PDVB latex particles and decrease the latex 

transparency. 
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Chapter 4 
 
 
Pulsed electron beam polymerisation 
 

 
Synopsis: Electron irradiation as an alternative to chemical initiation in emulsion 

polymerisation is a well-known but not widely used technique. Early points of interest 

were, due to a controlled radical flux, possible kinetic differences between this system and 

chemical initiation. Also the possibility of initiating polymerisations at low temperatures is 

a challenge. The main drawback of the technique is the complex set-up involving an 

electron source.  

The main focus in this part of the work was to prove, if pulsed electron beam 

polymerisation (PEBP) could be a feasible tool for the production of transparent latices at 

low surfactant concentrations. Therefore, tests were performed in a 5 mL laboratory 

reactor and translated for operating in a 300 mL loop reactor. Transparent polymethyl 

methacrylate (PMMA) latices were successfully synthesised at low surfactant 

concentrations. The properties were compared with those of opaque PMMA latices 

obtained with chemical initiation. The analyses of the PEBP of PMMA with MALDI-TOF 

MS has shone light onto the main initiating species of the PEBP, hydrogen- and hydroxyl-

radicals, but also on the polymer decomposition that occurred under pulsed electron beam 

(PEB) irradiation. PEBP of ethyl methacrylate (EMA), butyl methacrylate (BMA), vinyl 

acetate (VAc) and styrene (Sty) showed that the water-phase propagation rate and 

therefore the water-solubility and propagation rate coefficient of the polymerised 

monomers have a strong effect on the number and therefore the size of the particles and 

thus the transparency. The high radical flux in the system was identified to be the reason 

for the production of small latex particles. The high degree of hydroxyl-functionalised 

polymeric chains and oligomers in combination with low chain length of the polymer is 

expected to be the reason for the colloidal stability of the small sized latex particles at low 

surfactant concentrations.  
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4.1 Introduction 

Emulsion polymerisation today is predominantly initiated by radicals produced through 

chemical initiation. Although the high-energy irradiations (HER) like γ-, ultrasound- and 

PEB irradiation have been intensively investigated, they are not commonly used as 

initiation methods. The initiation with γ- and PEB irradiations, using a Co60-source or 

accelerated electrons, has been studied by polymerisation of a large number of monomers 

in the laboratory set-up, including vinyl acetate (VAc), styrene (Sty); methyl, butyl, and 

dodecyl methacrylates (MMA, BMA, DMA); methyl-, ethyl-, and n-butyl acrylates (MA, 

EA, BA), butadiene, isoprene and vinyl chloride. Stannett and Stahel have provided an 

overview of the research done in the field of HER initiated emulsion polymerisation .1 

A major drawback of HER is the rather complex set-up that requires to install a radiation 

source. Another disadvantage is that irradiation not only creates radicals but also tends to 

destroy the formed polymer. Furthermore, ionic groups, originating from the chemical 

initiators that might provide additional latex stability, are lacking in HER.2 With regard to 

the financial factor, a cost analysis demonstrated that the monetary investment is similar for 

both chemically and irradiation initiated polymerisation.3 

On the other hand, HER has many advantages over chemical initiation.  

(1) The first one is the controllable and stable flux of radicals, which is dependent on the 

irradiation intensity. This makes HER interesting as a tool for mechanistic and kinetic 

research .4 

(2) The second advantage is that the radical flux is independent of temperature. Whereas in 

chemical initiation a certain temperature is necessary for significant decomposition of the 

initiator, e.g., peroxides, HER creates radicals independent of temperature. This makes 

HER very interesting for the emulsion polymerisation of vinyl acetate (VAc), a monomer 

that has a high chain transfer rate, especially at high temperatures. These chain transfer 

effects lead to low molecular weights, which are not desired in the industrial production of 

PVAc. The independence of temperature explains why HER is nearly exclusively applied 

in studies with a pilot plant on VAc, especially at low temperatures.5-7  

(3) The third advantage of HER as an initiation technique is the type of radicals produced. 

The PEB irradiation of water results in the formation of various species.  
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Equations 1 to 5 are a choice of possible reactions occurring in the water phase. 

Predominantly OH., H. , eaq
- and H+  are created by the radiolysis of water, but also and the 

recombination products  H2O2 (by recombination of two OH. radicals) and H2 (by 

recombination of two H. radicals).8 Hydrogen atoms and especially hydroxyl radicals are 

neutral and strongly reactive radicals which makes them interesting for radically initiated 

polymerisation. Higher energetic species are marked with a * symbol. 

 

 

 

(5) 

(4) 

(3) 

(2) 

(1) H2O + e- H- +   OH

H2O + e- H + OH++ 2e-

H2O + e- H+ +   OH + 2e-

H2O + e-* H2O* + eaq
-

H2O*
H +   OH 

(4) J. Barriac et al.2 have pointed out that the ionic strength of the water phase in the HER 

system is very low because no salts (initiators) are required. In theory, the absence of 

electrolyte improves the colloidal stability of more and smaller particles. The initiating 

hydrogen and hydroxyl radicals are also known to diffuse fast.  

The pulsed initiation mechanism in HER promotes the formation of polymer chains with 

low molecular weights. In pulsed electron beam polymerisation (PEBP) a constant, large 

quantity of radicals is created with every pulse, and the radical concentration is much 

higher than in the steady state of a chemically initiated system. Hence a large number of 

particles with polymer chains of fairly low molecular weight will be formed. The 

mechanism of a pulsed initiated polymerisation is shown in Figure 1.  
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Figure 1. Schematic drawing of pulsed initiated polymerisation.4  

 

With the first electron beam pulse a burst of radicals is created. Polymerisation starts 

simultaneously with the initiation of many chains that grow continuously. With the next 

electron beam pulse the majority of these chains is terminated due to the high radical 

concentration, and only a minority of chains continues to grow, which means that in the 

final product a majority of polymer chains of identical length, or multiples of that chain 

length, may be expected.  

In contrast to chemically initiated emulsion polymerisation, PEBP, with its high radical 

flux, could create ideal conditions for the synthesis of a high number of smaller and stable 

latex particles.  

Araki et al.8 obtained smaller particle sizes for HER initiated PSty latices compared to free 

radically initiated PSty latices in polymerisations performed at 60º C. The reactions were 

initiated with sodium peroxodisulphate (SPS) or γ-irradiations. The monomer weight 

fraction in the recipe was 25% and 6.7 wt.% of surfactant (SDS) was used.  The obtained 

HER initiated PSty latex had a particle size of 100 nm that was 30% smaller than the 

chemically initiated PSty. 

Kamiyama et al.9 reported small particle sizes of PMMA-latices polymerised with PEBP. 

Hummel et al.10 obtained PMMA latices with a size from 32 nm onwards in emulsions 

containing 1.4 % surfactant with Co60-irradiation.  
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Previous research activities carried out at the Eindhoven University of Technology on 

PEBP demonstrated that emulsion polymerisation of hydrophilic monomers such as MMA 

with small amounts of surfactant, gave transparent latices with small particle sizes.11  

Aim of the work described in this chapter was to investigate whether PEBP could be a 

feasible tool for the production of transparent latices with small particle sizes, in particular 

PDVB latices. The factors that affect the stabilisation of transparent latices formed in PEBP 

were another topic investigated within this research.  

A low surfactant concentration is interesting with regard to a possible application as 

intraocular lens (IOL) material. Note that before introduction into the capsular bag all small 

molecules that can migrate into the human body need to be removed from the lens material. 

Hence, latices that are stable at low surfactant concentration are of special interest as IOL 

material. 

 

4.2 Experimental 

 

4.2.1 Materials 

 The monomers methyl methacrylate (MMA, 99%, Aldrich) ethyl methacrylate (EMA, 

99%, Aldrich), butyl methacrylate (BMA, 99%, Aldrich), vinyl acetate (VAc 99%, 

Aldrich) styrene (Sty, 99%, Merck) and divinylbenzene (DVB, industrial grade, 80%, 

Aldrich) were used after being purified from inhibitor by passing them over a column filled 

with an inhibitor remover package (Aldrich). Sodium dodecylsulphate (SDS, 96.0%, Fluka) 

or (85%, with 4% alcohols and 8.0% NaCl/Na2SO4, Merck-Schuchardt), sodium chloride 

(NaCl, 99.5%, Merck), sodium sulphate (Na2SO4, 99.5%, Merck), Fremy salt potassium 

nitrosodisulphonate (K4[(SO3)2NO]2, +99% Aldrich) and sodium peroxodisulphate (SPS, + 

99%, Merck) were used as received. The polymer standard of PMMA with an Mn of 3437 

from Polymer Laboratories was used as received. Deionised water was used in all 

experiments. 
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4.2.2 Set-up   

The Eindhoven Technical University’s linear accelerator was used to initiate the 

polymerisation reaction. The accelerated electrons had an energy of 5 MeV. The 

accelerator is a substantially modified Philips SL 75-5 medical accelerator. Accelerated 

electrons left the vacuum through a 100-µm-aluminium foil scattering the electrons over a 

mean angle of 8º. The target was placed at a distance of 5 cm from the aluminium foil. The 

pulse width was 4 µs. The pulse repetition rate was varied between 10, 25 and 50 Hz. 

Further details can be found in the literature.12-14 

A schematic drawing is shown in Figure 2.  

 

 
 

Figure 2. Schematic drawing of the linear electron accelerator.12  
 

For the batch reactions a cylindrical, thermostated, double wall quartz cell of 5 mL volume 

was used. The inner cell had a diameter of 2.5 cm and a height of 2 cm. A thermostat 

controlled the temperature of the reactor. After addition of the emulsion the cell was sealed 

with plastic sealing caps. The cell was fixed in a Lab-Line multi-wrist shaker. A schematic 

drawing of the cell is shown in Figure 3a. 

A double walled 300 mL glass vessel connected with a reflux cooler and gas inlet served as 

the loop reactor. A thermostat controlled the temperature of the reactor; the emulsion was 

stirred with a mechanical Teflon stirrer. The irradiation cell was made of quartz glass with 

a diameter of 3.5 cm and a thickness of 1.5 cm giving a volume of approximately 5 mL. A 

PTFE-peristaltic pump from Cole-Parmer Instrument Company with a capacity between 
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0.3 and 1.0 mL/s was used. The tubes from Iso-versinic® material interconnecting the 

vessel, the irradiation cell and the pump had a diameter of 0.8 cm and were 1.5 m long. The 

total volume of the interconnecting tubes was 75 cm3. A schematic drawing is shown in 

Figure 3b.  

 
Figure 3. Schematic drawing of a) the batch reactor and b) the loop reactor. 

a) b)

1.5 cm 
2 cm 

3.5 cm 

2.5 cm 

 
4.2.3 Polymerisation 

 

PEB Polymerisation 

In a typical batch polymerisation procedure, 4.5 mL water, 0.5 g monomer and 0.015 g 

surfactant were emulsified for 5 min on a Whirlimixer®. The emulsion was then placed in 

the reaction cell and irradiated at 60º C with a frequency of 10 Hz. 

In a typical loop reactor polymerisation procedure 150 mL deionised water and 0.389 g 

SDS were brought into the loop reactor and heated up to 60º C. The reactor was then 

sealed, and stirring and pumping were carried out in a nitrogen atmosphere for 30 minutes. 

Then 15 g monomer was added and allowed to form an emulsion over 45 minutes before 

irradiation was started at a typical frequency 10 Hz.  
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Conventional Polymerisation 

A typical chemically initiated emulsion polymerisation was performed in a 300 mL double-

walled glass reaction vessel with attached Teflon stirrer, reflux cooler and gas inlet. First 

150 mL deionised water and 0.389 g SDS were brought into the vessel, mixed at 400 rpm, 

purged with argon and heated up to 60º C for 30 min. Then 15 g of monomer was added. 

The mixture was stirred for 45 min allowing the monomer to emulsify. After formation of 

the emulsion, it was initiated with 0.3 g SPS dissolved in 3 mL of water and polymerised 

over 3 hrs. 

 

4.2.4 Analysis  

 

Dynamic light scattering (DLS) 

A Malvern 4700 light scattering apparatus with a 488 nm laser, a Malvern 7032 correlator, 

a PCS7 stepper motor controller and a PCS8 temperature controller were used for dynamic 

light scattering measurements. The scattering angle was 90° and the measuring temperature 

25° C. The intensity weighed mean-average diameter was measured thirty times to arrive at 

an average value.  

 

UV-Vis measurements 

The transmission estimates for reception of information on latex transparency were made 

on a Hewlett Packard UV-Vis diode array spectrophotometer (HP 8451 A) using a quartz 

cuvette of 10 mm optical path length. Measurements were performed at room temperature. 

 

MALDI-TOF MS analysis 

Matrix assisted laser desorption/ionisation-time of flight-mass spectrometry (MALDI-TOF-

MS) measurements were made on a Voyager-DE STR (Applied Biosystems, Framingham, 

MA) instrument equipped with a 337 nm nitrogen laser. Positive-ion spectra were acquired 

in reflector mode. Dithranol was chosen as the matrix. Potassium trifluoroacetate (Aldrich, 

98%) was added as cationic ionisation agent. The matrix was dissolved in tetrahydrofuran 

(THF) at a concentration of 40 mg/mL. Potassium trifluoracetate was added to THF at a 

concentration of 5 mg/mL. The dissolved polymer concentration in THF was 

 78



 
  Pulsed electron beam polymerisation 

approximately 1 mg/mL. In a typical MALDI experiment, the matrix, salt and polymer 

solutions were premixed in a ratio: 5 µL sample: 5 µL matrix: 0.5 µL salt. Approximatly 

0.5 µL of the obtained mixture was hand spotted on the target plate. For each spectrum 

1000 laser shots were accumulated. 

 

Size exclusion chromatography (SEC) 

Molecular weight distributions (MWDs) were measured by SEC at room temperature using 

a Waters SEC equipped with a Waters model 510 pump and a model 410 differential 

refractometer (40 ºC). THF was used as the eluent at a flow rate of 1.0 mL/min. A set of 

two linear columns (Mixed-C, Polymer Laboratories, 30 cm, 40º C) was used. Calibration 

was carried out using narrow MWD of PSty standards ranging from 600 to 7·106 g/mol. 

The molecular weights were calculated using the universal calibration principle and Mark-

Houwink parameters (PMMA: K = 9.55·10-5dl/g, a = 0.719; PSty : K = 1.14·10-4 dl/g,  

a = 0.716; PEMA: K = 9.7·10-5dl/g, a = 0.714; PBMA:  K = 1.48·10-4dl/g, a = 0.664; 

PVAc: K = 2.24·10-4dl/g, a = 0.674;).15 Data acquisition and processing were performed 

using Waters Millennium 32 software. 

 

Mass spectroscopy 

Mass spectroscopy was carried out on an Agilent MSD type SL (G1946D) with 

Atmospheric Pressure Electrospray Interface. 

 

Conversion 

Conversion was measured gravimetrically. Further polymerisation was prevented by 

addition of small amounts of TBC. To remove water and residual monomer the latex 

sample was precipitated in aluminium cups, weighed, dried, first on a hotplate at 70° C, 

and then in a vacuum oven overnight at 80° C, and weighed again. Higher monomer 

removing temperatures led to polymer decomposition. 

 

Calculation of radiation doses 

The linear accelerator at the Technical University Eindhoven (TU/e) that was used to 

initiate the polymerisation reactions had an electron energy of 5 MeV. After emission from 
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the accelerator the electrons passed through a 100-µm aluminium sheet as well as the one 

mm-thick glass cell wall and air, before entering the sample. The energy loss during this 

procedure was negligible. The stopping power for electrons in water is constant up to a 

depth of 2 cm. Since the sample cell had a thickness of d = 2 cm, the constant electron 

stopping power of 1.981 MeV cm2g-1 could be taken.16 With the water density of 1 g·cm-3 

and the cell thickness of 2 cm this leads to an energy loss of 3.79 MeV per electron. The 

beta-radiation device used had a charge of 0.1 µC per pulse, and since the charge per 

electron was 1.6·10-19 C, 6.25·1011 electrons were emitted per pulse. The total energy 

(excluding negligible power from irradiation and scattering) per pulse was 2.37·1012 MeV, 

and since one MeV equals 1.602·10-13 J we ended up with an energy of 0.39 J per pulse. A 

common way to express dose in radiation chemistry and physics is energy per unit of mass,  

Jkg-1or Gray (Gy). In the batch reactor the sample had a mass of 0.005 kg, giving a dose of 

76 Gy per pulse. Generally a frequency of 10 Hz was applied. Since both irradiated volume 

and mass were the same in the loop reactor and the irradiation cell, the same dose per pulse 

was obtained in that system. Due to the fact that the volume of the irradiation cell consisted 

only part the entire reaction volume (0.165 kg), a calculation based on the total volume of 

the reactor was estimated at 2.3 Gy per pulse. 

 

4.2.5 Tests on the surfactant stability 

To check, whether the surfactant SDS decomposes under PEB irradiation, a 10% SDS 

solution in water was irradiated in the batch cell with a frequency of 10 Hz at room 

temperature with 380 kGy and 1140 kGy. The mass spectrum of non-irradiated SDS and 

that of SDS irradiated with 1140 kGy are shown in Figure 4.  

 
Figure 4. Mass spectrometry of non-irradiated (above) and irradiated (1140 kGy, below) SDS. 
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The spectrum of the non-irradiated SDS in Figure 4 shows three peaks. Only the one at 267 

mass units is the molecular peak of SDS, the other two peaks are artefacts of the analysis. 

The peaks appearing in the spectrum of the irradiated SDS are due to recombination of 

radical SDS fragments. The SDS was irradiated with an unusually high dose to show the 

effect of radicalisation clearly. The colour of the SDS changed from white to yellowish. 

The spectrum of the SDS irradiated with 380 kGy showed no effects of the irradiation and 

looked similar to that of the non-irradiated SDS, probably due to fast recombination of the 

radical fragments back to the original molecule. The colour of the SDS remained white. We 

therefore conclude that the surfactant is generally stable against low doses of irradiation, 

but is able to split into radicals, and decomposes at high radiation doses. 

 

4.3 Results and Discussion 

4.3.1 Chemically initiated emulsion polymerisation of MMA 

This study was preceded by earlier research activities carried out at Eindhoven University 

on PEBP, which showed that in emulsion polymerisation of hydrophilic monomers, such as 

MMA, with small amounts of surfactant, in the range of the critical micelle concentration 

(CMC), transparent latices with small particle sizes could be obtained.11 The CMC of SDS 

is 8.1·10-3 mol/L, which is approximately 0.23 wt.%. 

To see the difference between PEB initiation and chemical initiation at low surfactant 

concentrations two PMMA latices at a surfactant concentration of 0,3 wt.% were 

polymerised. One PMMA was formed by chemical initiation with 8.4·10-3mol/L SPS and 

the other by PEB irradiation of 267 kGy. The chemically initiated PMMA was opaque, 

whereas the PEB initiated latex was transparent (Figure 5). 
 

