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Glossary 

 

 

Abbreviations 

 

AIBN   azobis(isobutyronitrile) 

ATRP   atom transfer radical polymerization 

A.u.   arbitrary units (for all normalized GPC and GPEC spectra) 

n-BA   n-butyl acrylate 

t-BA   tertiary butyl acrylate 

CCD   chemical composition distribution 

CRP   controlled radical polymerization 

nD    number-average particle diameter 

wD / nD    polydispersity of the particle size distribution 

DRI   differential refractive index 

DSC   differential scanning calorimetry 

2-EHA   2-ethylhexyl acrylate 

ELSD   evaporative light scattering detection 

expt   experiment 

GPC   gel-permeation chromatography 

GPEC   gradient polymer elution chromatography 

HPLC-ESI MS high performance liquid chromatography – electrospray ionization mass 

spectrometry 

KPS   potassium peroxodisulphate 

MAA   methacrylic acid 

MALDI-TOF MS  matrix-assisted laser desorption ionization, time of flight mass spectrometry 

nM  exp   experimentally determined number-average molecular weight 

nM  calc calculated number-average molecular weight 

wM / nM    polydispersity of the molecular weight distribution 

MMCCD   molar mass and chemical composition distribution 
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MWD   molecular weight distribution 

NMP   nitroxide-mediated polymerization 

NMR   nuclear magnetic resonance 

i-OA   iso-octyl acrylate 

p(n-BA)   poly(n-butyl acrylate) 

pMAA   poly(methacrylic acid) 

p(i-OA)   poly(iso-octyl acrylate) 

p(2-EHA)  poly(2-ethylhexyl acrylate) 

p(t-BA)   poly(tertiary butyl acrylate) 

PDI   polydispersity index 

PSA   pressure-sensitive adhesive 

PSD   particle size distribution 

RAFT   reversible addition-fragmentation chain transfer 

SAXS   small angle X-ray scattering 

SC   solid content 

SDS   sodium dodecyl sulphate 

TGA   thermal gravimetric analysis 

THF   tetrahydrofuran 

UCST   upper critical solution temperature 

UV   ultraviolet 

 

Experiment names 

 

SOL   solution polymerization 

SOLCO   solution copolymerization 

SOLB   solution polymerization, triblock copolymer synthesis 

SOLMB   solution polymerization, multiblock copolymer synthesis 

MEP   miniemulsion polymerization 

MEPCO   miniemulsion copolymerization 

MEPSC miniemulsion polymerization, influence of the surfactant concentration 

(Chapter five) 

MEPSOL  miniemulsion polymerization, addition of a co-solvent (Chapter five) 

SEPB   seeded emulsion polymerization, triblock copolymer synthesis 

MEPMB   miniemulsion polymerization, multiblock copolymer synthesis 

SEPMB   seeded emulsion polymerization, multiblock copolymer synthesis 
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Chapter one 

General introduction 

 

 

 

1.1 Polymers 

 

Polymers. Try to imagine modern life without them. No clothes, no cars, no computers, no 

glue, no television, the list is endless. But there’s more than that. Try to imagine life itself 

without polymers. Indeed, without polymers Earth would be just another lump of bare, dead 

rock flying through the universe. DNA, the database of life, and proteins, the compounds 

that regulate all the chemical processes in a living being, are natural polymers. Wood, fur, 

cotton, all these materials are composed of natural polymers. Ever since man has discovered 

the fascinating properties of polymers, even without having the slightest idea of what they 

exactly were, he used them in daily life. Moreover, being an intelligent creature, man made 

attempts to modify these materials to improve their properties, and later on succeeded in 

passing by Mother Nature and created fully synthetic polymers, although at that time the 

exact structure of these compounds was still a mystery. The first fully synthetic polymer was 

commercialized in 1910 under the trade name Bakelite®. It took some ten years more 

however, before Staudinger1 postulated that both natural and synthetic polymers are giant 

molecules that are composed of small, covalently bonded molecules, and that polymers differ 

from “ordinary” molecules primarily only in size. This is also where the name polymer stems 

from, which is derived from Greek and literally means many parts. Since then, synthetic 

polymer chemistry and polymer technology has taken on a high flight, and polymers evolved 

from the poor man’s cheap replacement for natural fibers etc. to a high-tech material with 

properties far beyond the reach of traditional materials like metals, wood and ceramics. 
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1.2 Free-radical polymerization 

 

Polymers can be synthesized via many pathways, but a clear distinction should be made 

between the polymerization mechanisms leading to these compounds. Originally, Carothers2 

proposed a distinction between addition and condensation polymers, but this classification is 

no longer valid because of the many advances in polymerization technology since it was 

proposed. Flory3 later made a more useful distinction based on polymerization mechanisms, 

rather than on polymer structures, and most polymerizations nowadays can be classified as 

step-growth or chain-growth polymerizations. The most widely used process for polymer 

synthesis nowadays is free-radical polymerization3;4, which is a chain-growth polymerization 

process. Free-radical polymerization has the major advantage that it is much less sensitive to 

traces of impurities than other polymerization techniques, like e.g. ionic or coordination 

polymerizations. Furthermore, a wide range of vinyl monomers with general structure 

CH2=CR1R2 can be polymerized via free-radical polymerization. The process involves the 

generation of free radicals from an initiator, which are then added to the monomer. Addition 

of monomer to the growing chain radical continues until either two growing chains meet and 

terminate with each other, or when the growing chain transfers its radical to another species 

(e.g. to monomer, polymer, solvent, etc.) which then in its turn will initiate the formation of 

a new macromolecule which will grow until again bimolecular termination or transfer takes 

place. Both in the case of transfer and termination, so-called dead chains are formed. The 

term dead stems from the fact that these chains have lost their active center, and cannot 

add monomer anymore, unless chain transfer to these dead polymer chains takes place. The 

lifetime of a growing polymer chain in free-radical polymerization is in the order of seconds, 

and as radicals are generated from the initiator continuously throughout the polymerization 

reaction, new chains are initiated, grow and are terminated also throughout the 

polymerization reaction. This implies that polymer chains do not grow simultaneously. It will 

be evident from these characteristics that, although free-radical polymerization is a very 

powerful, fast and cheap technique for polymer synthesis, free-radical polymerization 

exhibits very little control over the molecular weight distribution and the chemical 

composition of the polymer chain. Also the synthesis of fancy macromolecular architectures, 

such as block copolymers, star polymers or comb polymers, is not possible with free-radical 

polymerization. 
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1.3 Controlled radical polymerization 

 

However, the saying power is nothing without control also holds for polymer chemistry. 

Although for many applications no strict control over the molecular weight, the molecular 

weight distribution or the chemical composition of the polymer is required, there is a large 

interest in architectures such as block copolymers, which cannot be made via conventional 

free-radical polymerization. Block copolymers are generally applied as adhesives, 

compatibilizers, thermoplastic elastomers, etc. Traditionally, block copolymers have always 

been synthesized via living anionic polymerization5;6. A living process implies that all polymer 

chains start growing simultaneously, while during chain growth no termination or chain 

transfer takes place. Consequently, all chains grow for a similar period, and a narrow 

molecular weight distribution is obtained. When all monomer has been consumed, the active 

center persists, and upon addition of a new batch of monomer, polymerization continues to 

form a block copolymer. Anionic polymerization however requires very stringent reaction 

conditions, as the carbon-centered anion is very sensitive to traces of impurities. Industrially, 

anionic polymerization is therefore not frequently used. 

 

In the last decade, some polymerization techniques that combine the versatility of free-

radical polymerization with the control of anionic polymerization emerged. These techniques 

are referred to as controlled radical polymerizations, and are based on two principles: 

reversible termination and reversible transfer. Examples of reversible termination are 

Nitroxide-Mediated Polymerization (NMP)7 and Atom Transfer Radical Polymerization 

(ATRP)8, while Reversible Addition-Fragmentation chain Transfer (RAFT)9;10 is an example of 

reversible transfer. In reversible termination, the polymer chain is end-capped with a moiety 

that can reversibly undergo homolytical cleavage. In NMP, this moiety is a nitroxide, while in 

ATRP, a halide is reversibly transferred to a transition-metal complex. In processes based on 

reversible transfer, there is fast exchange of growing radicals via a transfer agent. In the 

RAFT process, dithiocarboxylates are responsible for this exchange, which proceeds via an 

intermediate radical. 

 

Of the three available techniques to mediate a controlled radical polymerization, the RAFT 

process is the most robust. It tolerates traces of impurities, and is compatible with the 
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broadest range of monomers and reaction conditions9-14. Moreover, the RAFT process is 

capable of controlling polymerization in aqueous dispersions10;15-18, while NMP and ATRP are 

somewhat less suited for this purpose. In both cases, this is mainly due to partitioning of the 

nitroxide or the transition metal complex between the aqueous and organic phase, which has 

a tremendous influence on the course of the polymerization19-21. Moreover latex instability 

and phase separation were reported when applying ATRP in emulsion22. 