 

 
Figure 5. Chemically initiated (left) and electron beam initiated (right) PMMA latex. 
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The two latices showed two major differences in properties. The first one was the particle 

size. The chemically initiated PMMA had a particle size of around 60 nm, whereas the PEB 

initiated one had a particle size of 38.5 nm. This explains the difference in transparency of 

the two latices; the particle size of the PEB initiated PMMA was small enough to lead to 

transparency. The second difference was the molecular weight as found by SEC. The Mn of 

the chemically initiated PMMA was around 200,000 whereas the Mn of the PEB initiated 

PMMA was only about 12,000. 

In order to explain these differences we’ll first have a closer look at the chemically initiated 

system. Higher surfactant concentrations in the system, above the CMC, lead to a larger 

number of micelles. With more micelles being present in the emulsion more loci of 

polymerisation can be formed.  The rate of polymerisation increases with more loci of 

polymerisation present in the system. When the same amount of monomer is distributed 

over a larger number of loci of polymerisation this results in smaller particle sizes. 

To determine the effect of the surfactant in the chemically initiated system we polymerised 

MMA at 55 ºC, at various surfactant concentrations between 0.15 wt.% and 1.2 wt.% or 

5.3·10-3 mol/L and 4.2·10-2 mol/L (Figure 6). 
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Figure 6. Conversion as a function of time of chemically initiated emulsion polymerisations of  
               MMA at SDS concentrations of 1.2 wt.% (×), 0.6 wt.% (o), 0.3 wt.% (-) and 0.15 wt.% (◊). 
     

 82



 
  Pulsed electron beam polymerisation 

Figure 6 shows that the conversion rate increased when the surfactant concentration was 

enlarged. The particle size decreased at higher surfactant concentration, and consequently 

the particle number increased as can be seen in Table 1. None of the latices obtained was 

transparent. 

 
Table 1. Particle size and particle numbers NC for chemically initiated emulsion 
                   polymerisations  of MMA at varying surfactant concentrations. 
 

Surfactant concentration (wt.%) Particle size (nm) NC (L-1) 

0.15 74 4.1·1017 

0.3 63 6.7·1017 

0.6 57 9.0·1017 

1.2 53 1.1·1018 

 

 

4.3.2 PEB initiated emulsion polymerisation of MMA 

PEBP of MMA was performed in the 5 mL reaction cell at surfactant concentrations 

varying between 0.15 wt.% and 1.2 wt.% at 60º C. At radiation doses between 123 and 

380 kGy samples were taken. Figure 7 shows the effect of the surfactant concentration on 

the conversion vs. irradiation dose plot the PEBP system. 
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Figure 7. Conversion as a function of the radiation dose for the PEB emulsion polymerisation of  
               MMA at SDS concentrations of 1.2 wt.% (×), 0.6 wt.% (o), 0.3 wt.% (-) and 0.15 wt.% (◊). 
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It can be seen in Figure 7 that an increased surfactant concentration has the same effect on 

the conversion rate in the PEBP as it had it in the chemically initiated system (see Figure 

6). With more surfactant and thus more micelles present in the system a higher conversion 

rate was obtained. Barriac et al. have observed this effect in HER of polyvinyl chloride 

before.2 They also attributed it to the increased number of loci of polymerisation present in 

the emulsion. Table 2 gives the obtained data for the particle sizes, particle numbers and 

molecular weights for the PEBP of MMA. 

 

Table 2. Particle size, particle numbers NC and molecular weights Mn for PEBP of MMA at 
 varying surfactant concentrations depending on the conversion. 

 
Radiation dose 

(kGy) 
Conversion (%) Particle size (nm) NC (L-1) Mn 

          0.15 wt.% SDS 
123 11 48 1.2·1017 18015 

191 19 63 1.3·1017 15178 

267 57 59 4.6·1017 15216 

380 82 64 5.3·1017 11599 

                                    0.3 wt.% SDS 
123 20 28 1.5·1018 29676 

191 44 31 2.5·1018 31602 

267 70 35 3.1·1018 23026 

380 88 39 2.5·1018 11654 

                                     0.6 wt.% SDS 
123 28 42 6.4·1017 30816 

191 64 29 4.4·1018 25326 

267 84 35 3.3·1018 17932 

380 95 43 2.0·1018 13448 

                                    1.2 wt.% SDS 
123 49 25 5.3·1018 34368 

191 83 33 3.9·1018 21605 

267 93 28 7.1·1018 15944 

380 96 27 8.2·1018 12172 
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For the PEBP of MMA with SDS concentration between 0.3 wt.% and 1.2 wt.% 

transparent latices were obtained; only the PEBP of MMA below the CMC, with 0.15 wt.% 

SDS, gave an opaque latex. The particles were smaller than in the chemically initiated 

system and the particle numbers larger. CHDF measurements were not possible for the 

PEBP latices and TEM measurements indicated that the actual particle size is lower than 

measured with DLS (for the limitations of the DLS measurements see the Appendix). The 

PEBP generally showed larger particle sizes with increasing conversions. 

SEC measurements verify the assumption of polymer decomposition during electron beam 

irradiation. Figure 8 shows the molar weight distribution (MWD) data of PEBP PMMA at 

different conversions/degrees of irradiation.  
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Figure 8. MWD spectra of an electron beam initiated PMMA with 0,3% surfactant 

   measured at conversions of 20% (     ), 44%  (     ), 70%(     )  and 88%  (    ). 

 

 

Figure 8 depicts a trimodal molar weight distribution of the PEB initiated PMMA at 20% 

conversion. The main peak (Mpeak = 30,000) has a shoulder of higher molecular weight 

material. The third peak of much higher molecular weight polymer, probably formed in 

monomer droplets, is small in size. As reaction and irradiation time increases, the higher 

molecular weight peaks decrease. At 88% conversion and 380 kGy both higher molecular 

weight peaks have disappeared. The amount of low molecular weight material has 

increased. These results show that PEB irradiation breaks up high molecular weight 
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molecules. The chain decomposition is also reflected in the final molecular weights Mn of 

the obtained latices (Table 2). 

Figure 9 shows how the molecular weight of latices, polymerised with various surfactant 

concentrations, decreased with increasing radiation doses. This effect can be attributed to 

the decomposition of longer PMMA chains over irradiation time. The final conversion of 

the latices was generally 90% to 95%.  
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Figure 9.  Mn of PEB initiated PMMA latex with SDS concentrations of 1.2% (×), 0.6% (o),  

  0.3% (-) and 0.15% (◊) measured at different radiation doses and conversions. 
 

The analysis of the trimodal peak for 20% conversion polymerised at 10 Hz in Figure 8 

shows the typical size distribution of a pulsed initiation polymerisation (Equation 6). Figure 

10 displays the SEC molecular weight distribution and the first derivative of the curve. 
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Figure 10. MWD spectra of PEBP PMMA latex at 20% conversion, polymerised with 0,3%  
     surfactant at a frequency of 10 Hz(     ), and the first derivative of the distribution(    ).  

 

The inflection points L0,i of the log M curve are determined by the peak maxima of first 

derivative of the curve. L0,i represents the average chain length a radical can grow within i 

and i+1 pulses during the time interval t.17 Table 3 lists the values for the first and second 

inflection point. The values in Table 3 represent the M-values for chains initiated with one 

pulse and terminated by the next pulse or by the next plus one pulse. 

 

Table 3. Maxima of the first derivative of log M, L0,i , and the corresponding molecular mass(M) for 
              an PEB initiated PMMA latex with 20% conversion irradiated with 123 kGy. 

 
 Log M M 

L0,1 4,4045 25380

L0,2 4,7058 50792

 

Table 3 shows that M for the second inflection point L0,2 has twice the value of  M at the 

first inflection point, L0,1. This confirms that the experimental results obey the rules of 

pulsed initiation polymerisation as it obeys the IUPAC reliability criteria for pulsed 

initiation polymerisations.18  
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Equation (6) for the kinetic chain length L allows calculation of the monomer concentration 

at the locus of polymerisation. 

 

L  = kp · [M] ·t  (6) 

 

The calculated value of 2.6 mol/L was found earlier in PEBP of MMA at conversions 

around 20% (2.7 mol/L at 22% conversion at similar conditions and particle sizes) 

indicating that the loci of polymerisation were predominantly the latex particles or the 

monomer droplets11. Similar analysis obtained comparable results for latices polymerised at 

different surfactant concentrations after irradiation with 123 kGy. At higher radiation doses 

the chain decomposition strongly affected the pattern of the MWD (see Figure 8). The 

analysis of those latices therefore cannot be used to obtain estimates for the monomer 

concentration based on Equation 6.  

The obtained value for the swellability of PMMA in MMA is lower than the recorded 

6.6 mol/L for particle sizes of 70 nm and higher.19 Gilbert has shown in calculations using 

the Vanzo equation for PSty, that the monomer solubility in polymer latex particles 

decreases for smaller particle sizes.20, 21 The reason for this is the contribution of the 

surface energy to the chemical potential of the monomer in the particle phase. The 

calculations resulted in a solubility of Sty in PSty of 5.5 mol/L for particles of 100 nm, and 

less than 4 mol/L for 30 nm particles. The same effect of decreasing polymer swellability 

with decreasing latex diameter is expected to take place in the case of MMA/PMMA.   

 

4.3.3 MALDI-TOF MS analysis of PEB induced PMMA decomposition  

For a better insight into irradiation induced polymer decomposition of PMMA latices 

MALDI-TOF MS analysis was applied. A cationically polymerised PMMA standard (only 

H end-groups) with an Mn of 3437 was emulsified in water, containing 0.3 wt.% surfactant, 

and irradiated with various PEB doses. The radiation doses and the values obtained for Mn 

of the PMMA are collected in Table 4.  
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Table 4. SEC data of the molecular weight Mn of a PMMA standard with an Mn of 3437  
 irradiated with various PEB doses. 
 

Radiation dose (kGy) Mn 

0 3437 

380 3194 

760 2904 

1140 2777 

 

The results in Table 4 show a decrease in Mn at higher radiation doses. This decrease can 

be attributed to decomposition of the polymer. Figure 11 shows the MALDI-TOF MS 

spectra of the PMMA standard before, and after being irradiated with a PEB dose of 

140 kGy. 

 
 

igure 11. MALDI-TOF MS spectra of standard PMMA with Mn 3437 emulsified in water with 
                   0.3 wt.%  surfactant before (upper) and after (lower) irradiation with 1140 kGy. 

igure 11 shows the spectra of PMMA with the MMA repeating unit every 100 mass units. 

h energy electron irradiation has been investigated 

in the past with mass spectroscopy and a residual gas analyser (RGA).22-24 Scission of the 
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As expected, the whole weight distribution is shifted towards lower molecular weights after 

an applied radiation dose of 1140 kGy.  

The decomposition of PMMA under hig
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polymer backbone was the major event observed, but also side-chain scission was detected. 

The major scission steps for side-chain decomposition are given in the following Schemes 

(7) to (11) where P stands for polymer backbone: 

 

P-H   → P·   + ·H    (7)   

P-H + H· → P·   +  H2    (8)  

  3 

  3 )·  

H3   

mp ion ntioned in formula 

) to (11), undergoes a second side-chain scission. The probability for a second side-chain 

e in side-chain 

P-CH  → P·   + ·CH3    (9) 

P-COOCH → P-C(O + ·OCH3   (10) 

  P-COOC → P·   + ·COOCH3   (11)

 

It is possible that a PMMA chain after a side-chain deco osit as me

(7

scission is somewhat lower but increases with increasing radiation doses.  

 A close-up on the MALDI-TOF MS spectra of a PMMA standard irradiated at low and 

high radiation doses is given in Figure 12. It confirms the increas

decomposition at higher radiation doses.  
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Figure 12. MALDI-TOF MS spectra of PMMA standard with Mn 3437 emulsified in water with  
    0.3 wt.% surfactant, irradiated at 380 kGy (upper) and 1140 kGy (lower). 

Mass (m/z)Mass (m/z)Mass (m/z)
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The MALDI-TOF MS samples were prepared with potassium ions. The main polymer 

chain without any side-chain damage is represented by the peaks at 2243 Da and 2343 Da. 

These peaks can be attributed to the molecules [H-(MMA)22H]K+ and [H-(MMA)23H]K+. 

The upper spectrum of Figure 12 shows, that after a low radiation dose three side-chain 

scission peaks can be detected, at 2329 Da, 2313 Da and 2283 Da. These peaks arise from 

primary side-chain damage; the decomposition mechanisms are given in the Schemes (9) 

through (11). At higher radiation doses (lower spectrum) two more peaks arise at 2268 Da 

and 2312 Da. These peaks can be attributed to polymeric chains undergoing two-side-chain 

break events. This secondary decomposition is expected to be predominantly the loss of a 

CH3-group at “the other end” of the polymer backbone. Figure 13 shows the possible 

structure of the polymeric chain seen in MALDI-TOF MS at 2268 Da, in which two side-

chain decomposition events had occurred. 
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Figure 13. Chemical structure of a PMMA polymeric chain with 25 monomer units seen in the  

     MALDI- TOF MS at 2268 Da where double side-chain decomposition occurred.  
 

The assignment of the fragmentation peaks seen in MALDI-TOF MS is given in 

Table 5. Once a polymeric chain has fragmented into radicals, these radicals undergo 

further reactions like recombination or (most likely) hydrogen abstraction, which further 

complicates the interpretation of the spectra. Not all peaks were therefore assigned in the 

same detailed way as the main polymer chain peaks. 
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Table 5. Fragmentation peaks and the accompanying decomposition schemes of the MALDI- 
               TOF MS spectra (Figure 12) of a PMMA standard emulsified  in water irradiated 
               with PEB. 
 

 Peak (Da) Fragmentation Decomposition scheme 

A 2343 [H-(MMA)23H] K+ = P K+ - 

B 2329 [P-CH3] K+→ [PB·] K++  ·CH3 9  

C 2313 [P-COOCH3] K+→ [PC-C(O)· ]K+ + ·OCH3 10 

E 2298 Peak C→ [PE·] K++  ·CH3 10 and 9 

D 2283 [P-COOCH3] K+ → [PD·] K++ ·COOCH3 11 

F 2268 Peak D→ [PF·] K++  ·CH3 11 and 9 

 

 

4.3.4 MALDI-TOF MS analysis of PEB initiated PMMA latex 

The MALDI-TOF MS spectrum of PEBP PMMA shows a homogeneous repeating pattern 

(Figure 14). The pattern has a repeating unit of exactly 100, the mass of one MMA unit.  

 

igure 14. MALDI-TOF MS spectrum of a PMMA latex produced with PEB initiated emulsion  
                   polymerisation of MMA emulsified with 0.3 wt. % SDS irradiated with 380  kGy. 

The measured isotopic pattern of the main polymer peak [H-(MMA)23H] K+, a close-up of 
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Figure 14, correspond with the calculated pattern (Figure 15). 

 

 92



 
  Pulsed electron beam polymerisation 

 

te
ns

ity

2342.98925 2344.69454 23 2348.10514
Mass (m/z)

0

100

0

50

100

te
ns

ity

2343.1881

2344.19062342.1847

2345.1930

2346.1952
2347.1975 2348.1997

2342.98925 2344.69454 2346.3 0514
Mass (m/z)

00

50
2345.4591

2346.4517
2341.4861 2347.4377 2348.5685

te
ns

ity

2342.98925 2344.69454 23 2348.10514
Mass (m/z)

0

100

0

50

100

te
ns

ity

2343.1881

2344.19062342.1847

2345.1930

2346.1952
2347.1975 2348.1997

2342.98925 2344.69454 2346.3 0514
Mass (m/z)

00

50
2345.4591

2346.4517
2341.4861 2347.4377 2348.5685

2343.4662
2342.4602

2344.4473

2343.4662
2342.4602

2344.4473

536.0536.0100100

Figure 15. Measured (upper, detail of Figure 14) versus calculated (lower) MALDI-TOF MS 
    isotopic spectra of PEBP [H-(MMA)23H]K+.  

d by 

EB initiation, with the irradiated PMMA standard of Figure12. 

 
    PEB initiation (below, detail of Figure 14) emulsified with 0,3 wt.% surfactant, 
    irradiated with 380 kGy. 

The comparison of the MALDI-TOF MS spectrum of the PEB irradiated PMMA standard 

(Figure 12), that was not polymerised with PEB initiation, with the PEB initiated PMMA 
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The comparison of the MALDI-TOF MS spectrum of the PEB irradiated PMMA standard 

(Figure 12), that was not polymerised with PEB initiation, with the PEB initiated PMMA 
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Figure 16. MALDI-TOF MS spectrum of standard PMMA with an Mn of 3437 irradiated with  

    1140 kGy (upper, see also Figure 1 us the spectrum of a PMMA latex produced by 
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shows 

addition to the expected peaks, in the lower spectrum of Figure 16 a peak appears, labelled 

, 16 Da ahead of the main polymer peak. This peak can be assigned to HO-(MMA)23H.  

r 

ed PEB initiated PMMA latices were stable at low surfactant 

w surfactant concentrations with PEB initiation to investigate the effect of 

ater-solubility of the polymerised monomer on the PEBP. 

.15 and 0.3 wt.% SDS resulted in 

EMA were surprisingly similar 

similar peaks of the main polymeric chains and the decomposition products. In 

G

The peak of HO-(MMA)23H can not be observed in the spectrum of the irradiated PMMA 

standard and one can therefore exclude that HO-(MMA)n-H originates from a possible 

recombination of a polymeric radical with an OH-radical. This peak can rather be attributed 

to initiation by OH-radicals in the PEBP of the MMA. This provides evidence that H-

radicals (Peak A) and OH-radicals (Peak G) initiated the PEBP of MMA. Proof fo

initiating species created by the radiolysis of surfactant was not found. The other peaks in 

the MALDI-TOF MS spectra of the PEBP of MMA could be attributed to chain 

decomposition products. 

Because of the high curvature of the particle surface small particles might not be able to 

adsorb sufficient surfactant.  Often small sized latex particles coagulate and form larger 

sized particles that are stable against coagulation, especially at low surfactant 

concentrations. The presence of many polymer chains with a hydroxyl-function may be a 

reason why the small siz

concentrations.  

 

4.3.5 PEB initiated emulsion polymerisation of EMA 

Ethyl methacrylate (EMA) has a similar chemical structure as MMA, but due to the 

additional methylene group it is less water-soluble (see Table 15, page 109). EMA was 

polymerised at lo

w

The PEBP of EMA with surfactant concentrations of 0

inhomogeneous latices. Larger amounts of coagulate precipitated on the wall of the 

reaction cell. Phase separation of the primary opaque latices was observed and resulted in 

small amounts of opaque material on the surface of the barely transparent latex. The 

emulsion was obviously not stable. The conversion rates of 

to those of MMA. Due to the inhomogeneity of the latices, their measured particle sizes 

show large variations. Similar to the observations for the PEBP of MMA the molecular 
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weights of the PEMA decreased at higher radiation doses, indicating polymer chain 

decomposition. 

  

Table 6. Conversion, particle size and molecular weights Mn for PEBP of EMA with two  

 
Radiation d

 surfactant concentrations and different radiation doses.  

ose (kGy) Conversion (%) Particle size (nm) Mn 

0.15 wt.% SDS 

123 23 55 18460 

191 20 48 17106 

20294 

380 59 80 17501 

3 wt.% SDS 

380 76 86 17326 

267 44 57 

0.