 

 

1.4 Emulsion polymerization 

 

Free-radical polymerization can either be performed in a homogeneous or heterogeneous 

system. In a homogeneous system, such as bulk or solution polymerization, monomer, 

solvent and polymer all are miscible, i.e. all are present in the same phase. In a 

heterogeneous system, such as emulsion polymerization, monomer is emulsified in water 

with a micelle-forming surfactant. A water-soluble initiator creates radicals in the aqueous 

phase, which after addition of a few monomer units become surface-active, and 

subsequently enter the monomer-swollen micelles, and later the monomer swollen polymer 

particles. Subsequently, polymerization continues in the particles. After the polymerization, 

an aqueous dispersion of submicron particles (typically between 50 nm and 500 nm) is 

obtained. Emulsion polymerization has a lot of advantages compared to homogeneous 

polymerizations. The polymerization rate is much higher than that of a homogeneous 

polymerization, due to a reduced rate of termination (see Chapter two). This also leads to 

higher molecular weights compared to homogeneous polymerization. Moreover, emulsion 

polymerization has a high rate of heat transfer to the continuous aqueous phase, so that 

reaction heat can be removed easily. Even at a high solid content, the viscosity of the final 

latex is relatively low, which makes processing of the polymer easier. Finally, a water-based 

system is much more environmentally friendly than a solvent-based system. 

 

The first true emulsion polymerization was reported in 191023, but emulsion polymerization 

first gained industrial importance during World War II when a crash research program in the 

United States resulted in the production of styrene-co-butadiene synthetic rubber. A 
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qualitative description of emulsion polymerization was first given by Harkins24, after which 

this description was quantified in 1948 by Smith and Ewart25. However, current thinking is 

not entirely in accord with the Smith-Ewart model, although it is still widely referenced in the 

technical literature because some aspects of the model provide valuable insights into 

operating procedures. An excellent, up-to-date quantitative overview of emulsion 

polymerization was provided in 1995 by Gilbert26. A more detailed description of emulsion 

polymerization is given in Chapter two of this thesis. 

 

 

1.5 Pressure-sensitive adhesives 

 

Pressure-sensitive adhesive polymers (PSAs) are used for many applications, e.g. tape and 

labels, and the market is still growing as novel applications are regularly developed. Their 

success stems from their convenient and fast handling and their easy removability without 

damage to the substrate. Environmental regulations27 have led to the substitution of solvent-

based adhesives with water-borne latices and aqueous adhesive emulsions. For example, 

emulsion acrylic copolymers currently have the biggest share of the PSA market. Acrylic 

pressure-sensitive adhesives are copolymers whose principal monomer upon polymerization 

results in a polymer with a glass-transition temperature (Tg) below -40°C [such as n-butyl 

acrylate (Tg p(n-BA) = -54°C28), iso-octyl acrylate (Tg p(i-OA) = -80°C28) and 2-ethylhexyl acrylate 

(Tg p(2-EHA) = -70°C28)], and whose second monomer upon polymerization exhibits a glass-

transition temperature higher than 30°C [such as methyl methacrylate (Tg (pMMA) = 105°C28), 

acrylic acid (Tg (pAA) = 106°C28) and methacrylic acid (Tg (pMAA) = 228°C28)]. These systems 

have been extensively studied in the past: the effect of blended copolymers, the use of polar 

monomers, the type of surfactant, functional groups, or crosslinking on the principal  

adhesive properties (tack, shear and peal) have been reported in the literature29-31. 

 

It was discussed above, that environmental regulations have led to the substitution of 

solvent-based pressure-sensitive adhesives with waterborne latices and aqueous pressure-

sensitive adhesive emulsions. Beside the advantages of emulsion polymerization itself, 

described in section 1.4, another major advantage of the synthesis of PSAs in aqueous 
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dispersions is, that a latex containing a PSA can be applied directly to the substrate. It was 

discussed above, that pressure-sensitive adhesive polymers generally have a low glass-

transition temperature, and thus are very soft polymers. Upon application of a latex 

containing a PSA to a substrate, water removal, and the subsequent bringing together of the 

substrates while applying pressure, the latex particles break. Due to the low glass-transition 

temperature of the pressure-sensitive adhesive polymer, the well-flowing PSA is anchored in 

the substrates. 