123 41 132 28153 

191 49 99 21189 

267 67 41 19827 

 

Figure 17 shows the MALDI-TOF MS spectrum of a PEB initiated PEMA latex. The EMA 

repeating unit of 114 is obvious in the spectrum. 
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Figure 17. MALDI-TOF MS spectrum of a PEMA latex produced by PEB initiated emulsion 
                    polymerisation of EMA with 0,3 wt.% SDS, irradiated with 380 kGy. 
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The close-up of Figure 17 in Figure 18 shows the fragmentation spectrum of PEMA 

between two repeating units. Similar to PMMA a peak for a hydroxyl-functional polymer 

chain (peak H) indicates that also hydroxyl-radicals initiated EMA. The decomposition of 

MA due  irradiation is analogous to the PMMA fragmentation except that PEMA 

s one more me oup in the side-chain resulting in a more complex fragmentation 

pattern.  

Figure 18. MALDI-TOF MS spectrum (detail of Figure 17) of a PEMA latex produced by PEB 
                   initiated emulsion polymerisation of EMA polymerised  with 0.3 wt.% SDS and  
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                   irradiated with 380 kGy. 
 
The fragm tion peaks of Figure 18 are assigned in Table 7.  
 

Table 7. Fragmentation peaks of the MALDI-TOF MS spectra (Figure 18) of a PEMA latex 
             polymerised with 0.3 wt.

 Peak (Da) Fragmentation 

B 1980 [H-(EMA)17OH] K+= [P-OH] K+ 

A 1963 [H-(EMA)17H] K+ = P K+ 

C 1948 [P-CH3] K+→ [PC·] K++  ·CH3 

D 1934 [P-C2H5] K+→ [PD·] K+ + ·C2H5 
+ +

G 1890 [P-COOC2H5] K+ → [PG·] K++ ·COOC2H5 

H +  ·CH3 

E 1918 [P-COOC2H5] K → [PE-C(O)·] K  + ·OC2H5 

F 1903 Peak E→ [PF·] K++  ·CH3 

H 1875 Peak G→ [P ·] K+
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The comparison between the measured and calculated MALDI-TOF MS isotopic spectra of 
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Figure 19. Measured (upper, detail of Figure 14) versus calculated (lower) MALDI-TOF MS  
+

 

 

17H]K  exhibits a distinction.  Figure 19 depicts more peaks in the measured 

spectrum than in the calculated pattern. This effect can be explained by the polymerisation 

initiation by monomer radicals, which still had a double bond. Due to the poor water-

solubility of EMA the initiation in micelles, pa plets with monomer 

radicals plays a re important role than i er-soluble MMA, 

resulting in a peak 2 Da lower. The sma ulated pattern is 

obviously due t ispropo tion  monomer 

radicals shifting the pattern once more 2 Da low

 

 
 

 

    isotopic spectrum spectra of [H-(MMA)17-H]K ,  of a PEBP PEMA latex.  

4.3.6 PEB initiated emulsion polymerisation of BMA 

The PEBP of tyl m thacrylate (BMA) confirms ect of the water-s ubility o  the 

polym om re with MMA and EMA. Due to its butyl 

group  is less wate soluble than MMA and EMA (see Table 15, page 109)

The polymerisation of BMA at surfactan entrations of 0.15 and 0.3  DS 

resulted, similar to the PEBP of EMA, in inho eous latices. Larger amounts of 

coagulate precipitated on the wall of the reaction cell. 
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Phase separation of the primary opaque latices obtained was also observed which resulted 

f a barely transparent latex after 

. Larger 

gure 20 shows the MALDI-TOF MS spectrum of a PBMA latex produced by PEB                   

itiated emulsion polymerisation of BMA. One can clearly see the repeating unit of BMA, 

i.e. 142, in the spectrum. 

 
 
Table 8. Conversion, particle size and molecular weights Mn for PEBP of BMA with two 
                 surfactant concentrations and different radiation doses.  
 

Radiation dose (kGy) Conversion (%) Particle size (nm) Mn 

in small amounts of opaque material on the surface o

storage. The conversion rates of BMA were similar to those of MMA and EMA.  Due to 

the inhomogeneity of the latices the measured particles varied broadly in size.  The 

molecular weights also showed similar tendencies as PEBP of MMA and EMA

molecular weights were broken down at high radiation doses. The polymerisation of BMA 

at 0.3 mol/L SDS resulted in unusually high molecular weights compared to the PEBP of 

MMA and EMA. 

Fi

in

0.15 wt.% SDS 

123 14 54 16942 

191 30 72 19335 

267 34 53 18867 

380 46 50 20642 

0.3 wt.% SDS 

123 63 149 42409 

191 69 116 40671 

267 81 109 28227 

380 76 103 24561 
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                         initiated emulsion polymerisation of BMA polymerised with 0,3 wt.% SDS, 
                         irradiated w
 

Figure 20. MALDI-TOF MS spectrum of a PBMA latex produced by PEB 

ith 380 kGy. 

he close-up of Figure 20 given in Figure 21 depicts the fragmentation spectrum of the 

ydroxyl-functional oligomer (Peak J) indicates that hydroxyl-radicals also initiated the 

polym e  the PBMA due to PEB irradiation is again 

similar to the PMMA and PEMA deco a methylene groups in the side-chain 

make the fragm tion pattern more complex than for MMA and EMA. 

igure 21. MALDI-TOF MS spectrum (detail of Figure 18) of a PEB initiated PBMA latex 
    emulsified with 0.3 wt.% surfactant irradiated with 380 kGy. 

 

The fragmentation peaks of the PEBP of BMA are assigned in Table 9.  
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Table 9. tation peaks of the MALDI-TOF MS spectra (Figure 19) of a PEB initiated 
                PBMA latex emulsified with 0,3 wt.% surfactant irradiated with 380 kGy. 

 
ak (Da) Fragmentation 

Fragmen

 Pe

-(BMA 11

B 1603 [H-(BMA)11OH] K+= [P-OH] K+ 

A 1587 [H ) H] K+ = P K+ 

C 1572 [P-CH3] K+→ [PC·] K++  ·CH3 

D 1558 [P-C2H5] K+→ [PD·] K+ + ·C2H5 
+ +

G 1514 [P-COOC2H5] K+→ [PG-C(O)·] K+ + ·OC4H9 

E 1544 [P-C3H7] K → [PE·] K  + ·C3H7 

F 1530 [P-C4H9] K+→ [PF·] K+ + ·C4H9 

H 1499 Peak G→ [PH·] K++  ·CH3 

I 1486 [P-COOC4H9] K+ → [PI·] K++ ·COOC4H9 

J 1471 Peak I→ [PJ·] K++  ·CH3 

 

  

The comparison between the measured and calculated MALDI-TOF MS isotopic spectra of 

[H-(BMA)11H]K+  in Figure 22 showed the same effects as seen with EMA. The high 

extent of the initiation by monomer radicals, which still had a double bond, resulted in 

peaks 2 Da below the main molecular peak. The small peak 4 Da below the calculated 

pattern is again due to disproportionation of the polymeric chains initiated with monomer 

dicals. ra
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Figure 22. Measur (upper, d f Figure 13 I-TOF MS 

    isotopic spectra of [ A)11H]K+,  
 

 

4.3.7 PEB initiat  emulsio ymeri

In order to allow a comparison with the obtained data for PEBP of MMA, EMA and BMA, 

inyl acetate (VAc) was polymerised under the same conditions. VAc is moderately water-

luble as can be seen in Table 15 on page 109. The latices obtained from the PEBP of 

e patterns. 

ed etail o
H-(BM

) versus calculated (lower) MALD
of a PEB initiated PBMA latex.  

ed n pol sation of VAc 
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VAc with transmissions of e.g. 66.5% at 450 nm, 70.6% at 550 nm and 83.9% at 650 nm 

appeared slightly less transparent as compared to the PMMA latices. The data in Table 10 

show the high polymerisation rates of VAc. The particle sizes were in the range of 30 nm. 

The further analysis of the latex turned out to be more complicated. The obtained latices 

could not be passed through a 200 µm filter. Also MALDI-TOF MS spectra showed no 

analysabl
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Table 10. Particle sizes of a PEB initiated PVAc latex containing 0,3 wt.% SDS irradiated with  
   various electron beam doses. 
 

Radiation dose (kGy) Conversion (%) Particle size (nm) 

123 88 34 

191 94 33 

267 91 28 

380 95 30 

 

PVAc is known to easily undergo chain transfer reactions.25-27 Chain transfer to monomer 

nd chain transfer to polymer led to branching and cross-linking of the polymer. Higher 

 PEB 

radiated PVAc occurred, which made it impossible to analyse the latices with SEC and 

ALDI-TOF MS.  

ation was again observed on the walls of the reaction cell.  

Particle sizes of the separated latex, measured with DLS, were in the range of 30 nm, but 

the solid content of that latex was less that 4 %. 

Table 11 lists the conversions and particle sizes for PSty latex with 0,6 wt.% SDS 

irradiated with various doses.  

a

tempera . king of thetures enhance these reactions   Due to these reactions also cross-lin

ir

M

 

4.3.8 PEB initiated emulsion polymerisation of Sty 

Another well-investigated monomer, Sty, was polymerised under the same conditions with 

PEB initiation as MMA, EMA, BMA and VAc. The water-solubility of Sty is low as can be 

seen in Table 15. Sty was very interesting in our investigations because it is known not to 

decompose under irradiation. Irradiation tests with chemically initiated PSty standards 

indeed showed no polymer degeneration and confirmed the observations of Sato et al.29 

The PEBP of Sty yielded inhomogeneous latices that appeared primarily opaque and turned 

into a two-phase system: bluish slightly transparent latex with a small amount of foamy 

liquid on top. Coagul
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Table 11. Particle sizes of a PEB initiated PSty latex containing 0.6% SDS, irradiated with  
   various doses. 
 

Radiation dose (kGy) Conversion (%) Particle size (nm) 

123 1 34.2 1.3 

191 1 32.5 

2 27.8 

1

4.8 

267 0.0 

380 9.9 30 

 

SEC analysis of the PSty gave broad MWDs with low molecular weights. A comparison of 

the MWDs at different irradiation doses was not appropriate because the measured peaks 

were small and broad; the peaks lay in the area of around 10,000 Da. Chapiro et al. 

explained low conversions with the observation that even traces of oxygen inhibited the 

PEBP of Sty.30 Because it was not possible to exclude oxygen in the batch set-up, this also 

ight have been the cause of low conversions in our case.  

d PSty latex resulted in surprising 

Figure 23. MALDI-TOF MS spectra of a PEB initiated PSty latex emulsified with 0.6 wt.%  
                    surfactant irradiated with 267 kGy. 
 

m

The MALDI-TOF MS analysis of the PEB initiate

observations. Figure 23 depicts the MALDI-TOF MS spectra of a PEB initiated PSty latex 

irradiated with 267 kGy at a conversion of 20%. The repeating pattern of the Sty monomer 

unit with a mass of 104 can be seen clearly.  
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A close-up of Figure 23, as given in Figure 24, shows the pattern between two monomer 

units. 

 

                   polymerisation of Sty with 0.6 wt.% surfactant irradiated with 267 kGy, detail of 

 

Table 12. Peaks of the MALDI-TOF MS spectrum of PSty (Figure24) initiated with PEB. 

 

 Peak (Da) Molecule 

Figure 24. MALDI-TOF MS spectrum of a PSty latex produced by PEB initiated emulsion  

                  Figure 20. 
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The three main peaks in Figure 24 are assigned in Table 12. Unlike the behaviour of 

PMMA no chain decomposition occurred during the irradiation, because no chain scission 

peaks could be observed. 

A 1577        [H-(Sty)14-SO3]K+ 

B 1593 [H-(Sty)14-SO4]K+ 

or 

[HO-(Sty)14-SO3]K+ 

C 1610 [HO-(Sty)14-SO4]K+ 
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The calculation of the isotopic pattern for the peak at 1593 in Figure 25 corresponds well 

ctra of [HO-(Sty)14-SO3]K+, of an PEBP PSty latex. 

tiated to a high degree by radicals created by the radiolysis of 

DS. We did not see sulphate groups back in the MALDI-TOF MS spectra of PEB initiated 

. 

diation of SDS have a much higher affinity 

towards Sty than to methacrylates; hence sulphate radicals predominantly initiated the PSty 

polymerisation. This might occur in combin inant termination of PSty 

radicals with sulphate radicals. MALDI-TOF MS cannot distinguish between initiating and 

terminating end group. On the other hand, in the PEBP of methacrylates initiation might 

predominantly occur by radicals originating from the radiolysis of water. If the affinity of 

the methacrylates towards sulphate radicals or the affinity of the polymethacrylate radicals 

towards sulphate radicals is low, no polymeric te end groups will be 

etected in the MALDI-TOF MS spectra. The further fate of the surfactant radicals will not 

be seen in MALDI-TOF MS due to the small size of their (recombination) products. 

with the pattern of the measured peak indicating that the peak assignment was correct. 
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Figure 25. Measured (upper, detail of Figure 17) and calculated (lower) MALDI-TOF MS  
     isotopic spe

 

Surprisingly, the PEB initiated polymerisation of Sty led to polymeric chains with high 

amounts of sulphate end groups originating from the surfactant SDS. This could indicate 

that polymerisation is ini

S

PMMA, PEMA or PBMA. There are two possible explanations for this observation

 The first one is that radicals created by irra

ation with the predom

 chains with sulpha

d
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The second explanation for the observed effect is an artefact of the MALDI-TOF MS in 

one or the other way. It could be that methacrylates with sulphate end groups were not 

etected or, that the inhomogeneity of the Sty emulsion led a non-representative ratio of 

urfactant and monomer, leading to MALDI-TOF MS spectra that are not representative of 

the overall situation in the syste

yway, the observed differences en e further investigations of this interesting 

ect. 

 

4.3.9. Comparison of primary radical formation, water solubility and kp 

      of monome EB initiat ulsion polymerisation 

 explain the obtained results a detailed c ison of G-values, water-solubility and kp 

of the polymerised monomers needs to be carried out. 

G-values are defined as the number of species created with 100 eV of absorbed dose. The 

G-values of water, MMA and Sty are given in Table 13. 

able 13.  G-values of species present in a typical emulsion polymerisation.16 

Reactant Species Product Species G-value

d

s

m.  

courag

rs in P ed em

ompar

An

eff

    

To

 

T
 

 

2

H2O OH radical 2.70 

H2O eaq 2.75 

H O H radical 0.57 

Sty Sty radical 0.69 

MMA MMA radical 5.50 

 

To calculate the radical concentrations in the reaction one has to take the following into 

account: The G-value is the number of species created per 100 eV or rather 1.6·10-17 J. The 

applied radiation source had an energy E of 0.39 J per pulse. Therefore G·2.44·1016 species 

were created per pulse. Divided by Avogardos number NA of 6.022·1023 mol-1 and the 

reactor volume (0.005 L) and multiplied with the relative amount of one reactant to the 

reaction mixture xi one ends up with Equation 11 for the initial radical concentration CR
0 of 

a species i: 

 106



 
  Pulsed electron beam polymerisation 

 
                                                              ii

16R
i  0, xGLmol101.8C ⋅⋅⋅⋅⋅= −−                     (11) 

 

The relative amount of the monomers in water and in the monomer droplets and micelles 

are calculated with the water-solubility of the monomer given in Table 15.  

. Primary radicals formed with one electron pulse at zero conversion with a dose of 76 Gy. 
 

Radical CR (Sty)  (mol·l-1) CR (MMA)  (mol·l-1) 

 

Table 14

0  0  

. -9 -7Monomer 2.3·10 6.0·10  
aq

Monomer . 5.6·10-7 
droplet 3.9·10-6 

1.9·10-5 

4.7·10-5 

% in the aqueous phase 99 % 92 % 

 

H. 4.2·10-6 4.2·10-6 

OH. 1.9·10-5 

eaq
- 2.0·10-5 2.0·10-5 

Total 4.4·10-5 

% with OH 43 % 40 %

 

The data in Table 14 d r an initial electron pulse that hits 

the emulsion. Further cal on of the oncentra during the proceeding 

polymerisation turns out e rather  for a opagating species. But 

nevertheless calculations p  an idea abou e high radi x that is created within 

PEBP and underlines the ef ncy of one ulse. N at no G-values for SDS 

were recorded. Because th entration tant i  in the emulsion, only a 

w number of radicals formed from SDS is expected. MALDI-TOF MS showed, except 

ation of 4.7·10-4 mol·s-1·l-1 was calculated (Table 14), i.e. 1000 times more than 

 only cover the ra ical formation fo

culati radical c tions 

to b complicated ll pr

rovide t th cal flu

ficie  electron p ote th

e conc  of the surfac s low

lo

for the inhomogeneous PEBP of Sty, no evidence of appearance of end groups that could 

be attributed to possible SDS fragmentation products.  

The data in Table 14 depict that a high radical concentration is formed per pulse. In 

chemically initiated systems the SPS concentration was 9.8·10-3 mol·l-1, a value commonly 

used. The kd of SPS is 3.1·10-5 s-1 at 60° C (see Table 3 in Chapter 3) which leads to an 

initial radical formation of around 3.0·10-7 mol·s-1·l-1. In the PEBP of MMA at 10 Hz a 

radical form
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in the chemically initiated polymerisation with SPS, indicating a high radical flux in the 

Table 14 also shows that the majority of rad ed in the water phase explaining 

oxyl functional 

olymer is formed in the PEBP of e.g. MMA. This high amount of hydroxyl functions in 

 

As seen in the end-group analysis with MALDI-TOF MS the initiation in PEBP will 

predominantly start in the aqueous phase due to the high radical formation there. The 

propagation of the olig ers occurs in the wa e until the oligo ach the chain 

length at which they become surface activ an enter a par after further 

propagation form a ne article. Two factor  great impact on the polymerisation 

kinetics. The water-solubility defines the amo onomer available in the water phase 

to propagate he propag rate of the mono etermines the 

reaction rate. The ficient of the 

xamined monomers are given in Table 15.31  

-1

PEBP system. 

icals is form

the low conversions for the PEBP of Sty. The significant proportion of OH-radicals 

confirms findings seen in MALDI-TOF MS that a high amount of hydr

p

the polymeric chain is expected to stabilise the transparent latices with small particle sizes.  

om ter phas mers re

e and c ticle or 

w p s have a

unt of m

 the oligomerisation. T ation mer d

 values for water-solubility and propagation rate coef

e

 

Table 15. Water-solubility and propagation rate coefficient of selected monomers. 
 

Monomer [M]aq (20° C) 

(mol·L-1 ) 

kp (50° C) 

(L·mol-1 s-1) 

kp·[M]aq 

(s ) 

MMA 1.5·10-1 649 97 

EMA 6.5·10  676 44 

BMA 2.5·10  857 2.1 
-3

-1

-2

-3

Sty 4.3·10  237 1.0 

VAc  7540 3770 

BA 2.5·10  40400 101 

5.0·10
-3
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Due to the high radical flux in the PEBP a high number of radicals will be formed in the 

aqueous phase. If a monomer, like VAc or MMA, has a high propagation rate and a 

queous phase propagation will decrease, fewer particles will be formed over time and thus 

 sufficient aqueous phase propagation of the 

ligomers and the formation of a high amount of hydroxyl functionalities stabilising  small 

Thus the product of kp and the water-solubility of the monomers (Table 15) can give an 

appropriate estimation of the chance of a monomer to form a transparent latex in PEBP at 

low surfactant concentrations. Wh p

chance of preparing a transparent latex is low. 

A high concentration of OH-radicals formed in the PEBP due to the high radical flux in the 

system also affects the form on of transparent latices. The OH-radicals initiate 

polymerisation and form oligo r chains with xyl functions. croemulsion 

polymerisations short-chained hydroxyl-functionalised molecules, like e. pentanol, are 

added to the recipe as a co-surfactant to obtain small particle sizes.32 Only monomers with 

a relatively high water-solubility (MMA, VAc) or a high propagation rate coefficient (VAc, 

BA) were able to form stable transparent latices. This explains the production of 

transparent latices of MMA, VAc, and BA.  

relatively high water-solubility, the oligomer radicals will propagate very fast in the 

aqueous phase and thus a high number of particles will be formed. Due to the high degree 

of hydroxyl functions in the polymeric chains the polymer will be able to form stable small 

particles, yielding a transparent latex even at low surfactant concentrations.  

Diminished water-solubility of the monomer will affect PEBP in two ways. First, the 

a

the rate of polymerisation will decrease. Second, with a lower water-solubility more 

monomer will be present in micelles and in monomer droplets and as a consequence more 

surfactant is needed to stabilise the system. When the polymerisation is performed at very 

low surfactant concentrations like in the experiments shown this effect will lead to a 

decrease in the system stability over time and thus larger particle sizes or phase separation 

will occur as seen for EMA, BMA or Sty.    

Experiments with butyl acrylate (BA) showed that PEBP of BA could form transparent 

latices.11 Although the water-solubility of BA is poor (2.5·10-3 mol·l-1) the kp  

(40400 l·mol-1 s-1) is very high, which provides

o

particles.  

en the product of k  and the water-solubility is low the 

ati

me hydro In mi

g. 1-
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4.3.10 PEB initiated emulsion polymerisation of DVB and copolymerisations 

PEBP of DVB resulted in transparent latices similar to those synthesised in chemically 

initiated emulsion polymerisations at similar surfactant concentration (see Chapter 3), but 

higher amounts of coagulum were obtained. The PEBP of DVB at low surfactant levels 

ended up in low conversions and inhomogeneous latices. This effect was expected due to 

the low water-solubility and kp of DVB.  

A possible way to obtain transparent latices of monomers with poor water-solubility and/or 

low kp, with PEBP at low surfactant concentrations might be copolymerisation with a 

comonomer that has a high water-solubility and/or a higher propagation rate coefficient. 

The copolymer should be able to form the required number of loci of polymerisation that 

can swell with the less water-soluble monomer. The comonomer should also be able to 

produce the high amount of oligomers that act as co-surfactant to increase the overall 

stability of the emulsion and the stability of the final latex with its hydrophilic end group.  

First tests focused the copolymerisation of Sty and MMA. Whereas the PEBP of poor 

s

nearly 90 % after 380 kGy irradiation. When 

 decreased significantly. 

water-soluble Sty resulted in inhomogeneous latices at low conversions, the high water-

soluble MMA was able to form stable transparent latices at high conversion rates. 

The copolymeri ation with low Sty contents were rather successful and latices obtained 

became transparent, for example a latex with 85% MMA and 15 % Sty had a transmittance 

at 650 nm of about 90% and conversions of 

the content of Sty in the monomer fraction was increased, the transparency of the latices 

decreased. At a Sty content of 22 % the transmission of the latex obtained was only 60% at 

650 nm. With a Sty content of 38% in the monomer the obtained latex was opaque. The 

conversion rates at the same radiation dose also

In conclusion: it will be possible to obtain transparent latices in the PEBP of monomers 

with a poor water-solubility and/or a low propagation rate when copolymerised with a 

monomer with high water-solubility and/or a higher propagation rate coefficient. 
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4.4 Up-scaling experiments 
 

4.4.1 PEB initiated emulsion polymerisation in a loop reactor 

The results seen so far were obtained with PEBPs in a 5-mL-batch reactor and are very 

promising. Nevertheless, it would be desirable to polymerise larger quantities of latex with 

PEBP. PEBP performed in larger set-ups have been reported by Stahel and Stannett.1 A 

t 

loop reactor was designed comprising a reaction vessel with attached mechanical stirrer 

and an irradiation cell. Tubing connected the units and a pump allowed a constant flow of 

the emulsion through the set-up. The attached stirring unit was beneficial to the emulsion 

homogeneity and stability (for further details see the experimental section). The 

experiments served the purpose of investigating whether the results obtained in the batch 

reactors could be transferred to a larger set-up. 

Figure 26 shows the results for the conversion of MMA emulsions irradiated with PEB a

various frequencies. All three obtained latices were opaque. 
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Figure 26. Conversion as a function of time of a PMMA latex produced by PEB initiated emulsion 
                 polymerisation in a loop reactor irradiated at  frequencies of 50 Hz (o), 25 Hz (×) and  
                10 Hz (-). 
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MMA conversions increased when the emulsion was irradiated at higher PEB frequencies. 

lotting conversion versus radiation dose in Figure 27 shows a different picture: the 

sion per radiation dose. 

P

emulsion irradiated with 10 Hz had the most efficient conver

Radical polymer chains have more time to polymerise between two electron pulses before 

being terminated when initiated with irradiation at a low frequency. The data for Mn in 

Table 17 show this clearly. Therefore, the irradiation frequency was kept at 10 Hz, which 

gave milder reaction conditions due to a lower temperature increase in the irradiation cell. 

A similar effect was also seen in the batch reactor; latices irradiated at high frequency 

appeared more inhomogeneous.  
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Figure 27. Conversion as a function of the radiation dose of PEB initiated emulsion 
                       polymerisations of MMA in a loop reactor irradiated at frequencies of 50 Hz (o), 
                       25 Hz (×) and 10 Hz (-). 
 

Table 16 compares the data of the latices obtained by PEBP and irradiated at various 

frequencies. The Mn of the latices obtained was low. The particle sizes, measured with 

DLS, were rather large and therefore the latices had a low number of particles. The latices 

lation was observed.  

 

were not transparent. After being stored for a week the latices with lower conversions were 

not stable and coagu
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Table 16. Conversion, particle size, Mn, and particle number of a PEB initiated PMMA latex  

 

Frequency  

(Hz) 

Radiation dose 

(kGy) 

Conversion 

(%) 

Particle size 

(nm) 

Mn 

(Da) 

NC  

(L-1) 

                  produced in a loop reactor  containing 0,3 wt.% SDS, irradiated at various frequencies. 

10 303 21.2 187.2 13609 4.1·1017 

25 719 31.2 150.4 8406 6.7·1017 

50 1521 53.8 123.0 8671 9.0·1017 

 

The MALDI-TOF MS spectra of the obtained latices showed the same pattern as the latices 

synthesised in the batch reactor, giving no indication for a different initiation mechanism. 

A reason why the PEBP of MMA performed differently in the batch reactor as compared 

with the loop reactor may be caused by different irradiation periods. The emulsion in the 

batch system is irradiated continuously whereas the emulsions polymerised in the loop 

reactor were irradiated only for short time intervals. A reaction volume of 150 mL in the 

loop reactor is irradiated in the 5 mL reaction cell only for 1/30 of its residence time in the 

system while it stays the rest of the time in a “dead” volume where no irradiation is 

applied. The measured values for Mn of the obtained latices in Table 16 do not indicate a 

possibly continued propagation of the polymeric radical chains to higher molecular weights 

after leaving the irradiation cell. But as seen before, high molecular weight material can be 

decomposed by the PEB when irradiated over longer periods.  

One explanation for the opaque PMMA latex obtained in the loop reactor seems to be that 

tex particles at low surfactant concentrations. 

the amount of the hydroxyl functional oligomer material created in the reaction is too 

small, compared to the whole reaction volume, to stabilise the system and especially small 

la

Variations of the stirring speed and the solid content in the loop system are depicted in 

Figure 28. 
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Figure 28. Effect of stirring speed and solid content on the conversion of PEB initiated emulsion  

                   and 140 rpm (×) and 10 wt.% MMA and 140 rpm (-). 
 

A decrease in solid content resulted in an increased conversion. A possible explanation is 

that less monomer will be present in monomer droplets. This increases the amount of 

surfactant available to form micelles, i.e. loci of polymerisation. The higher number of loci 

of polymerisation increases the rate of polymerisation. 

Reduced stirring of the emulsion resulted in an increase in co

                   polymerisation of MMA in a loop reactor at 9 wt.% MMA and 31 rpm (o), 9 wt.% MMA  

nversion. Stahel et al., who 

1

ore surfactant adsorbed by the monomer 

 polymerisation. Since the reaction rate is depending on the number of loci of 

polymerisation, the rate of polymerisation will decrease with decreasing surfactant 

concentration. The addition of more surfactant to the recipe showed an increase in the 

reaction rate. Figure 28 depicts the trends. The experiments in the batch reactor showed the 

same effect (Figure 7). 

observed the same effect, gave an explanation for it. They attributed the effect to a larger 

amount of smaller monomer droplets that is formed at higher stirring speed and a higher 

shear rate.  This larger amount of droplets with smaller droplet sizes adsorbs more 

surfactant onto their increased surface. With m

droplets less surfactant is available to form micelles and to stabilise particles, resulting in 

less loci of
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Figure 29.  Effect of surfactant content on the conversion of PEB initiated emulsion polymerisation  
                    of MMA in a loop reactor  at SDS concentrations of 2 wt.% (×), 0.5 wt. %  (o), and  
                    0.25 wt.% (-). 
 

Figure 29 demonstrates that an increase in the surfactant concentration from 0.25 wt.% to 

0.5 wt.% SDS resulted in an increased conversion whereas the particle properties remained 

similar. Further increase of the surfactant concentration up to 2 wt.% did not result in 

further increase in the rate. This effect was also observed in the batch reactor. Higher 

amounts of surfactant in the emulsion lead to a higher number of loci of polymerisation, 

which will finally increase the rate of polymerisation.  

The effect of the pumping rate was also investigated. A higher liquid flow rate decreased 

the conversion of the obtained latex (Figure 30). This effect has been observed before and 

been explained by emulsifier adsorption processes.1 The effect is comparable with the 

effect of the stirring speed on the conversion (see Figure 28). A higher pumping velocity 

also will increase the shear rate applied to the emulsion and thus will decrease the size of 

the monomer droplets resulting in a higher number of monomer droplets. This larger 

number of monomer droplets needs more surfactant, leaving less surfactant to form 

micelles and to stabilise particles. Less loci of polymerisation will cause a lower rate of 

polymerisation.  
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Figure 30. Effect of the liquid flow rate on the conversion of a PEB initiated emulsion  

he up-scaling of the PEBP appears very complex. The set-up is crucial to the results. 

nt latices as obtained in the batch 

                     polymerisation  of MMA in a loop reactor loop at 0.66 mL/sec (o) and 1.0 mL/sec (×). 
 

T

While the emulsion was constantly irradiated in the batch reactor, the emulsion in the loop 

system had long “dark periods” without irradiation. This may be the cause of the low 

conversions and the opaque appearance of the latices from the loop system. Possibly the 

number of created oligomers with a hydroxyl function, that is expected to enhance the 

stability of the emulsion in the PEBP, was not sufficient. More research is needed to 

modulate the loop reactor to obtain similar transpare

system. Polymer fouling in the irradiation cell and the tubing system as observed in the 

PEBP is another problem to be solved. 

 

 116



 
  Pulsed electron beam polymerisation 

4.4.2 Inhibition of the PEBP with inorganic salts 

An interesting effect was observed when the PEBP was performed with added inorganic 

salts in the emulsion. The standard surfactant used in the PEBP had a purity of 96%. The 

PEBP of MMA with an 85% pure surfactant led to a conversion of only 3.6%. NaCl and 

Na2SO4 were the main impurities of 85% pure SDS. To find out whether these two salts 

were responsible for the inhibition of the reaction, polymerisations were performed with 

96% pure surfactant and extra added NaCl or Na2SO4. Both salts had the expected 

inhibition effect and the polymerisations with the added salts ended up with 5.9 and 7.7 % 

conversion. Also tests with Fremy salt, K4[(SO3)2NO]2, as radical trapper resulted in a 

conversion of 6.3%. Inorganic salts have an obviously inhibitory effect on the PEBP by 

absorbing radicals formed by the PEB. 

ize. The 30 nm-sized PEB initiated latex particles 

were transparent whereas the 60 nm-sized chemically initiated ones came out 

opaque. The high radical flux in the PEB initiated system created a higher particle 

number resulting in smaller particles.  

• Second, PEB initiated PMMA had low molecular weights (peak maximum at 

around 30,000 Da) compared to chemically initiated PMMA with molecular 

weights of a few hundred thousands. 

• The third difference was the high number of hydroxyl-functionalised PMMA chains 

in the PEB initiated latices due to polymerisation initiation with OH-radicals. 

  

4.5 Conclusions 

The pulsed electron beam (PEB) initiated emulsion polymerisation of methyl methacrylate 

(MMA) at low surfactant concentrations yields latices with properties different  from those 

of the chemically initiated MMA. Whereas the PEB initiated latices were transparent in 

principle, the chemically initiated PMMA latices appeared to be opaque.  

Three main differences between PEB initiated and chemically initiated PMMA, which are 

crucial to latex transparency, can be identified. 

 

 

• In the first place the particle s
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The low molecular weight and the presence of hydroxyl-functionalised PMMA seemed to 

colloidally stabilise the small latex particles and to prevent coagulation. Note that 

coagulation usually occurs at low surfactant concentrations. Hydroxyl-functional oligomers 

also might have favoured the production of small particles, positively acting as co-

surfactant similar as in microemulsion polymerisations. 

The comparison of PEB initiation of a series of monomers, viz. MMA, ethyl methacrylate 

(EMA), butyl methacrylate (BMA), styrene (Sty), and vinyl acetate (VAc), revealed that 

water-phase propagation rate and therefore the water-solubility and the propagation rate 

coefficient of the monomers affects the number and therefore the size of the particles of the 

obtained latex. Poorly water-soluble monomers like EMA, BMA and Sty with low 

opagation rate coefficients did not form transparent latices in PEB initiated 

The up-scaling of the system in a loop reactor showed that the “dark periods” without 

icular small latex 

pr

polymerisations. 

irradiation caused low conversion and opaque appearance of the obtained latices. An 

additional reason for opaque PMMA latex obtained in the loop reactor seems to be that the 

amount of hydroxyl functional oligomer material created during the reaction is too small, 

relative to the whole reaction volume, to stabilise the system and in part

particles at low surfactant concentrations. 
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Chapter 5 

 

Core-shell polymerisation 
 

 

Synopsis: The previous chapters cover the synthesis of transparent seed latices. 

Divinylbenzene (DVB) has been shown to form transparent small particle size latices in 

chemically initiated emulsion polymerisation. This chapter focuses on the question if 

seeded emulsion polymerisation of vinyl acetate (VAc) onto PDVB seed latices is an 

appropriate way to obtain transparent latices with a core-shell structure, which possibly 

can serve as material for intraocular lenses. Various ways of preparing a VAc shell were 

investigated, because during the experiments it appeared that vinyl groups on the surface 

of the PDVB inhibited the conversion of seeded VAc polymerisation, due to unfavourable 

reactivity ratios of VAc and styrene (Sty) groups. The results show that covering the vinyl 

groups of the PDVB seed latex with a layer of polystyrene (PSty) is an option to overcome 

the inhibition while still obtaining transparent latices. The polymerisation of VAc onto 

double layer PDVB/PSty seed latices could be run up to 100% conversion. The catalytic 

copolymerisation of VAc and ethylene (Et) onto PDVB latex seeds at ambient pressures 

with cyclodextrins (CD) offers another solution to overcome the inhibition effect of the 

PDVB vinyl groups. Transmission electron microscopy (TEM) measurements in 

combination with RuO4- and uranyl acetate staining are a reliable tool for investigating the 

core-shell morphology of the PDVB/PSty/PVAc multi-layer latices obtained.  
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5.1 Introduction 

The optimal combination of properties of two different polymers can often be better 

achieved with structured particles than by blending the polymers.  

The fields to which structured particles are especially applied are waterborne paints and 

coatings, adhesives and impact modifiers, but high-value-added products are also included, 

for example in the area of biotechnology.1, 2 Seeded emulsion polymerisation is a 

commonly used technique to synthesise structured morphologies. Various heterogeneous 

structures can be expected but generally the particles formed are referred to as core-shell 

particles, implying that the seed polymer is in the centre of the newly formed particle, 

which is covered by a shell of the polymer formed from the monomer that was added later. 

The design and morphology of structured particles is complex, and both kinetic and 

thermodynamic factors affect the formation of latex particles with a core-shell structure.2, 3   

A schematic drawing of a seeded emulsion polymerisation system is shown in Figure 1. 

After decomposition of the initiator I2 into radicals, the primary formed radicals can react 

with monomer M in the aqueous phase. The oligomer radicals formed then propagate 

further. The growing radicals may be terminated, for example by recombination with other 

radicals. If, however, the radicals continue to propagate without termination until they 

reach the chain length z, the oligomers IMz become surface active and are able to enter a 

seed particle and propagate to form a core-shell particle. z depends on the monomer and the 

initiator end group.  

When the surface-active oligomers IMz do not enter a seed particle they continue to grow 

in the aqueous phase until they reach the critical chain length jcrit. At that critical chain 

length the oligomer is no longer soluble in the water phase and forms a new “secondary” 

particle. Secondary particle formation is generally not wanted in the synthesis of structured 

particles. 
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 1. Schematic drawing of the seeded emulsion polymerisation system.   

son studied secondary particle formation in the polymerisations of VAc onto Sty 
4 The model compares well with our investigated system of VAc emulsion 

erisation in the presence of PDVB seeds, since the structure of DVB is chemically 

r to that of Sty.5  

 extensive research had already been done on ways to avoid secondary particle 

tion in seeded emulsion polymerisation6-10 Ferguson et al. developed an easy, 

ible model of experimental conditions under which no secondary nucleation occurs 

e-shell polymerisations, rather than a comprehensive model covering all eventualities 

 system. Final comparisons of Fergusons model with more extended models showed 

greement and sufficient accuracy for serving the purpose.  

sons model shows that the earlier predictions made by Hergeth et al. for core-shell 

tion of VAc onto PSty seeds were not correct and that a large number of secondary 

 particles could be expected rather than the formation of core-shell particles.8, 12, 13 
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The predicted high amount of secondary nucleation under the reaction conditions of 

Hergeth et al. was proven right experimentally by Ferguson.   

Fergusons model is based on an extended model by Morrison and Gilbert, which in turn is 

based on fundamental knowledge of particle formation by secondary nucleation in 

emulsion polymerisation.11  

The idea is that particle formation occurs after polymerisation is initiated in the aqueous 

phase. The growing oligomers become surface active at a chain length of jz when they can 

enter a seed particle and can continue to polymerise to form a core-shell morphology. But 

the oligomer can also continue to grow in the aqueous phase to a chain length of jcrit when 

it becomes water-insoluble and finally precipitates to become a secondary polymer particle. 