 

Architecture and sequence distribution of the copolymers employed as PSAs, are important 

parameters that determine the solubility of the copolymer, and thus the ability of the 

copolymer to compatibilize a polymer blend, or to act as an adhesive. The sequence 

distribution of a linear copolymer can vary continuously from alternating to random to 

blocky, and certainly plays an important role in the ability of the copolymer to modify a 

biphasic interface. This is best exemplified by discussing the most probable 

alignment/arrangement/conformation of the copolymer at the biphasic interface. Theoretical 

and experimental studies32;33 have shown that a diblock copolymer arranges itself across an 

interface in a cylindrical or dumbbell shape, crossing the interface once. As the copolymer 

becomes less blocky, the copolymer becomes more isotropic at the interface, crossing the 

interface many times32-36. As the copolymer becomes more random and alternating, it attains 

a pancake-type structure, covering a substantial area of the interface. However, the number 

of times these copolymers cross the interface and are able to entangle with the 

homopolymer present in the substrates, is less clear than for blocky structures, such as 

diblock and multiblock copolymers. 

 

This concept is illustrated in figure 1.137, which schematically depicts the possible 

conformations of several block copolymers. If the interface is sharp, diblock copolymers will 

cross the interface only once. However, as the number of blocks increases, the number of 

interface crossings also increases. For example, a triblock copolymer crosses the interface 

twice, a pentablock has four interfacial crossings, and a heptablock stitches the interface six 

times. It should be noted, however, that figure 1.1 is a simplified version of a real interface, 

but emphasizes the point that the microstructure of the copolymer can dramatically affect  
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Fig. 1.1: Illustration of the probable alignment of block copolymers at an interface37. Multiblock 

copolymers are better adhesives than diblock copolymers, due to a higher number of interfacial crossings. 

 

the configuration of a copolymer at the interface. It was reported in literature that the more 

times a copolymer molecule crosses the interface, the more effective interfacial modifier that 

copolymer is37. The logic is that there exist more joints or stitches sewing the two phases 

together, which must be broken or pulled out to allow fracture. This creates a stronger 

interface over which stress can be transferred, irrespective whether the failure mechanism is 

by chain pullout or chain break38;39. 

 

Dadmun and coworkers37 demonstrated that for alternating polystyrene-poly(methyl 

methacrylate) multiblock copolymers, interface adhesion between polystyrene and 

poly(methyl methacrylate) substrates increased with an increasing number of blocks, if the 

blocks were longer than a critical block length of ~20000 g mol-1. This block length is 

required to obtain significant entanglement formation in the substrate. These researchers 

also reported that multiblock copolymers are less likely than diblock copolymers to form 

micelles or mesophases, which is a common problem when employing diblock copolymers as 

adhesives, and which reduces the adhesive efficiency of diblock copolymers. 

 

 

 

Diblock

Triblock

Pentablock

Heptablock

PS PMMA
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1.6 Objective and outline 

 

Until now, multiblock copolymer production has only been achieved in solvent-based 

systems, due to the lack of a suitable technique to produce this type of architectures in 

aqueous dispersions. In section 1.3, it was discussed that some novel techniques, commonly 

referred to as controlled radical polymerization, allow the production of exotic structures, 

such as block copolymers. It has been the objective of the work described in this thesis to 

apply the concept of controlled radical polymerization to the production of alternating polar-

nonpolar multiblock copolymers in aqueous dispersions. Such multiblock copolymers could be 

employed to enhance the adhesion of nonpolar to polar surfaces, e.g. of rubbers to glass, or 

to metal oxides. Of the various techniques mentioned in section 1.3, the RAFT process is the 

most viable technique to produce multiblock copolymers in aqueous dispersions. In Chapter 

two, it will be discussed in detail how the RAFT process can be employed for the production 

of multiblock copolymers. In this work, two routes towards alternating polar-nonpolar 

multiblock copolymers, employing the RAFT process, have been studied. In the first route, 

the nonpolar block was a preformed block, namely a poly(butylene-co-ethylene) copolymer 

(Tg = -63°C40). The polar block, which should be a polymer with a low glass transition 

temperature, exhibiting good adhesion to a polar surface, was created by controlled radical 

copolymerization of n-butyl acrylate (Tg p(n-BA) = -50°C28), with ~10%wt of methacrylic acid 

(Tg (pMAA) = 228°C28). The resulting poly(n-butyl acrylate-co-methacrylic acid copolymer) has 

a glass transition temperature of approximately -40°C. In the second route, both the polar 

and the nonpolar block were synthesized by controlled radical polymerization. Here, the 

nonpolar block was a poly(iso-octyl acrylate) homopolymer (Tg p(i-OA) = -80°C28). The polar 

block was the same as reported in the first route, namely a poly(n-butyl acrylate-co-

methacrylic acid) copolymer, containing ~10%wt of methacrylic acid (Tg = ca. -40°C28). 