Thus the oligomer can either enter a seed particle or undergo secondary nucleation, thereby 

creating a new undesired particle. A comparison between the number of newly formed 

particles and the number of seed particles will reveal whether predominantly a core-shell 

morphology or formation of secondary particles will occur in a seeded polymerisation.  

An important assumption based on the model is that polymerisation takes place below the 

critical micelle concentration (CMC), because the micelles in the system would enhance 

secondary particle formation, due to a high entry rate of oligomeric radicals into the 

micelles. Another important assumption is that there is no coagulation. However, since 

coagulation has always been observed, to some extent, higher numbers of newly formed 

particles may be predicted than observed in the experiments. The rate of new particle 

formation Nnew was determined by numeral integration of Equation 1:4 
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with the propagation rate coefficient kp, the concentration of monomer in the water phase 

[M]w  and [ , the concentration of oligomers with the number of monomer units just 

one unit below critical chain length j
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crit . The concentration of oligomer radicals is defined 
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Equation 3 gives the concentration for radicals up to the chain length z when the oligomers 

become surface active and are able to enter any particle they encounter. Equation 4 gives 

the concentration of oligomers that are surface-active up to oligomers with a critical chain 

length. The rate of dissociation for the radical initiator I is given by kd . The frequency of 

entry for an IMi species,  is defined as i
ef
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where Dw is the diffusion coefficient of IMi in water, Rnew  and Rseed are the radii of the new 

particles and the seed particles, and Nnew and Nseed the numbers of new and seed particles, 

respectively. 

The model further considers radical transfer effects from particles towards the aqueous 

phase and catalysed initiator decomposition. A detailed description of the model can be 

found in the PhD thesis of Chris Ferguson.4, 5 The equations of the model were solved by 

numerical integration and the results for VAc shell polymerisation on PSty seed latices at 

80º C are given in Figure 2. 
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Figure 2. Predicted value of Nnew/Nseed versus seed particle radius for four selected seed  

   particle concentrations after Ferguson.4 The shaded region represents negligible 
  new particle formation  
    

 

Two major conclusions can be drawn from Figure 2.  

(1) At constant solid content a decrease in the seed latex size increases particle number and 

particle surface, thereby drastically lowering the degree of new particle formation. With a 

larger seed particle number, the probability of the growing oligomer chain entering a seed 

latex increases.  

(2) Higher solid content results in a decrease in secondary particle formation. This effect is 

again associated with the increase in the number of seed particles, which the growing 

oligomeric chains can enter.  

Ferguson also applied his simulations on systems under starved-feed conditions. Starved-

feed conditions result in a lower monomer concentration in the seeded emulsion 

polymerisation system. Figure 3 illustrates the results of the model for a PSty seed latex 

system with a particle radius of 200 nm. 
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Figure 3. Predicted value of Nnew/Nseed versus fraction of saturated monomer in the system for  

   200 nm radius particles at three solid contents after Ferguson.4 
 
We can see in Figure 3 that a low monomer concentration decreases the degree of 

undesired secondary nucleation in a seeded emulsion polymerisation system. This effect 

can be attributed to the reduction of aqueous phase propagation when monomer addition is 

slower than the maximum rate of monomer consumption in a monomer saturated system. 

The oligomers have more time to diffuse and enter a seed particle before they reach critical 

chain length and form a new particle.  Thus, starved conditions result in less secondary 

particle nucleation. 

To limit secondary nucleation and encourage core-shell formation in seeded emulsion 

polymerisation the following requirements must be met: 

 

• Small seed latex particles (smaller particles supply a larger surface at the 

                 same solid content).  

• High amounts of solid content (increased seed particle surface area). 

• Low surfactant concentration (to preserve formation of micelles). 

• Semi-continuous addition of monomers (starved-feed conditions to keep the  

     monomer concentration low). 
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For our system, consisting of PDVB seed latex particles with a radius of 15 nm and solid 

content of around 10%, the results imply that secondary nucleation of PVAc is expected to 

occur only to an insignificant degree. The formation of core-shell polymer morphologies 

should be the predominant reaction.   

 

 

5.2 Experimental 
 

5.2.1 Materials 

DVB (industrial grade, 80%, Aldrich), Sty (99%, Merck) and VAc (99%, Aldrich) were 

used after being purified of inhibitor by passing them over a column filled with an inhibitor 

remover package (Aldrich). Sodium dodecyl sulphate (SDS, 96.0%, Fluka), ethylene (Et, 

Aldrich, +99,5 in a 250 ml pressure bottle), sodium peroxodisulphate (SPS, + 99%, Merck) 

and α-, β-, and γ-cyclodextrin (CD, Rohm&Haas) were used as received. Deionised water 

was used in all experiments. 

  

5.2.2 Polymerisation  

 

Sty polymerisation in the presence of PDVB seed latices 

A typical polymerisation procedure was performed in a 300 ml double-walled glass 

reaction vessel with attached Teflon stirrer, reflux cooler, a gas inlet and a peristaltic pump 

for the starved-feed monomer addition. First the vessel was fed with 4 g of SDS sealed and 

purged with argon for about 10 minutes. After that, 147 mL water, that had been made 

oxygene-free by purging for about 20 minutes with argon, was added. The mixture was 

stirred at 400 rpm for 30 minutes at the reaction temperature of 60° C to dissolve the 

surfactant under argon atmosphere. Following this, 6 g DVB monomer was added. The 

mixture was stirred for a further 45 min to allow the monomer to emulsify. After forming 

an emulsion, it was initiated with dissolved radical initiator, typically 0.3 g SPS in 3 ml of 

water, and allowed to polymerise for 45 min. Then 6 g Sty was added under starved-feed 

conditions at a rate of 0.05 ml/min. After the addition of Sty was completed the mixture 

was allowed to react for 2 hrs. 
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VAc polymerisation in the presence of PDVB seeds or PDVB-PSty core-shell seeds 

A typical polymerisation procedure was performed in a 300 ml double-walled glass 

reaction vessel with attached Teflon stirrer, reflux cooler, gas inlet and a peristaltic pump 

for the starved-feed monomer addition. First the vessel was fed with seed latex, typically 

120 g. It was then sealed and purged with argon for 30 minutes at 60° C and 300 rpm. The 

initiator SPS, typically 0.2 g dissolved in 4 ml water, was added and then the semi-

continuous addition of the shell monomer VAc, typically 5 ml, was started, usually at a 

feeding rate of 0.03 ml/min. After the total amount of monomer was added, the mixture 

was allowed to react for up to 5 hrs. In the case of VAc and Et copolymerisation, CD was 

fed into the reactor together with the seed latex. Et was allowed to bubble through the seed 

latex for 10 minutes before initiation and VAc addition. 

 

5.2.3 Analysis  
 

Conversion 

Conversion was measured gravimetrically. Further polymerisation was prevented by 

addition of small amounts of TBC. To remove water and residual monomer the latex 

sample was precipitated in aluminium cups, weighed, dried, first on a hotplate at 70° C, 

and then in a vacuum oven overnight at 80° C, and weighed again. Higher monomer 

removal temperatures led to polymer decomposition. 

 

Dynamic light scattering (DLS) 

A Malvern 4700 light scattering apparatus with a 488 nm laser, a Malvern 7032 correlator, 

a PCS7 stepper motor controller and a PCS8 temperature controller were used for dynamic 

light scattering measurements. The scattering angle was 90° and the measuring temperature 

25° C. The intensity weighed mean-average diameter was measured thirty times to arrive at 

an average value.  
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Capillary Hydrodynamic Fractionation (CHDF) 

A CHDF 2000 apparatus from Matec Applied Science was used to determine particle sizes. 

The CHDF eluent, ELUENT 1X, was used with a flow rate of 1.4 mL/min. Sodium 

benzoate was used as an internal marker. The average particle size by area was taken as the 

average particle size. To prevent blockage of the capillary the latices were generally 

filtered through a 1 µm filter. 

 

UV-Vis Measurements  

The transmission measurements providing information on latex transparency were made on 

a Hewlett Packard UV-Vis diode array spectrophotometer (HP 8451 A) using a quartz 

cuvette of 1 cm optical path length. Measurements were performed at room temperature. 

 

TEM measurements 

Transmission electron microscopy (TEM) measurements were carried out at the Australian 

Key Centre for Microscopy and Microanalysis at the University of Sydney using a Phillips 

EM 499 instrument. Uranyl acetate negative staining was done by placing a drop of the 

sample in a 0.1% uranyl acetate solution. After 10 minutes a drop of the solution was 

placed on a TEM copper grid and allowed to dry. Some samples were stained with RuO4-

damps when placed in a special staining chamber over a RuO4-solution at 40° C for few 

minutes. Further details can be found in the literature.5 

 

Cryo-TEM measurements 

For the cryo-TEM measurements, which were done at the Universiteit Maastricht, a TEM 

copper grid was dipped into the sample. Excess sample was blotted with filter paper. The 

film was vitrified in liquid Et and analysed in a Phillips TEM (CM 12) at 

-170° C. 
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5.3 Results and Discussion 

5.3.1 Emulsion polymerisation of VAc on PDVB seeds 

Starting point of the experiments was the seeded emulsion polymerisation of VAc in the 

presence of PDVB. Since the chemical structures of DVB and Sty are similar, VAc 

emulsion polymerisation on PSty seeds or PDVB seeds was expected to behave in a 

comparable manner. PDVB latex was chosen with the smallest particle size in relation to a 

high solid content and a low surfactant concentration as a seed (Chapter 3). The PDVB 

latex used was stabilised with 1.7% methacrylic acid (MAA), had an average particle size 

of around 26 nm and a solid content of 8%. Preliminary surfactant titration surface tension 

measurements and conductivity measurements determined whether the surfactant 

concentration of the latex was under the CMC, or whether the latex had to be dialysed 

before core-shell polymerisation. 

Polymerising one part VAc under starved-feed conditions relative to 2.5 parts PDVB seed 

latex resulted in around 60% conversion. Repetition of the experiments gave the same 

results.  
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Figure 4. Conversion as a function of time of a seeded emulsion polymerisation of VAc on a PDVB 
                latex  under starved-feed conditions at an addition rate of 0.03 ml/min. 
 
Figure 4 shows the conversion as a function of time for the seeded VAc emulsion 

polymerisation in the presence of PDVB. The addition of monomer ended after 3 hrs. It can 

be seen that the reaction stopped at 60% conversion after approximately 6 hrs. Under 
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starved-feed conditions the instantaneous conversion was still around 50%, which means 

that no complete instantaneous conversion of monomer was occurring thus inhibition was 

taking place. 

To exclude any systematic error the same reaction process was performed in the presence 

of PSty and 100% conversion of the VAc was obtained.  Additional seeded polymerisations 

of VAc in the presence of PDVB varying reaction temperature, seed stabilisation, seed 

solid content, surfactant concentration in the seed, initiator, stirring speed, monomer 

feeding rate, amount of monomer and buffering of the system, did not lead to higher 

conversions.   

In order to understand the inhibition of the VAc emulsion polymerisation on PDVB seeds 

the inhibiting effect of Sty in VAc polymerisation was considered, since DVB is 

chemically similar to Sty.  

The copolymer reactivity ratios r1 and r2 show the inclination of the two monomers to 

copolymerise. For the Sty (M1) and VAc (M2) system it was found that r1 = 56 and 

r2 = 0.01 at 60° C, which indicates that the copolymerisation of Sty and VAc is very 

unfavourable.14 The propagating chain with a VAc end-group is very active when adding 

Sty. However, the affinity of a propagating Sty radical to VAc is very low, which indicates 

that the reaction will be practically inhibited.15 The PDVB seed in our polymerisation 

system can be considered as latex particles with reactive Sty bound at its surface, which 

explains the inhibition in the seeded emulsion polymerisation of VAc in the presence of 

PDVB seeds.   

The reason why VAc can nonetheless be polymerised up to a conversion of 60% is 

probably because VAc is moderately water-soluble. The initiation of the VAc 

polymerisation starts in the water phase before the VAc oligomers enter the seed particle. 

Because the initiator continuously forms radicals in the aqueous phase, where VAc is 

present, the conversion increases. After a certain amount of PVAc has been adsorbed by 

the seed particles, a PVAc shell is formed that swells with monomer and drastically reduces 

the monomer concentration in the aqueous phase. Since no propagation occurs in the 

polymeric phase and monomer concentration in the aqueous phase is decreased, the 

reaction stops at approximately 60% conversion. 
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5.3.2 Emulsion polymerisation of Sty in the presence of PDVB  

A possible way to solve the problem of inhibition in the seeded emulsion polymerisation of 

VAc onto PDVB seed latex is the formation of a multi-layer structure. As previously 

described, seeded emulsion polymerisation of VAc in the presence of PSty can result in up 

to 100% conversion. Due to the fact that no transparent latex can be obtained in the 

emulsion polymerisation of Sty, the idea was to polymerise a PSty layer onto the small, 

transparent PDVB latex particles in order to cover all inhibiting vinyl bonds of PDVB with 

PSty. Due to its structural similarity with DVB, it should be possible to polymerise a PSty 

shell onto PDVB seeds.  

Sheu et al. prepared core-shell latices by seeded emulsion polymerisation of Sty onto PSty 

latices that had previously been cross-linked with amounts of DVB varying from 0.1 to 6 

%.16, 17 Their experiments were performed with rather large monodisperse PSty latices with  

a particle size of 5.2 µm that were cross-linked with DVB. The cross-linked latices were 

then swollen with shell polymer (Sty) and polymerised in a batch process. The resulting 

latex particle structures were investigated with scanning electron microscopy (SEM). Sheu 

et al. were able to show that with an increasing degree of cross-linking in the seed latex the 

shell structure changed.  Sty formed a homogeneous shell onto uncross-linked PSty seed. 

The morphology of the shell changed to a snowman structure when PSty seed was cross-

linked with around 0.2% DVB. At 6% added DVB the shape of the shell changed into a 

kind of raspberry structure. Figure 5 shows this trend in core-shell morphologies, as 

observed by Sheu et al.  

Tests showed that best results for the synthesis of the PDVB/PSty core-shell structure 

formation were obtained in a one-pot reaction where Sty was added before 100% 

conversion of the DVB, and the polymerisation was carried out at low PDVB seed 

concentrations (4%) under starved-feed Sty addition. The starved-feed addition might 

prevent secondary nucleation of PSty but it also lowers the risk of structured raspberry type 

shell formations. All reactions could be run up to 100% conversion. Table 1 gives the 

results for the polymerisation of various amounts of Sty onto PDVB seeds.  
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Degree of cross-linkage of the core 
 

  
 
Figure 5.  Schematic drawings of core-shell structures with increasing cross-linking of the 

    core latex. 
 

Figure 6 shows the conversion/time and diameter/time history of a seeded emulsion 

polymerisation of 2 parts of Sty onto one part PDVB seed latex with a solid content of 4%. 

The conversion is related to both monomers DVB and Sty because Sty was added before 

the conversion of DVB was complete. The Sty addition finished after 7 hrs. 
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Figure 6. Conversion (×) and particle size (o) as a function of time of a seeded emulsion 
                 polymerisation of Sty onto PDVB seed latices with a solid content of 4%. 
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TEM and cryo-TEM measurements show spherical core-shell particle morphologies. Due 

to resolution limits of TEM and cryo-TEM with respect to the small sized latex particles, 

and due to the shape of the PDVB seeds, an absolute statement about structure is not 

possible. The expectation that the formation of secondary nucleated PSty particles will be 

very low is supported by results shown in Table 1. The seeded emulsion polymerisation of 

Sty in the presence of PDVB seed led to the formation of transparent latices with a small 

particle size. CHDF measurements indicated that polymerisation of one part Sty onto one 

part PDVB latex led to a measured growth of seed particles of only 2 nm to an average 

particle size of 28.5 nm, whereas a size of 33 nm would be expected. The latex obtained 

was transparent. To check if secondary PSty polymerisation occurred, the same amount of 

Sty was starved-fed and polymerised in an additional experiment without seed latex, at 

higher free surfactant concentrations than present in the seeded polymerisation (0.1 mol/l). 

The latex obtained was opaque and had an average particle size of 37.3 nm. Previous 

experiments indicated that even small amounts of larger sized particles led to a drastic 

increase in the opaqueness of the latex. This was not seen in the seeded emulsion 

polymerisation of Sty onto PDVB latices.  

 

Table 1. Sty amounts relative to PDVB seed, particle size and transmissions of the unfiltered  
and filtered PDVB/PSty core-shell latices. 
 

         Transmission 

Unfiltered latex (%) 

Transmission  

Filtered latex (%) 

Sty relative 

to PDVB 

(wt. %) 

Particle size   

(nm) 

450 nm 550 nm 650 nm 450 nm 550 nm 650 nm 

0 26.7 63.7 82.9 90.8 69.8 87.2 93.7 

33 27.2 63.1 83.0 91.1 65.1 84.7 92.5 

67 27.8 57.5 79.0 88.7 57.7 81.1 90.8 

100 28.5 36.4 66.0 81.0 57.1 79.8 89.5 

133 28.5 36.5 66.6 82.0 37.4 67.5 82.8 

167 28.8 21.0 52.7 72.3 21.0 53.2 73.4 
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The fact that the particle sizes obtained for the core-shell latices are smaller than expected 

may have two causes. The first one is the limitations of the measurement techniques (see 

Appendix). Due to the fact that we measure CHDF close to the lower cut-off value and the 

possible presence of not spherical morphologies, CHDF measurements may give particle 

sizes that are too low for the core-shell particles. The other cause may be that secondary 

nucleation occurred and rather small secondary PSty latices were created. 

Homopolymerisation of Sty resulted in rather large particle sized, opaque latices. Since the 

seeded emulsions resulted in transparent latices a low amount of secondary PSty particles 

was expected. 

In summary, it can be concluded that seeded emulsion polymerisation of Sty in the 

presence of PDVB latex was successful. The latices obtained remained transparent even 

when high amounts of Sty were polymerised onto PDVB seeds. 

 

 

 

5.3.3 Emulsion polymerisation of VAc in the presence of PDVB/PSty core-shell seeds 

Experiments were carried out on seeded emulsion polymerisation of VAc onto PDVB/PSty 

core-shell seed latices, to see whether polymerisation of Sty onto the PDVB seed latices 

would cover the vinyl bonds of PDVB, which is believed to be the reason for inhibition in 

the VAc shell polymerisation onto PDVB seeds. 

Figure 7 shows the conversion/time and diameter/time history of the seeded emulsion 

polymerisation of 2 parts of VAc onto three parts of PDVB/PSty core-shell seed latex with 

a solid content of 12%. The VAc addition ended after 5 hrs. It can be seen in Figure 7 that, 

in contrast to shell polymerisation of VAc on PDVB, conversion of VAc could be run up to 

100% when the PDVB was sufficiently covered with PSty. The latex particle size increased 

simultaneously with the conversion. 
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Figure 7. Conversion (×) and particle size (o) as a function of time of seeded emulsion 
                   polymerisation of VAc onto PDVB/PSty core-shell seed latices with a solid content  
                  of 12%. 
 

As described in Chapter 5.3.2 different amounts of Sty were polymerised onto the PDVB in 

order to see which amount afforded sufficient coverage of the PDVB vinyl groups with 

PSty. Figure 8 shows how the conversion of the seeded emulsion polymerisation of VAc 

onto PDVB/PSty changes as coverage of PDVB with PSty increases. When in the seed 

latex the ratio between PSty and PDVB is 1: 1, the conversion of VAc becomes nearly 

100%.  From this it can be concluded that at this degree of coverage sufficient or full 

coverage of the vinyl groups on the surface of the PDVB latex particles has been obtained. 

Emulsions with seed latices containing less PSty showed variations in the VAc 

conversions, indicating that slightly different morphologies may have been formed when 

coverage of the PDVB vinyl groups was insufficient.  

 137 



 
Chapter 5   

0

20

40

60

80

100

0 2 4 6 8 10

Time (h)

In
st

an
ta

ni
ou

s 
V

A
c 

co
nv

er
si

on
 (%

)

 
Figure 8. Conversion as a function of time of a seeded emulsion polymerisation of VAc onto 
                  PDVB/PSty core-shell seed latices with PSty ratios relative to PDVB of 0% (×), 
                 33% (o), 66% (◊) and 100% (□). 
 

The addition of VAc to the polymerisations in Figure 8 was ended after three hours. The 

particle sizes of the latices shown in Table 2 are qualitative rather than quantitative. Due to 

the “soft” character of PVAc, CHDF is not an ideal analytical tool for this type of latices 

(see Appendix) but one can see an increase in the particle size of the particles compared to 

the seed latex (Table 2). The latex particle sizes in Table 2 are probably not large enough 

for CHDF measurements to supply a sufficiently accurate estimation. The polymerisations 

in Figure 7, on the other hand, resulted in larger particle sizes, so a more accurate 

measurement could be made. Transmission of the latices obtained was still sufficient but 

decreased as conversion of the VAc and particle size increased. It is important to keep in 

mind that we did not stabilise the latices in addition to the surfactant initially present during 

polymerisations. Stabilisation can increase the transparency of the latices (see Chapter 3). 

In Conclusion, the shielding of the vinyl groups on the surface of PDVB latex particles 

with PSty is an efficient tool of increasing the conversion of seeded emulsion 

polymerisation of VAc onto PDVB/PSty core-shell seed latices. Particle size and 

transparency of the latices obtained remain sufficient for use as optically transparent 

material.    
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Table 2. VAc conversions, particle sizes and optical transparencies of latices obtained after  
  seeded emulsion polymerisation of VAc onto PDVB/PSty seeds of varying PSty content. 

 
Particle 

size   

(nm) 

Conversion 

of VAc 

(%) 

         Transmission 

Unfiltered latex (%) 

Transmission  

Filtered latex (%) 

Sty 

relative to 

PDVB  

(wt. %)   450 nm 550 nm 650 nm 450 nm 550 nm 650 nm 

0 29.2 58 53.6 77.7 87.2 58.7 82.3 90.9 

33 29.8 71 44.6 70.0 82.0 59.5 78.8 87.0 

67 28.8 83 31.0 56.3 70.4 47.1 73.8 85.8 

100 29.3 93 33.0 60.3 74.1 38.6 68.1 82.4 

133 30.0 98 30.5 61.3 77.4 29.8 61.4 78.2 

167 30.6 97 12.0 40.3 61.9 14.1 42.1 61.6 

 

 

5.3.4 Emulsion copolymerisation of VAc and Et in the presence of PDVB seeds 

Another possible way to overcome inhibition in PDVB/VAc seeded emulsion 

polymerisation is copolymerisation of VAc with Et in the presence of PDVB seed latex. 

The prospective solution can be seen in the reactivity ratios of the monomers involved. 

Data for DVB are not known, but due to the chemical similarity of DVB and Sty one can 

expect the r-values to correspondent with those for Sty. In the Sty (M1) and VAc (M2) 

system, r1 is 56 and r2 is 0.01, which indicates that the possibility of copolymerisation is not 

very high. In the Sty (M1) and Et (M2) system, r1 is 14.9 and r2 is 0.05, which indicates that 

the two monomers are slightly more compatible in copolymerisation. The reactivity ratios 

for Et (M1) and VAc (M2) are similar, which implies that their ability to copolymerise is 

high. Data for the VAc/Et system have been reported with different solvents and at 

different temperatures and pressures. All data indicate how well these two monomers 

copolymerise; e.g. German et. al found in copolymerisations performed at 62° C and 35 bar 

in tert-butanol, values for r1 and r2 of  0.795 and 1.43, respectivley.18   

Usually copolymerisation of the two monomers is achieved under pressure. Under high 

pressure the r-values are even more favourable than at low pressures and more Et is 

incorporated into the copolymer.  
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Due to the fact that Et is a gas, gas solubility is very important. Little has been done in this 

field that was relevant to our system run at atmospheric pressure. Nevertheless, 

investigations show that Et is water-soluble to a certain degree. In the literature it has been 

shown that an increase in reaction temperature from 40° to 50° C also resulted in higher 

amounts of Et being incorporated into the copolymer.19  

It is not advisable to incorporate a large quantity of Et into the copolymer in our system. A 

set-up where Et was bubbled slowly through the emulsion was chosen. First experiments 

did not show an increase in conversion or a change in product properties. The same 

emulsion polymerisations were performed in the presence of cyclodextrins (CD). CDs are 

known to increase the incorporation of hydrophobic monomers catalytically in 

polymerisations in aqueous solution, where they act as phase transfer catalysts.20-22  

α-, β-, and γ-CD were tested in successive seeded emulsion copolymerisations of VAc and 

Et onto PDVB seed latices. The addition of β- and γ-CD to the seed latex did not result in 

noticeable differences in the conversion of VAc in the seeded polymerisation. The addition 

of α-CD increased the conversion of VAc slightly. The best results were obtained when 

0.25% α-CD was added to the seed latex before starved-feed addition of VAc and Et. 

Figure 9 shows that the monomer conversion could increase up to 65%, compared to 59% 

in the system without CD. α-CD obviously catalysed the reaction of Et with the vinyl 

groups on the surface of PDVB. This decreased the amount of the vinyl groups on the seed 

surface, resulting in a decrease in inhibition in the PDVB/VAc system.  
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Figure 9. Conversion as a function of time of a seeded VAc/Et emulsion shell copolymerisation in  
                 the presence of PDVB seed latices with (o) and without (×)α-CD  in the system. 
 

An increase in conversion of VAc/Et was not very high but reproducible. In relation to this 

result one can expect an increase in the observed effect in reactions performed at higher 

pressures.  

 

5.3.5 Analysis of the core-shell latices with TEM and cryo-TEM 

TEM and cryo-TEM are powerful tools in the examination of latex morphologies. TEM 

investigations on the morphology of the obtained latices were performed at the University 

of Sydney, Australia together with the team led by Professor R. Gilbert. The core-shell 

latices obtained were analysed by using a special technique developed by Ferguson, that 

had proven to efficiently confirm core-shell morphologies of latices obtained by seeded 

emulsion polymerisations of VAc onto PSty seeds.4, 5 Unfortunately, due to insufficient 

contrast between core and shell cryo-TEM did not show a core-shell morphology. 

For the TEM measurements PDVB/PSty/PVAc latex samples were stained for several 

minutes with RuO4-fumes. RuO4 is known to react with several functional groups, e.g. 

unsaturated hydrocarbons, ethers and aromatics. Literature mentions that RuO4 reacts with 

PSty (PDVB) but not with PVAc.4, 5 Therefore, treatment with RuO4 provides a larger 

contrast for TEM measurements between PDVB/PSty-areas (which reacts and darkens) on 

one hand, and PVAc on the other. To enhance the contrast, uranyl acetate negative staining 

was also performed on some samples. The electron dense uranium atoms have greater 
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electron scattering than the polymer particles and hence the area around the latex particle 

appears darker.  

The main obstacle in the analysis was the resolution of the TEM optical system. The sizes 

of the PDVB/PSty/PVAc latex particles were at the lower resolution cut-off of value the 

TEM instrument used. Therefore, the results could not be used for quantitative 

measurements of the system. Nevertheless, the pictures could be analysed qualitatively and 

they showed much evidence that our particles have a core-shell structure. The TEM 

measurements showed no evidence of secondary nucleation in the seeded VAc 

polymerisations in the presence of PDVB/PSty seeds.  

The TEM measurements in combination with RuO4- and uranyl acetate staining gave a 

good idea of the latex morphology, and according to the experienced staff in Sydney (C. 

Ferguson) evidence of core-shell morphology. 

Figure 10 shows a TEM measurement of PDVB/PSty seed latex particles that were 

previously exposed to RuO4-fumes. Single particles with a size of around 20 nm can be 

seen very well. 

a)    b)  

 
Figure 10. TEM picture of RuO4 –stained PDVB/PSty seed latex particles a) a magnification b). 
 

Figure 11 shows a TEM measurement of PDVD/PSty/PVAc multi layer core-shell latex 

particles that were exposed to RuO4-fumes prior to measurement. The particle 

concentration is rather high but core-shell structures with a dark RuO4-stained PDVB/PSty 

core and a light PVAc shell can be recognised very well. 
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a)      b)  

 
Figure 11. TEM picture of RuO4 –stained PDVB/PSty/PVAc core-shell particles a) and  

      a magnification b). 
 

Figure 12 shows a TEM picture of PDVB/PSty/PVAc multi layer core-shell latex particles 

that were exposed to RuO4-fumes and negatively stained afterwards with uranyl acetate. 

Due to the negative staining a dark ring appears around the core-shell particles. 
 

a)    b)  

 
Figure 12. TEM picture of RuO4- and uranyl acetate-stained PDVB/PSty/PVAc core-shell  

     particles a) and a magnification b). 
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5.4 Conclusions 

The seeded emulsion polymerisation of vinyl acetate (VAc) in the presence of 

polydivinylbenzene (PDVB) seed latices was investigated. The experiments show that due 

the incompatibility of vinyl groups on the surface of the PDVB seed latex with VAc the 

polymerisation could only be run up to conversions of around 60%. A core with a layer of 

polystyrene (PSty) polymerised onto the PDVB seed latex to shield the inhibiting vinyl 

groups was suggested as a solution to the problem.  

Seeded emulsion polymerisation of various amounts of styrene (Sty) in the presence of 

PDVB seed latices was successfully performed.  100% conversions were reached and 

particle sizes and transparency of the latices obtained gave much evidence of a core-shell 

morphology. 

VAc was polymerised with conversions up to 100% onto PDVB/PSty seed latices. It was 

observed that the conversion of VAc rose with increasing amounts of PSty on the PDVB 

seed latices. 100% conversion of VAc was obtained with double-layer seed latex that had a 

PDVB: PSty weight ratio of 1: 1, corresponding to a PSty interlayer of 3.5 nm. The latices 

obtained were still transparent. 

Catalytic copolymerisation of VAc and ethylene (Et) onto PDVB latex seeds at ambient 

pressures with cyclodextrins (CD) showed interesting results. With the use of α-CD, 

conversions of up to 65% were reached for VAc/Et. Reactions without the catalyst resulted 

in conversions around 60%.  

TEM measurements in combination with RuO4- and uranyl acetate staining gave evidence 

that the PDVB/PSty/PVAc multi-layer latices had core-shell morphology. Indications of 

secondary nucleation were not found. 
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Chapter 6 

 

Towards lens material 
 

Synopsis: In the previous chapters various preparative strategies leading to transparent 

latices with a core-shell structure were investigated. Objective of this chapter is to assess 

these latices with regard to the final goal of the research, i.e. their use as intraocular lens 

(IOL) material.  

Core-shell latex with a hydrophobic, cross-linked polydivinylbenzene (PDVB)/polystyrene 

(PSty) core and a hydrophilic polyvinyl acetate (PVAc) shell was concentrated to a solid 

content of 28% and a refractive index of 1.40, which is close to the value of human lenses, 

1.42. The high-solid-content latices remained fluid and thus injectable. The transparency of 

these latices was comparable with that of human lenses. The latex could be hydrolysed, 

concentrated and thereafter cross-linked with glutaric dialdehyde (GDA) to form a 

transparent hydrogel. 

The aim of the tests described in this chapter was to prove the ability of the latex to cross-

link and to form a transparent hydrogel with an appropriate refractive index by any 

available cross-linking means, rather than to find one specific cross-link system that can 

(finally) be used for the IOL system. 

 

6.1 Introduction 
Chapters 3 to 5 showed the feasibility of producing core-shell latex with a densely cross-

linked hydrophobic PDVB core or a PDVB/PSty core, and a hydrophilic PVAc shell. 

Experiments showed that it was possible to synthesise these latices with a solid content of 

up to 10% and yet retain sufficient transparency. The latices need to have a solid content of 

around 30% for the required refractive index of 1.42, the value of the natural lens. The 

solid content of the latex was increased and its effect on refractive index, transparency and 

viscosity was investigated. 
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This chapter is focused on the cross-linking of the latex and formation of transparent 

hydrogel, rather than on the compatibility of the material and of the cross-linking technique 

with the human eye. Two possible methods were investigated. The first was a surface 

modification of the shell. The most easily accessible reactive groups on the surface of the 

core-shell latex are hydroxyl functions, created by partial hydrolysis of PVAc into 

polyvinyl alcohol (PVA). A major drawback of cross-linking latex particles with hydroxyl 

functions is the low selectivity of these functions in an aqueous medium. Therefore, it 

would be most desirable to modify hydroxyl-groups into more selective reactive groups 

with which the latices could then be cross-linked by reaction of the modified groups. 

Muehlenbach et al. converted hydroxyl-groups of PVA into methacrylic acid (MAA)- or 

acrylic acid (AA)-groups1, 2. The modified PVA was cross-linked with the help of a photo 

initiator and UV-irradiation, to form contact lens material.  

A modification of PVA-groups on the surface of the latex following this system, and cross-

linking of the latex obtained would be a very promising way to form a latex hydrogel.  

The second method of synthesising transparent latex hydrogels is easy and feasible but less 

selective. The PVAc of the core-shell latex can be partially hydrolysed to become PVA. 

The hydroxyl-groups formed on the surface of the latex can react with glutaric dialdehyde 

(GDA) and form a cross-linked network. It is well known that PVA forms hydrogels by 

this cross-linking mechanism3-5 A drawback is the required reaction temperature of 80° C, 

rendering the method not suitable for application to the human eye. Hydroxyl-groups are 

not very selective in reactions performed in aqueous medium and GDA also reacts with the 

water.   
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6.2 Experimental 
 

6.2.1 Materials 

Glutaric dialdehyde (GDA, 50% solution in water, Aldrich), polyvinyl alcohol (PVA, MW 

13,000-23,000, 87-89% hydrolysed, Aldrich), PVA (MW 25,000, 98% hydrolysed, 

Polyscience), Brij 700 (polyoxyethylene[100] stearyl ether, Adrich), Irgacure 2959 (Ciba-

Geigy), acetic acid (HAc 99.7+%, Aldrich) and hydrochloric acid (HCl, 37%, Aldrich) 

were used as received. Methacrylic acid (MAA, 99,5%, Merck) and acrylic acid (AA, 99% 

Aldrich) were used after being purified from inhibitor with an inhibitor remover package 

(Aldrich). Deionised water was used in all experiments. 

 

6.2.2 Techniques 

 

Dialysis  

For dialysis, latices were poured into Visking® dialysis membrane tubes with a molecular 

weight cut off of 12,000-14,000 Daltons. The filled tubes were placed in deionised water 

that was changed daily until the dialysis water had the same conductivity as DI water.  
 

Hydrolysis 

For hydrolysis, 0.1 M NaOH was added to the dialysed core-shell latex under constant 

stirring, until a pH of around 9 was reached. The mixture was allowed to react at room 

temperature. Hydrolysis of the latex was finished when a constant pH was reached, which 

usually occurred after 3 days. The hydrolysed latex was dialysed for 3 days to remove 

residual salts. Figure 1 shows how the pH of the reaction mixture decreases over time as 

the latex hydrolyses. 
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Figure 1. pH as a function of time of a PDVB/PSty/PVAc core-shell latex during hydrolysis . 

 

Grafting of MAA-or AA- groups onto PDVB/PSty/PVAc/PVA latices and cross-
linking with a photo initiator and UV-irradiation 
 

The experimental conditions are based on those of Muehlenbach et al.1, 2  

For the experiment 15 g of hydrolysed core-shell material was mixed with 4.5 g of Brij 

700. Then 10.5 g of MAA, dissolved in 10.5 g of water, was spray-added to the mixture. In 

other experiments amounts of pure MAA varying between 5 and 12 g and solutions of 5 g 

MAA in 2 to 10 g of water were added. The same procedures were followed when AA was 

added. The mixtures were allowed to react for 50 h at 40° C. The reaction mixtures were 

dialysed in dialysing tubes for up to 2 weeks to remove remaining monomer. Phase 

separation occurred in the tubes, and the transparent latices were separated from small 

amounts of the lower phases in the dialysis tube. The latex was then concentrated to a solid 

content of around 20%. Then 2 g of the concentrated latex was mixed with 0.2 to 0.4 g 

UV-initiator Irgacure 2959, degassed, put in an acrylic cuvette that was then closed. 

Following this, the cuvette was irradiated at room temperature with a Hanovia 679-36 UV 

lamp for up to 8 hrs.  
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Cross-linking of PDVB/PSty/PVAc/PVA latices with GDA 

For the cross-linking of PVA or PDVB/PSty/PVAc/PVA core-shell latices with GDA, the 

solutions/dispersions with various solid contents were adjusted to pH values between 4 and 

1.5 with various amounts of 0.01 and 0.1 M aqueous HCl. 0.1g (3 drops) aqueous solution 

of GDA were added to 1.5 or 3 g of solution/latex and mixed.  Then the reaction mixture 

was put in a vial that was closed and cured in an oven at 80 °C for 2 to 120 min. 

 

6.2.3 Analysis 

 

UV-Vis Measurements  

The transmission measurements providing information on latex transparency were made 

on a Hewlett Packard UV-Vis diode array spectrophotometer (HP 8451 A) using a 

quartz cuvette of 1 cm optical path length. Measurements were performed at room 

temperature. 

 

Refractive index measurements 

Refractive indices were measured at 20° C on a Carl Zeiss 13080 series refractometer. 

 

Viscosity measurement 

For viscosity measurements a Texas Instruments TA AR 1000 N “cone and plate” 

rheometer was used at 20° C with a 6 cm flat plate. The shear rate was varied between 0.2 

and 1000 s-1. 
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6.3 Results and Discussion 

6.3.1 Concentration of core-shell latices 

The synthesis of core-shell latices showed that optimal latex properties with small particle 

sizes and high transparency were obtained at a solid content of up to 10%. Polymerisations 

at higher solid content decreased the transparency of the latices obtained. However, core-

shell latex with 10% solid content does not have the refractive index close to 1.42, required 

for IOL material. For the required refractive index the solid content of the latex has to be 

around 30%. The objective of this part of the research was to increase the solid content of 

the core-shell latex and to investigate its effect on the refractive index, transparency and 

viscosity of the latex. Changes in viscosity were especially important, because a too 

viscous latex cannot be injected into the capsular bag with a thin-needled syringe.  