 

Chapter two presents a theoretical overview of the RAFT process, of block copolymer 

synthesis and of emulsion polymerization. Also a detailed theoretical overview on how the 

RAFT process can be applied to synthesize (multi)block copolymers in homogeneous and 

heterogeneous media is given. Finally, the selection of the RAFT moiety that has been used 

in this work is discussed. 
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In Chapter three, the synthesis of the RAFT agents of choice, which are S-tert-alkyl-N,N-

alkoxycarbonylmethyldithiocarbamates, is discussed. After a literature overview on the 

synthesis of these compounds, a novel synthetic route towards these RAFT agents is 

introduced. Finally, an overview of the RAFT agents synthesized in this work is presented. 

 

Chapter four deals with the production of acrylic triblock copolymers from low molecular 

weight, bifunctional S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamate RAFT agents. In 

the first section, triblock copolymer synthesis in homogeneous media is discussed, after 

which the production of triblock copolymers in aqueous dispersions is reported. 

 

In Chapter five, triblock copolymer production starting from a bifunctional polyolefin-based 

S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamate is discussed. In the first section, this 

RAFT agent is studied in the solution polymerization of acrylic monomers, while in the next 

section, the miniemulsion polymerization of acrylic monomers, mediated with this RAFT 

agent is discussed. 

 

Chapter six is dedicated to the synthesis of alternating polar-nonpolar acrylic multiblock 

copolymers using multifunctional S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamate RAFT 

agents. In a first section, multiblock copolymer synthesis in solution is reported. Then, the 

production of multiblock copolymers in aqueous dispersions is discussed. 

 

In Chapter seven, the thermal properties and the block copolymer morphology of the 

alternating polar-nonpolar tri- and multiblock copolymers, described in the previous 

Chapters, are studied. 

 

 

1.7 References 

 

 1.  Staudinger, H. Chem.Ber. 1920, 53, 1073. 
 2.  Carothers, W. H. J.Am.Chem.Soc.  1929, 51, 2548. 
 3.  Flory, P. J. Principles of polymer chemistry; Cornell University Press: Ithaca, New York, 1953. 
 4.  Walling, C. In Free radicals in solution; Wiley: New York, 1957; 592. 
 5.  Szwarc, M.; Levy, M.; Milkovich, R. M. J.Am.Chem.Soc. 1956, 78, 2656. 



Chapter one 

- 20 - 

 6.  Szwarc, M. Nature (London) 1956, 178, 1168. 
 7.  Georges, M. K.; Moffat, K. A.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer, J. K. 

Polym.Mater.Sci.Eng. 1993, 69, 305. 
 8.  Wang, J. S.; Matyjaszewski, K. Macromolecules 1995, 28, 7901. 
 9.  Le, T. P. T.; Moad, G.; Rizzardo, E.; Thang, S. H.; Du Pont. [PCT Int. Appl. (1998) WO 

9801478].  
 10.  Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T. P. T.; Mayadunne, R. T. A.; 

Meijs, G. F.; Moad, C. L.; Moad, G.; Rizzardo, E.; Thang, S. H. Macromolecules 1998, 31, 5559-
5562. 

 11.  Chong, Y. K.; Le, T. P. T.; Moad, G.; Rizzardo, E.; Thang, S. H. Macromolecules 1999 , 32, 
2071-2074. 

 12.  Vasilieva, Y. A.; Thomas, D. B.; Hennaux, P. E.; McCormick, C. L. Polym.Prepr. 2003, 44, 886-
887. 

 13.  Donovan, M. S.; Sanford, T. A.; Lowe, A. B.; Sumerlin, B. S.; Mitsukami, Y.; McCormick, C. L. 
Macromolecules 2002, 35, 4570-4572. 