In initial tests core-shell latex was dried completely and re-dissolved in water to obtain the 

desired solid content. It was not possible to re-dissolve the dry latex sufficiently with the 

help of ultrasound, and the polymer that could be re-dissolved did not show an acceptable 

transparency. Because of these results the latex was concentrated by evaporation of water. 

Three different techniques of water evaporation were tested, namely stirring the latex in an 

open vessel, stirring and heating the latex in an open vessel, and water evaporation from 

the outside of a dialysis tube containing the latex, while the dialysis tube was hanging in an 

airflow. The last method was found to be the best. Latices obtained did not show major 

changes in quality by optical inspection except for a slight increase in the intensity of the 

latex colours, which tended towards yellow. Table 1 shows the decrease in transmission of 

PDVB/PSty/PVAc core-shell latex with increasing solid content and refractive index. The 

transmission at high solid content and the refractive index of 1.40 were still at acceptable 

levels, and the latex was transparent. The transmission of the latex was measured in a 1 cm 

thick cuvette. Depending on age, the average thickness of human lenses increases from 2,5 

mm in childhood to up to 5 mm for the elderly. For a realistic comparison of the latex 

transparencies with those of human lenses the latex transmission therefore should to be 

measured in a 5 mm thick cuvette. Bearing this in mind, the values in Table 1 correspond 

well with transmission rates of human lenses (Chapter 1, Figure 3).  
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Table 1. Effect of solid content on the refractive index and optical transparency of a  
 PDVB/PSty/VAc core-shell latex. 
 

Solid content (wt. %) Refractive index          Transmission (%) 

  450 nm 550 nm 650 nm 

6 1.342 71.7 86.9 92.8 

11 1.354 62.8 77.2 83.8 

21 1.378 47.6 66.2 75.0 

28 1.396 42.6 59.3 67.6 

 

Figure 2 shows the effect of the solid content of latices on viscosity. It was observed that 

even latex with a solid content of 28% easily went through an injection needle with a 

diameter of 0.9 mm. No formation of air bubbles was observed when the latex passed 

through the injection needle. These two observations confirm that the synthesised high-

solid-content latices still have a sufficiently low viscosity to be injected through a thin 

injection needle into the capsular bag.  

Newtonian fluids show a viscosity that is independent of the shear rate. The measurements 

of the latex viscosities in Figure 2 show a non-Newtonian behaviour, similar to water, the 

main component of the latices. The latices with 6% and 11% solid content had viscosities 

close to that of water. In Figure 2 one can see the expected increase in latex viscosity with 

increasing solid content. 
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Figure 2. Viscosity as a function of shear rate of a PDVB/PSty/VAc core-shell latex with a solid  
                content of 28%(×), 21%(∆), 11% (□) and 6% (◊). 
 

 

6.3.2 Cross-linking of core-shell latex after MAA/AA grafting 

The most easily accessible reactive groups on the surface of the core-shell latex particles 

are hydroxyl functions created by partial hydrolysis of PVAc into PVA. The modification 

of PVA hydroxyl-groups into methacrylic acid (MAA)- or acrylic acid (AA)- groups and 

final cross-linking with a photo initiator and UV-irradiation offered an interesting way to 

form a hydrogel from the core-shell latices. 

In the literature PVA was modified by esterification of its hydroxyl functions with MAA 

and AA. Therefore, a mixture of acetic acid, MAA or AA, water and HCl (37%) was added 

to the PVA. The reaction mixture was then allowed to react for 50 h at 40° C.1, 2 

Tests in which this mixture was added to the hydrolysed PDVB/PSty/PVAc core-shell latex 

resulted in coagulation that was probably caused by pH values that were too high at the 

point were the modification mixture was added to the latex. Addition of the pure monomers 

MAA and AA to the latex also resulted in coagulation. Surfactant SDS added to the latex to 

increase its stability did not decrease the extent of coagulation. Slightly better results were 

obtained when MAA or AA was added slowly to the latex and the stirring rate was 
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increased. The use of the non-ionic surfactant Brij 700 to increase latex stability without 

increasing the ionic strength of the mixture, reduced the extent of coagulate significantly. 

Spray addition of various amounts of pure MAA, AA, or aqueous solutions of the 

monomers to the latex, in combination with the non-ionic surfactant, gave the best results 

and led to transparent mixtures. Slightly opaque mixtures were obtained when high 

amounts of pure MAA were added. After the mixtures were allowed to react for 50 h at 40° 

C, the latices were dialysed to remove unreacted MAA or AA. Two transparent phases 

were observed after the dialysis, probably a latex phase and a PMAA/ PAA phase. Some 

MAA-systems had turned into an opaque one-phase system. Various repetitions of the 

experiments led to the same results. 

Several attempts were made to cross-link the separated latex phase. The solid content of the 

latex was increased up to 20%, a photo-initiator was added, and the mixture was degassed 

and treated with UV-irradiation for up to 8 hours. In all attempts the reaction mixture 

remained fluid, thereby demonstrating that no detectable cross-linking had occurred.  

Attempts to determine whether the modification of latex hydroxyl functions was successful 

failed due to the complex nature of the system, consisting of four different phases/layers 

including one cross-linked PDVB phase. Further research on the modification process 

showed that a possible solution to the problems of phase separation and coagulation during 

modification, as well as the complex analysis of the system, lay beyond the scope of this 

project.    

 

 

6.3.3 Cross-linking of core-shell latex with GDA 

GDA is known from literature to form homogeneous transparent microgels when used to 

cross-link PVA.3-5 The idea was to partially hydrolyse the PVAc on the shell of our latex 

particles into PVA. The dialdehyde GDA could then react with the hydroxyl-groups on the 

surface of the latex particles to create a cross-linked network. A schematic drawing of the 

reaction is shown in Figure 3. 
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Figure 3. Schematic drawing of the cross-linking of PDVB/PSty/PVAc core-shell latex  
                with GDA. 
 

The starting point for the tests was a 9% aqueous solution of 87-89% hydrolysed PVA 

with a molecular weight of 2.5·104 g/mol. The pH of the solution was increased from 1,5 to 

5 in steps of 0.5. For the hydrogel formation 3 g of these PVA solutions with different pH 

values were mixed with GDA (3 drops of a solution containing 50%) and cured at 80 °C. 

The reaction results varied from instant cross-linking (at pH 1.5) to a curing time of 90 min 

(at pH 4) before cross-linking and formation of a transparent hydrogel took place. 
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The PDVB/PSty/PVAc core-shell latex used for the cross-linking tests was first dialysed to 

remove excess surfactant, then hydrolysed to form hydroxyl-groups on the surface of the 

latex, and finally dialysed again.  

The pH of the hydrolysed core-shell latex with a solid content of 7% was lowered to a 

value of 2.75. Then 3 g of latex were mixed with various amounts of GDA and cured at 

80 °C. This did not result in the formation of a homogeneous hydrogel. The problem was 

probably that the latex concentration, and thus the concentration of cross-linkable 

hydroxyl-groups, was too low. Therefore, the latex was concentrated by water evaporation 

to a solid content of around 30%. 1.5 g of that latex with a pH of 2.75 was successfully 

cross-linked with 0.1 g of added GDA solution over 2 h at 80 °C and formed a stable 

transparent hydrogel. Another sample with 0.05 g added GDA remained liquid, indicating 

that insufficient cross-linking had taken place to form a network. The test with insufficient 

cross-linking also showed that the formation of a hydrogel in the other sample was not due 

to water evaporation. The hydrogel material obtained was flexible but ruptured at higher 

applied forces. It had a consistency similar to that of jelly pudding. The modulus of this 

material was probably too high for IOL application. The high modulus of the hydrogel is 

attributed to the high ratio between GDA and latex particles, although the cross-linking 

agent reacts with water. The number of cross-linking molecules is 100 times higher than 

the number of latex particles.  

The transparency of the latex did not change after it was cross-linked. It was observed that 

the hydrogel swelled by around 10% after being stored in water. This effect could be 

attributed to the presence of loose GDA chains in the hydrogel, which reacted with water. 

In Chapter 1.5 it was already mentioned that aqueous solutions of linear polymeric material 

can have a high osmotic pressure.  

Figure 4 depicts a 2 mm thin latex-hydrogel sample; this is half the thickness of a human 

lens. The letter T in the Figure is covered with hydrogel material.  
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Figure 4. Cross-linked core-shell latex hydrogel (letter T covered with the material). 

 

The tests showed that transparent core-shell latex could be cross-linked and form a 

hydrogel without loss of transparency. Due to the high reaction temperature used, however, 

this cross-linking mechanism cannot be applied in an IOL system. Therefore, the system 

was not investigated further, nor the properties of the hydrogel, such as its ability to swell, 

or its elasticity. The properties of the IOL material depend very much on the cross-linking 

system, and since the GDA system is not suitable for a practical application, further 

investigations did not seem useful. The aim of this part of the research was to show the 

feasibility of cross-linking a core-shell latex and of forming a transparent hydrogel, which 

was successful. 

 

6.4 Conclusions 

The objective of this chapter, the testing of some of the properties of synthesised 

transparent core-shell latices in regard of the development of a material applicable for 

intraocular lenses (IOL) was successful, in general terms.  

The transparent latex, with a solid content of 6%, could be concentrated to a solid content 

of 28%. The transparency of the latex decreased whereas the refractive index of the high-

solid-content latex obtained increased from a value of 1.34 to 1.40, which is very close to 

1.42, the refractive index of the human lens. The transmission of the latex measured in a 

1 cm thick cuvette was nearly 70% at a wavelength of 650 nm, a value that corresponds 

well with that of human lenses, the more so since the human lens of adults is only 0.5 cm 
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thick. The viscosity of the latex increased as the amount of solid content rose, but it could 

still be passed through a 0.9 mm injection needle, and thus could be used as injectable lens 

material. 

Hydrolysed core-shell latex with a solid content of around 30% could be cross-linked with 

glutaric dialdehyde (GDA) to form a transparent hydrogel, but the procedure was found to 

be unsuitable for use as an IOL system due to the high reaction temperature. However, the 

tests demonstrated that transparent latex could be cross-linked to form a hydrogel without a 

decrease in its transparency.  
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Epilogue 
 
 
Research on injectable intraocular lenses (IOLs), which can also allow accommodation, 

is a field of intense research. Earlier investigations did not result in any practically 

applicable material. Obstacles in the research were unsatisfactorily low refractive indices 

or too high viscosities of the materials to be injected. Controlling the osmotic pressure of 

the polymer solutions was another unsolved challenge to prevent swelling pressure of 

hydrogels made of this material.  

It is known from literature that the osmotic pressure of core-shell latices is much lower 

than that of aqueous solutions of linear polymeric material. Therefore, it can be expected 

that the swelling pressure of hydrogels, made of cross-linked core-shell latices, will be 

much lower as well.  

Goal of this PhD thesis was to investigate ways of preparing transparent microgels with a 

core-shell structure, which can serve as a model for latex as IOL material, with 

divinylbenzene (DVB) as core material and vinyl acetate (VAc) as shell polymer. These 

materials might not only be interesting as IOL material but can also serve the increasing 

need for nano-materials in industry. The research confirmed that it is possible to 

synthesise transparent latices with small particle sizes by various routes. 

In literature, emulsion polymerisation of the cross-linkable DVB has been not thoroughly 

investigated, especially not with regard to latices of high transparency.  

In the present study DVB emulsion polymerisation was investigated systematically in 

order to synthesise and stabilise small sized particles. The transparency of latices, in our 

case PDVB, is not easy to achieve because already very small amounts of coagulate in 

the latex, or a slight shift of the particle size distribution towards larger particles, 

negatively affects latex transparency. Small amounts of coagulate or shift in particle size 

distribution were often not detectable with the particle size measurement techniques used 

due to small average particle sizes and the proximity to the cut-off value of the analytic 

tools. It was therefore sometimes hard to establish whether it was coagulation or particle 
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size distribution that affected latex transparency. Thus transparency can also be used as a 

sensitive indicator to reveal effects in the system that advanced techniques are not able to 

detect. Essential information was obtained about the emulsion polymerisation of 

transparent PDVB. Polymerisation at low solid content, addition of stabilising 

comonomers and the use of a radical transfer agent had a strong effect on the 

transparency of PDVB latices. The PDVB obtained from pure 1,4-DVB resulted in less 

transparent latices as opposed to technical DVB. This might be related to the nucleation 

mechanism. Hence, this would be a very interesting aspect of further investigations since 

during the emulsion polymerisation of DVB, effects are seen that are indicative of a 

transition from homogeneous to coagulative nucleation.   

Pulsed electron beam (PEB) initiated emulsion polymerisation at low surfactant 

concentrations resulted in latices with promising properties (e.g. a high transparency). 

Based on the high radical flux in the system and a high number of hydroxyl-

functionalised polymeric chains, first conclusions could be drawn why these latices are 

formed and stable at low surfactant concentrations. Further investigations have to be 

carried out to obtain a better insight into this system, since it has a lot of academic and 

industrial potential. 

There are two drawbacks for the use of PEB initiated latices as material for IOLs:  

(1) The dimension of the set-up. Until now transparent latices of sufficient quality and 

transparency could only be obtained in small batch reactors with a volume of around 

5 ml. This is not enough for a practical application. When scaling-up the experimental 

conditions, the results could not be reproduced. Explicit engineering of the reactor design 

needs to be done to overcome this problem. 

(2) The monomers employed to obtain transparent latices by PEB initiation. The 

requirements for a monomer to result in a transparent latex by PEB initiation are good 

water-solubility and/or sufficiently high reactivity. In further investigations it will be 

challenging to see whether copolymerisations can also result in transparent latices of 

monomers with low water-solubility and lower reactivity.  

Seeded emulsion polymerisation of VAc onto PDVB latices exhibited retardation that 

could be overcome by polymerising a layer of Sty onto the PDVB seeds. Covering PDVB 

with a PSty layer increased the particle sizes of the latices and decreased the 
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transparency. No additional tests were performed to increase stabilisation and 

transparency of the multi-layer particle system. With regard to the final product, the 

decrease in latex transparency is undesirable. For the final product it might be sufficient 

to polymerise VAc onto PDVB seeds till low conversions, before the system becomes 

inhibited. Latex will be dialysed prior to injection into the eye so unreacted monomer 

could easily be removed from the latex.  

Tests on increasing core-shell latex concentration illustrated that the focused refractive 

index of 1.42 can be attained, while at the same time the viscosity is kept sufficiently 

low. Further experiments regarding latex stabilisation should further increase the 

transparency of the latex at the targeted concentration level.  

A major issue for future projects is the selection of an appropriate cross-linking system, 

which enables further detailed investigations on hydrogels obtained from cross-linked 

core-shell latices. Initial tests proved that core-shell latices could be cross-linked and 

form transparent hydrogels, but the tested cross-linking system was not selective and is 

not applicable in the human eye. Final conclusions on the question whether the swelling 

of the formed latex hydrogel is sufficiently under control to allow application in the 

human eye, can only be made with the right cross-linking system. Preliminary 

conclusions should be drawn after investigating the osmotic pressure of transparent core-

shell latex.  

In conclusion, it can be said that this research is the first step towards a possible 

application of latices as IOL material. The research showed that core-shell latices can be 

synthesised that fulfil the primary requirements for IOL material, transparency and a 

sufficiently high refractive index. Further work on this issue will have to prove whether a 

transparent hydrogel, made of core-shell latex, is indeed applicable as injectable IOL 

material, that also allows accommodation of the eye.  

Against the background of the development of new IOL material, this investigation 

described improved as well as novel routes to the preparation of rather unusual latices 

and proved the concept of transparent latices. 
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Appendix 
 
Analytical limitations 

  

The choice of analytical tools to investigate polydivinylbenzene (PDVB) latices is very 

limited because PDVB latex particles are very small and cross-linked. An important topic 

within this research was the transparency of the latices obtained. Already small amounts 

of coagulate present in the latex or slight shifts in particle size distribution towards larger 

particles can decrease the latex transparency. For a better control of polymerisation 

conditions it would be very desirable to distinguish between this two phenomena. 

Proximity of the lower cut-off limits of the available analytic tools made it sometimes 

impossible to distinguish, whether coagulation or shift in the particle size distribution 

caused a decrease in the transparency of a latex. 

In the following the particle size measurement techniques used within this research and 

their major limitations will be described.  

 

CHDF  

Capillary Hydro Dynamic Fractionation (CHDF) separates particles according to size. 

The employed CHDF apparatus had a lower particle size cut-off limit (30 nm) in the 

range of the particle size prepared. Generally even at low particle sizes the accuracy of 

the measurements appeared to be sufficient. The advantage of CHDF analysis is, that 

latex is measured in a diluted state, excluding possible interactions of the particles with 

each other or with the surfactant, which might affect the measured values. However, 

slight shifts in the particle size distribution cannot be observed anymore for small 

particles. Coagulate in the latex will not be measured because the latex is filtered prior 

the analysis to prevent blockage of the capillary. Another drawback of the system is, that 

due to its capillary technique, it is less suitable for soft polymers like polyvinyl acetate. 

These polymers can block the capillary.  If soft polymers are measured no reliable data 

should be expected. 
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(Cryo-)TEM  

Transmission Electron Microscopy (TEM) and cryo-TEM measurements are analytical 

tools most frequently used. They supply a visual picture of the measured system. One 

drawback of TEM is, that soft polymers melt under the electron beam. This problem is 

bypassed with cryo-TEM, where samples are frozen prior to measurements. Another 

problem of the analysis is, that a TEM picture does not always give a representative size 

distribution of the measured latex. During the sample preparation diluted latex is spread 

over a copper grid with round holes. The latex forms a thin film that fills the holes. This 

film has a concave shape being thicker on the sides and thinner towards the centre of a 

hole. A size separation occurs because of this shape, where larger particles are most 

likely to be found in the thicker sides of the film while smaller particles tend to migrate 

towards the thinner centre of the film. This effect is stronger in cryo-TEM measurements. 

Figure 1 depicts this phenomenon.  

 

 
Figure 1. Schematic side-view drawing of a particle size separation occurring after the  

   preparation of a (cryo-)TEM-grid.  
 

In Figure 2 we can see this effect in a cryo-TEM picture of PDVB latex. The thicker 

outer layer, close to the grid, where larger particles are present, is in the upper left corner. 

The gradient towards smaller particles goes from there to the lower right corner until no 

particles are present anymore because the film becomes too thin. 

Several pictures of one grid are needed to obtain an average size distribution of a latex; 

the size of 1000-3000 particles should be measured, but even then the distribution cannot 

for sure be called representative.  
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Figure 2. Cryo-TEM picture of PDVB showing a particle size gradient.  

 

The size of PDVB latex particles is another problem for most TEM systems, because the 

lower limit of resolution (10 nm) is reached. Nevertheless TEM and cryo-TEM pictures 

give an idea about particle morphology and size distribution in a PDVB latex sample. 