 14.  Severac, R.; Lacroix-Desmazes, P.; Boutevin, B. Polym.Int. 2002, 51, 1117-1122. 
 15.  Ferguson, C. J.; Hughes, R. J.; Pham, B. T. T.; Hawkett, B. S.; Gilbert, R. G.; Serelis, A. K.; 

Such, C. H. Macromolecules 2002, 35, 9243-9245. 
 16.  Prescott, S. W.; Ballard, M. J.; Rizzardo, E.; Gilbert, R. G. Macromolecules 2002, 35, 5417-

5425. 
 17.  Monteiro, M. J.; de Barbeyrac, J. Macromolecules 2001, 34, 4416-4423. 
 18.  de Brouwer, J. A. M.; Tsavalas, J. G.; Schork, F. J.; Monteiro, M. J. Macromolecules 2000, 33, 

9239-9246. 
 19.  Charleux, B. Macromolecules 2001, 34, 5358-5365. 
 20.  Ma, J. W.; Cunningham, M. F.; McAuley, K. B.; Keoshkerian, B.; Georges, M. K. J.Polym.Sci., 

Part A: Polym.Chem. 2001, 39, 1081-1089. 
 21.  Cunningham, M. F. Prog.Polym.Sci. 2002, 27, 1039-1067. 
 22.  Matyjaszewski, K.; Shipp, D. A.; Qiu, J.; Gaynor, S. G. Macromolecules 2000, 33, 2296. 
 23.  Dinsmore, R. P. [PCT Int. Appl. (1910) US 11732795].  
 24.  Harkins, W. D. J.Chem.Phys. 1945, 13, 381. 
 25.  Smith, W. V.; Ewart, R. H. J.Chem.Phys. 1948, 16, 592. 
 26.  Gilbert, R. G. Emulsion polymerization: a mechanistic approach; Academic: London, 1995. 
 27.  Padget, J. C. J.Coat.Technol. 1994, 66, 89. 
 28.  Bandrup, J.; Immergut, E. H. Polymer Handbook; 3rd ed.; Wiley-Interscience: London, 1989. 
 29.  Satas, D. Adhes.Age 1972, 15, 19. 
 30.  Satas, D. Handbook of Pressure Sensitive Adhesive Technology; Van Nostrand Reinhold: New 

York, 1989. 
 31.  Mayer, A.; Pith, T.; Hu, G. H.; Lambla, M. J.Polym.Sci., Part B: Polym.Phys. 1995, 33, 1781. 
 32.  Dadmun, M. D. Macromolecules 1996, 29, 3868. 
 33.  Dadmun, M. D. Mater.Res.Soc.Symp.Proc. 1997, 461, 123. 
 34.  Dadmun, M. D. Computational Studies, Nanotechnology, and Solution Thermodynamics of 

Polymer Systems; Kluwer Academic: New York, 2000. 
 35.  Dadmun, M. D. Macromolecules 2000, 33, 9122. 
 36.  Dadmun, M. D. Macromolecular Theory and Simulations 2001, 10, 795. 
 37.  Dadmun, M. D. Macromolecules 2002, 35, 5069. 
 38.  Russell, T. P.; Brown, H. R.; Hawker, C. J.; Mayes, A. M.; Kulasekere, H.; Kaiser, H.; Ankner, J. 

F. Macromolecules 1996, 29, 5493. 
 39.  Dai, C.; Jandt, K. D.; Dhamodharan, R. I.; Slack, N. L.; Dai, K. H.; Davidson, W. B.; Kramer, E. 

J.; Hui, C. Macromolecules 1997, 30, 549. 
 40.  C.R.l'Academie Sci., Ser.II Univers 2003. 
 



The ways of RAFT… 

- 21 - 

 

 

 

Chapter two 

The ways of RAFT… 

 

 

…towards (multi)block copolymers 

 

 

 

Abstract 

 

This chapter presents an overview on how the RAFT process can be employed to 

synthesize (multi)block copolymers in solution and in aqueous dispersions. First, the 

RAFT process itself and its mechanism are discussed, together with the parameters that 

are important for the process to be successful, and the various organic moieties that are 

capable of mediating a RAFT polymerization. Then an overview is given on the various 

routes towards block copolymers that have been used in the past, and how the RAFT 

process can be used for this purpose. Also an overview of the application of the RAFT 

process in aqueous dispersions and the problems met therein is presented. Finally, the 

selection of the RAFT moiety for this work is discussed in view of the previous 

discussions. 
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2.1 Reversible Addition-Fragmentation chain Transfer 

 

2.1.1 The RAFT process 

 

In 1998, Rizzardo and coworkers reported a novel type of controlled radical polymerization, 

which they designated the Reversible Addition-Fragmentation chain Transfer (RAFT) 

process1;2. This process allows the synthesis of polymers with well-defined molecular 

weights, polydispersities and architectures. The concept of RAFT polymerization stems from 

earlier work by the same research group, i.e. the use of methacrylate macromonomers as 

addition-fragmentation agents in the synthesis of block copolymers3. However, the process 

proved to be reversible only in homopolymerization of these macromonomers. 

Copolymerization with other monomers than methacrylates was not efficient. Due to their 

low reactivity, the transfer reaction of these methacrylate macromonomers would be unable 

to compete with the propagation reaction, especially at higher monomer concentrations. 

Obviously, for this process to be generally applicable, more reactive transfer agents needed 

to be developed. The breakthrough came with the discovery of various, more reactive double 

bond containing species, based on the dithiocarboxylate moiety depicted in figure 2.1. The 

compounds that are capable of mediating the RAFT process will be discussed in detail in 

section 2.1.2. The RAFT process was found to be applicable both in homogeneous and 

heterogeneous media, being compatible with many kinds of monomers1;2;4-9. 

 

The RAFT mechanism as it is generally accepted nowadays is depicted in figure 2.2. In RAFT 

polymerization, contrary to some other controlled free-radical polymerization techniques, a 

conventional free-radical initiator is used. Radicals derived from this initiator can either add 

to the S=C moiety of RAFT agent 1, or first add to monomer to form a propagating radical, 

which in its turn can add to RAFT agent 1. A labile intermediate radical 2 is formed, and can 

fragment back towards the starting materials, or form a temporarily deactivated dormant 

polymer species 3 together with a radical A• derived from the RAFT agent. This radical 

should then add to monomer, thereby reinitiating polymerization. An essential feature in the  
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Z S
A

S Z = activating group

A = leaving group  

 

Fig. 2.1: The general RAFT moiety. 

 

RAFT mechanism is the fact that the dithiocarboxylate moiety S=C(Z)S-, present in the initial 

RAFT agent 1, is retained in the polymer chain 3. Because the dithiocarboxylate moiety is 

retained in the polymer chain 3, the dormant polymer chains can act as transfer agents 

themselves, as is shown in reaction (c) of figure 2.2. Like in reaction (a), a propagating 

radical reacts with the polymeric RAFT agent 3. Through this reaction, the propagating 

radical is transformed into a dormant polymer, while the polymer chain from the polymeric 

RAFT agent is released as a radical capable of further growth. Similar to reaction (a), the 

dithiocarboxylate moiety is retained and again, the newly formed dormant species can be 

reactivated. 

 

For RAFT polymerizations to obey the rules of controlled/living polymerizations, a few 

aspects in the reaction scheme are of importance. Exchange reaction (c) should be rapid 

compared with propagation. As can be deduced from the symmetrical structure of 

intermediate species 4, there is no preference for the direction of fragmentation, and the 

probability that either Pn• or Pm• is formed is equal. Assuming that transfer is fast compared 

to propagation, the radical is exchanged rapidly among the chains, and all chains have equal 

probability to add monomer and will thus all grow at the same rate. 

 

For the final molecular weight distribution to have a low polydispersity, all chains should start 

growing at the same time, i.e. at the onset of the reaction. For this, the initial transformation 

of RAFT agent 1 into dormant polymer species 3 [exchange reaction (a) in figure 2.2] should 

be rapid. In this reaction, the intermediate radical 2 is not symmetrical, and thus the A 

group needs to be chosen in such a way that it is a better homolytic leaving group than the 

(oligomeric) polymer chain. Generally, higher alkyl substitution of the α-carbon of the A 

group increases the leaving-group character of this moiety, and thus tertiary alkyl leaving 

groups generally provide better control over molecular architecture than primary or 
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Fig. 2.2: Schematic representation of the proposed RAFT mechanism. It should be noted that all 

reactions are equilibria, and that in these equilibria any radical can react with any dormant species/RAFT agent. 

(a) Addition of a polymeric, initiator derived radical to the initial transfer agent 1, forming intermediate 

radical 2. The intermediate radical can either fragment into the two species it was composed from, or 

into dormant species 3 and a small, expelled radical A•. 

(b) Reinitiation of the polymerization by addition of the expelled radical A• to monomer, rather than back 

reaction with 3 forming 1. For this assumption to hold, A• must be a good leaving group capable of 

reinitiating polymerization, so ki[M][A•] >> k-β[3][A•] 

(c) Equilibrium between active propagating chains and dormant chains 3 and 5 through intermediate radical 

4. 

 

secondary alkyl leaving groups. Also further substitution with moieties that can stabilize the 

expelled radical through resonance increases the leaving-group character of the A group. 