 

DLS  

Dynamic Light Scattering (DLS) is, in contrast to CHDF, not an analytical method that 

actually separates the particles in the sample. The particle sizes of the PDVB latices 

obtained in the experiments were in the range between 15 to 50 nm. In the DLS analysis, 

the expected size distribution, which is entered prior to the analysis, is fitted with a 

predetermined particle size distribution from the measured scattering data. The shape of 

this distribution is also depending on the software parameters; the distributions can be 

calculated as monomodal size distribution or as a multimodal size distribution. Figure 3 

shows the size distributions of a latex that was polymerised at a high surfactant 

concentration, in Figure 3 a) calculated based on a multimodal size distribution, in Figure 

3 b) based on a monomodal size distribution. 
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Figure 3. Latex measured with DLS, calculated as a) multimodal and b) monomodal particle  
   size distributions. 

 

Monomodal calculations show an average particle size of around 17 nm, whereas the 

multimodal calculations give average sizes for the first peak of 9 nm and for the second 

peak of 35 nm. A CHDF measurement of the same latex revealed a monomodal size 

distribution with an average latex particle size of around 38 nm. That value was also 

confirmed by TEM measurements. Since surfactant micelles cannot be detected with 

CHDF, it can be assumed that the first peak of the bimodal DLS measurement were 

surfactant micelles. Further measurements with DLS confirmed this assumption. Further 

surfactant addition to the latex resulted in an increase in the size of the first peak while 

the second peak remained constant.  

To observe the effect of the surfactant concentration on the micelle peak and/or on the 

latex peak, two tests were performed. In the first test latex was synthesised with a 

surfactant concentration of 0.3 mol/L. After polymerisation varying quantities of 

surfactant were added to the latex and the system was allowed to attain equilibrium over 

24 h before it was measured. Figure 4 a) shows that latex particle size measured with 

CHDF and DLS did not change while the size of the micelles measured with DLS 

increased with added surfactant. No effect of the surfactant concentration on the 

measured latex particle size was seen. From a certain concentration onwards DLS was 

only able to detect a monomodal size distribution. The difference between latex- and 

surfactant peak was apparently too small and the program could no longer differentiate 

between the two peaks. 
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In the second test latex was polymerised with a high surfactant concentration of 0.6 

mol/L and dialysed. At different stages during the dialysis, samples were withdrawn and 

measured. Figure 4 b) shows the results. The CHDF measurements give a constant value 

for the particle size of the latex over the whole dialysis period. In the DLS measurements 

the size of the latex peak as well as the size of the surfactant peak decreases with longer 

dialysis time. The polymer peak possibly decreased because initially several layers of 

surfactant covered the latex particles.  
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Figure 4. Particle sizes of latex particles at different emulsifier concentrations measured with  
   DLS (◊) and CHDF (×) as well as micelle sizes measured with DLS  (□)  
   when a) surfactant was added to the latex and b) the latex was dialysed. 

 

These tests demonstrated that particle size values from DLS measurements are dependent 

on the surfactant concentration in the latex. This limits the possibility to compare samples 

with different surfactant concentrations. One solution for this problem may be the 

dialysis of latex samples prior to analysis. Tests were run where the latex was dialysed 

for ten weeks in a dialysis tube, until the dialysis water did not show a difference in 

conductivity with DI water. The multimodal DLS measurement of the dialysed latex 

shows only one broad peak with an average particle size of 78 nm (Figure 5 a). When 

surfactant was added, the measured latex particle size decreases to values of 35 nm, 

which was also measured before the dialysis (Figure 5 b) to f)). Obviously too much 

surfactant was dialysed-off the latex particles resulting in removal of the electrostatic 

repulsion/stabilisation on the surface of the small particles leading to some 
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agglomeration. No irreversible coagulation occurred because the latex remained 

transparent and the agglomeration effect seen in the DLS was reversible by addition of 

surfactant. CHDF measurements did not show any evidence of agglomeration at any of 

the stages in Figure 5 and always detected the same particle size of 38 nm. 
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Figure 5. DLS measurements of a dialysed latex determined with increasing amounts of added  
                surfactant from a) to f).  
 

DLS is an instant technique to measure particle sizes, but the obtained results are only 

relative and should be handled with care, especially in the particle size range of the 

PDVB we synthesised, since some parameters like surfactant concentration have an 

enormous impact on the obtained data. Nevertheless, is it a good technique to observe 

trends in similarly prepared latices. Especially its sensitivity towards larger particle sizes, 

e.g. caused by coagulation, can be very useful. 
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In conclusion it must be emphasised that none of the applied analytical tools gives 

absolute values, but in combination they were capable of investigating systems of small 

cross-linked PDVB latex particles 

While CHDF measurements give good reliable absolute values but do not consider 

outsize particles, TEM measurements visualise the system but nevertheless give no 

representative values; DLS values are not as reliable as CHDF values, but the data 

obtained from DLS measurements take even outsize particles into account.  

Generally all latices obtained were measured using all techniques mentioned to get the 

best possible insight into the system. 
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Glossary 
 
Abbreviations 
 
AA    acrylic acid 
AIBN   α,α`-azobisisobutyronitrile 
BA   butyl acrylate 
BMA    butyl methacrylate 
CCT    catalytic chain transfer  
CD    cyclodextrin 
CHDF    capillary hydrodynamic fractionation 
CMC    critical micelle concentration  
ECCE   endocapsular cataract extraction  
EA   ethyl acrylate 
EMA   ethyl methacrylate 
Et   ethylene 
DMA    dodecyl methacrylate  
DVB   divinylbenzene 
DLS   dynamic light scattering  
GDA   glutaric dialdehyde 
HEMA   hydroxyethyl methacrylate  
HER   high-energy irradiations 
HPLC    high pressure liquid chromatography 
IOL    intraocular lens  
LEC    lens epithelial cells 
LTV   low-temperature vulcanising  
MA   methylacrylate 
MAA   methacrylic acid 
MALDI-TOF-MS matrix assisted laser desorption/ionisation - time of flight-mass 

spectrometry 
MMA   methyl methacrylate 
MWD    molecular weight distribution 
P   polymer backbone 
PAA   polyacrylic acid 
PCO    posterior capsular opacification  
PEB   pulsed electron beam 
PEBP   pulsed electron beam polymerisation 
PEGDA  poly(ethylene glycol)  diacrylate 
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                                                                                                                                                Glossary 
 
PEGMA   poly(ethylene glycol) monocarylate 
PEt    polyethylene  
PDVB   polydivinyl benzene 
Phaco    phacoemulsification procedure  
PMMA   polymethyl methacrylate 
PSty    polystyrene 
PVAc    polyvinyl acetate 
SEC    size exclusion chromatography 
SEM    scanning electron microscopy 
SDS   sodium dodecylsulphate  
SPS    sodium peroxodisulphate 
Sty   styrene 
TBC   4-tert-butylcatechol  
TBBC    4-tert-butyl-1,2-benzochinoncatechol  
TEM   transmission electron microscopy 
THF   tetrahydrofuran 
VAc    vinyl acetate 
VA-44   2,2`-Azobis(2-(2-imidazolin-2-(yl)propane)dihydrochloride 
V-50    2,2`-Azobis(2-methylpropionamide)dihydrochloride 
 
 
Symbols 
A   frequency factor value  [dm3/mol · s] 
ae    surface occupied by one mol surfactant [m²] 
CR

0   initial radical concentration [mol/L] 
Cm,p    average monomer concentration in the particles [ mol/L] 
D   diffusion coefficient [m²/s] 
Ea    activation energy value [kJ/mol] 
G    elastic modulus [kPa] 
jcrit    critical chain length [-] 
kd    dissociation rate coefficient [1/s] 
kp    propagation rate coefficient [L/mol ·s] 
kth   rate constant for thermal initiation  [L/mol · s] 
L   kinetic chain length [-] 
M   molecular mass [g/mol] 
Mn   number-average molecular weight [g/mol] 
n    average number of radicals per particle [-] 
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N    number of particles [-] 
NA   Avogadro`s number [1/mol] 
Nnew    newly formed particles [-] 
R   radius of latex particle [nm] 
Rp    rate of polymerisation [mol/min] 
tI   time period of interval I in emulsion polymerisation [min] 
v    molar volume of the solvent [-] 
w    third-order interaction parameter [-] 
 
Greek Symbols 
µ    volume growth factor [-] 
Πosm    osmotic pressure [kPa] 
Πmix   osmotic mixing pressure [kPa] 
ρ    rate of radical formation (mol per litre per sec) [mol/L · s-1] 
φ    volume fraction of the polymer [-] 
χ    second-order interaction parameter  [-] 
ω   swelling pressure [kPa] 
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Summary 
 
The main objective of the work described in this thesis was the development of strategies 

of preparing transparent microgels with a core-shell structure as a model for latices, 

which can be used as an injectable intraocular lens (IOL) material, ideally maintaining 

the accommodation function of the eye. Three different techniques were chosen for the 

synthesis of the core, (1) emulsion polymerisation, (2) pulsed electron beam (PEB) 

initiated emulsion polymerisation and (3) microemulsion polymerisation. 

Polydivinylbenzene (PDVB), an intrinsically crosslinked material, was chosen as the core 

material due to its high refractive index and poor water-swellability. The biocompatible 

hydrophilic polyvinyl acetate (PVAc) was selected for the shell polymer. After the 

seeded polymerisation of the shell onto the core, the reactive microgel particles should be 

cross-linked to form a hydrogel suitable for IOLs. 

Only few results have been reported on the polymerisation of divinylbenzene (DVB) in 

emulsion polymerisation. Therefore, the emulsion polymerisation of DVB was 

investigated for the synthesis of transparent latices with small particle sizes. Various 

parameters like monomer purity, temperature, solid content, surfactant concentration, 

stabilising co-monomers, type and concentration of free radical initiator and radical 

transfer agent, were investigated. Their effect on the transparency of PDVB latices was 

studied. It appeared to be possible to obtain latices with small particle sizes and a high 

transparency. The research provided new and interesting insights into the emulsion 

polymerisation of cross-linkable monomers. Generally it was observed, that 

polymerisation in DVB monomer droplets, in contrast to noncross-linkable monomers, 

has a major impact on properties, especially the transparency of the obtained latices. 

PDVB polymer particles formed from monomer droplets are larger than average PDVB 

latex particles and will decrease the transparency of the latex.  

PEB initiated emulsion polymerisation was another route chosen towards transparent 

seed latex. The PEB initiated emulsion polymerisation at low surfactant concentrations 

resulted in stable transparent latices. This interesting finding can be explained by a 

combination of mainly two factors, (1) the nucleation of large numbers of very small 



 

176  

 

Summary                                                                                                                                            .            

 

latex particles are readily formed as a result of the high radical flux in PEB initiated 

system, (2) the colloidal stability of the small latex particles is strongly enhanced by the 

formation of a high number of hydroxyl-functionalised polymeric chains.  

The PEB initiated emulsion polymerisation of various monomers revealed that water-

phase propagation rate and therefore the water-solubility and propagation rate coefficient 

of the monomers affect the number and therefore the size of the particles of the obtained 

latex. Poorly water-soluble monomers with low propagation rate coefficients did not form 

transparent latices in the PEB initiated polymerisation.  

Preliminary tests using microemulsion polymerisation were not encouraging. The main 

obstacle is the high surfactant concentration that has a negative effect on the seeded shell 

polymerisation. If the problem could be solved, this technique might become an optional 

way for the synthesis of core material with small particle sizes.   

The emulsion polymerisation of DVB was found to be the ideal route towards the 

synthesis of small transparent seed latices suitable for seeded polymerisations. 

Seeded emulsion polymerisation of VAc onto PDVB latices resulted in low conversions, 

due to unfavourable reactivity ratios of the two “monomers”. A shielding layer of PSty, 

polymerised onto the PDVB seed latex, solved the problem and VAc could be 

polymerised onto PDVB/PSty seed latices to high conversions. Another solution to this 

problem would be the use of a bridging monomer with more favourable reactivity ratios 

for PDVB and VAc. Copolymerisations of VAc and ethylene (Et) onto the PDVB seeds 

with the aid of a phase transfer catalyst also resulted in higher conversions for the seeded 

polymerisations. Transmission electron microscopy (TEM) provided evidence of a core-

shell morphology of the obtained PDVB/PSty/PVAc latices. 

Transparent core-shell latices were concentrated up to a solid content of 28%. The 

transparency of the latex slightly decreased, while the refractive index of the high-solid-

content latex increased to 1.40 (which is close to the desired value of 1.42). The viscosity 

of the concentrated latex was still acceptable for IOL application. Hydrolysed core-shell 

latex with a solid content of around 30% could be cross-linked to form a transparent 

hydrogel. The cross-linking procedure used is not applicable for IOL material but showed  

that transparent latex can be cross-linked to form a hydrogel, maintaining its 

transparency.  



 

  177  

 

                                                                                                                                             Summary 

 

In summary, it can be concluded that the primary goal of the investigation was reached, 

i.e. the preparation of transparent cross-linkable latices. This material seems to be 

promising in the application of injectable intraocular lens (IOL) material. During the 

investigations, many interesting new findings of general importance with respect to the 

area of nucleation and core-shell polymerisation were encountered and evaluated. 
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Samenvatting 

 
Doel van het onderzoek beschreven in dit proefschrift was de ontwikkeling van een 

strategie voor de bereiding van transparante microgelen met een core-shell structuur, 

welke als model kunnen dienen voor latices die geschikt zijn als injecteerbaar intraoculair 

lens (IOL) materiaal, waarbij de accomodatie funktie van het oog behouden blijft.  

Er zijn drie verschillende technieken gekozen voor de bereiding van de core, (1) 

emulsiepolymerisatie, (2) pulsed electron beam (PEB) geinitieerde emulsiepolymerisatie 

en (3) micro-emulsiepolymerisatie. Polydivinylbenzene (PDVB), een zeer dicht 

gecrosslinked polymeer, werd gekozen als core-materiaal, omdat het een hoge 

brekingsindex en een geringe zwelbaarheid in water heeft. Als shell-polymeer werd 

gekozen voor het biocompatibele en hydrofiele polyvinylacetaat (PVAc). Na seeded 

polymerisatie van de shell moeten de reactieve microgel deeltjes onderling gecrosslinked 

worden om een bruikbare hydrogel te verkrijgen, geschikt als IOL materiaal. 

Er is slechts weinig gepubliceerd over de emulsiepolymerisatie van DVB. Daarom werd 

de emulsiepolymerisatie van DVB onderzocht, gericht op de synthese van transparante 

latices met kleine deeltjes.  

Diverse parameters werden onderzocht, zoals de zuiverheid van het monomeer, de 

reactietemperatuur, het vaste stofgehalte, de zeepconcentratie, de stabiliserende co-

monomeren, het type en de concentratie van de radicaalinitiatoren en 

ketenoverdrachtsmiddelen. De invloed op de doorzichtigheid van de PDVB latices werd 

onderzocht. Het bleek mogelijk om een latex te verkrijgen met kleine deeltjes en een 

hoge mate van transparantie. Het onderzoek leverde nieuwe en interessante inzichten 

betreffende de emulsiepolymerisatie van ‘crosslinkende’ monomeren. Algemeen werd 

waargenomen dat de polymerisatie van DVB in de monomeerdruppels een grote invloed 

had op de eigenschappen, met name op de doorzichtigheid van de verkregen latices. Dit 

in tegenstelling tot de niet-crosslinkende monomeren. 

PDVB deeltjes die uit monomeerdruppels worden gevormd zijn groter dan de gemiddelde 

PDVB latexdeeltjes en zullen de doorzichtigheid van de latex in negatieve zin 

beinvloeden. 
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Een andere methode gebruikt om transparante seedlatex te synthetiseren was PEB ge-

initieerde emulsiepolymerisatie. Deze bereidingswijze werd toegepast bij lage 

zeepconcentraties en resulteerde in een stabiele transparante latex. Dit interessante 

resultaat kan verklaard worden door een combinatie van twee belangrijke factoren: (1) 

door de hoge radicaalflux in het systeem wordt tijdens de nucleatie een groot aantal zeer 

kleine latexdeeltjes gevormd,  en (2) de colloidale stabiliteit van die kleine latexdeeltjes 

welke mogelijk veroorzaakt wordt door de vorming van hydroxyl-gefunctionaliseerde 

polymeerketens. 

De PEB geinitieerde emulsiepolymerisatie van verscheidene monomeren maakte 

duidelijk dat de waterfase propagatie, en derhalve de wateroplosbaarheid en de 

propagatiekonstante van de monomeren, het aantal en de grootte van de deeltjes van de 

verkregen latex beinvloedden. Slecht wateroplosbare monomeren met tevens een lage 

propagatiekonstante zullen daarom geen transparante latex vormen bij de PEB 

polymerisatie. 

De eerste experimenten met micro-emulsiepolymerisatie leverden geen goede reultaten 

op. Het grootste probleem was de noodzakelijk hoge zeepconcentratie die een negatief 

effect had bij de volgende stap, de seeded shell-polymerisatie. Als dit probleem zou 

kunnen worden opgelost, zou ook deze techniek in principe de mogelijkheid kunnen 

bieden om core-materiaal met kleine deeltjes te synthetiseren. 

De emulsiepolymerisatie van DVB bleek de beste route voor de synthese van 

transparante seed latices met kleine deeltjes, geschikt  voor seeded emulsiepolyerisatie. 

Seeded emulsiepolymerisatie van VAc op PDVB seed latices resulteerde in lage 

conversies wegens  minder gunstige reactiviteitsverhoudingen van de twee ‘monomeren’. 

Het afschermen van PDVB door en laagje PSty bood een goede oplossing voor het 

probleem. VAc kon daarna tot hoge conversies op de PDVB/PSty latices 

gepolymeriseerd worden. 

Een andere mogelijkheid om dit probleem te voorkomen was het gebruik van een 

‘brugmonomeer’ met betere reactiviteitsverhoudingen voor PDVB en VAc. De 

copolymerisatie van VAc en ethyleen (Et) op PDVB seeds met behulp van fase-

overdrachtskatalysatoren leidde tot hogere conversies voor de seeded polymerisatie. 
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Transmissie electronen microscopie (TEM) leverde duidelijk bewijs voor een core-shell 

morfologie van de gesynthetiseerde PDVB/PSty/PVAc latices.  

De transparante latices konden worden geconcentreerd tot een vaste stofgehalte van 28%. 

De transparantie van de latex nam iets af, maar de brekingsindex van de hoog 

geconcentreerde latex ging omhoog naar 1.40 (dicht bij de gewenste waarde van 1.42). 

De viscositeit van de latex was nog steeds geschikt voor het gebruik als IOL materiaal. 

Gehydrolyseerde core-shell latices met een vaste stofgehalte van rond 30% konden 

gecrosslinked worden tot een transparante hydrogel. De crosslink-procedure was niet 

geschikt voor toepassing bij de IOL vorming in vivo, maar het bewijs werd geleverd dat 

transparante latex in principe gecrosslinked kan worden en daarbij een hydrogel vormt 

die transparant blijft. 

Samenvattend kan worden geconcludeerd dat het hoofddoel van dit onderzoek werd 

bereikt, namelijk de bereiding van transparante crosslinkbare latices redelijke reologische 

eigenschappen. Het materiaal lijkt veelbelovend voor toepassing als injecteerbaar 

intraoculair lens (IOL) materiaal. Tijdens het onderzoek werden tevens interessante 

nieuwe inzichten verkregen, die van algemeen belang zijn op het gebied van colloidale 

stabiliteit, nucleatie mechanismen en core-shell emulsie polymerisatie. 
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