Examples of good leaving groups are the 2-phenylprop-2-yl (cumyl) and 2-cyanoprop-2-yl 

moieties1;2. Another important aspect concerning the A group is its ability to reinitiate 

polymerization. If the expelled radical A• only slowly adds to monomer, then inhibition and 

retardation may occur, most notably during the early stages of the polymerization. This 
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results in a slow conversion of the transfer agent and thus in a broadened molecular weight 

distribution. 

 

A constant number of chains throughout the reaction is of great importance, as chains that 

cease to grow, as well as chains that start growing at a later stage of the polymerization 

would have chain lengths significantly different from the main part of the material. The 

concentration of chains at the beginning of the polymerization is equal to the initial 

concentration of RAFT agent ([RAFT]0), assuming rapid transformation of the RAFT agent 

into dormant polymer chains, see figure 2.2, reaction (a). The concentration of chains at the 

end of the polymerization is given by equation 2-1: 

 

[chains] = [RAFT]0 + df([I]0 - [I]t)                                     2-1 

 

where [RAFT]0 represents the initial RAFT agent concentration, and thus also the 

concentration of dormant chains. The term df([I]0 - [I]t) describes the number of chains that 

are derived from the decomposed initiator and 

 

[I]0 - [I]t = [I]0(1- tkde− )                                            2-2 

 

where kd is the rate constant for initiator decomposition, f is the initiator efficiency factor, 

and d is the number of chains produced from radical-radical reaction (∼1 for higher alkyl 

acrylates10). For the number of chains to be constant throughout the reaction, the term that 

describes the contribution from the initiator should be negligible compared to the 

concentration of the RAFT agent. Equation 2-1 shows that both the instantaneous and the 

cumulative concentration of radicals produced throughout the reaction must be small to keep 

the amount of dead material low. In order for all polymer chains to carry the RAFT moiety up 

to high monomer conversions, the initiator concentration thus needs to be considerably 

smaller than the RAFT agent concentration. In some cases, polymerization times can be 

impractically long due to this extremely low initiator concentration. This can be the case for 

recipes with very low RAFT agent concentration, for instance if one aims at high molecular 

weights. The target number average molecular weight is thus given by equation 2-3: 
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FWRAFT and FWmon respectively represent the molecular weight of the RAFT agent and the 

monomer, while x is the monomer conversion. [M]0 and [RAFT]0 represent the initial 

monomer concentration and the initial RAFT agent concentration. The term df([I]0 - [I]t) 

represents the number of initiator-derived chains produced during the polymerization, see 

equations 2-1 and 2-2. Equation 2-3 divides the total mass of polymer at a certain monomer 

conversion x by the total number of chains. It is clear from this equation that, when aiming 

at high molar weight polymer, the amount of RAFT agent should be very low, and thus the 

initiator concentration should be even lower. Generally, the initiator concentration should be 

a factor 4 to 6 lower than that of the RAFT agent when the exclusive goal is to synthesize a 

low polydispersity polymer chain. However, when this polymer is only an intermediate for 

further reaction steps, for instance in block copolymer synthesis, a considerably lower 

amount of initiator will be required, to ensure that all polymer chains carry the RAFT moiety 

after polymerization. These low initiator concentrations can lead to impracticable recipes. 

This situation is not so much a problem when lower molecular weightes are targeted, when 

monomers with a high propagation rate constant relative to their termination rate constant 

are used, so that propagation is fast enough to achieve an acceptable chain length before 

termination can occur, or when polymerization is performed in a system that increases the 

ratio of propagation over termination otherwise, like for instance in emulsion 

polymerizations. However, in many RAFT polymerizations, namely those with short reaction 

times and low initiator concentrations, the term df([I]0 - [I]t) is small with respect to [RAFT]0 

and thus may be neglected. 

 

2.1.2 The various RAFT moieties 

 

The organic compounds that are used to mediate a RAFT polymerization are all based on the 

dithiocarboxylate moiety, as has been shown in figures 2.1 and 2.2. RAFT agents with the 

general structure given in figure 2.1 can be subdivided into four classes according to the 

activating Z-group. These are dithioesters1;2, xanthates11-13, trithiocarbonates14-16 and 

dithiocarbamates17-19, and are depicted in figure 2.3.  
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xanthate alkyl-O- 

trithiocarbonate alkyl-S- 

dithiocarbamate R1R2-N-** 

usually a tertiary alkyl  

moiety substituted with an 

electron-withdrawing group 

 

Fig. 2.3: The various RAFT moieties. 

 

Dithioesters, more specifically dithiobenzoates and dithioacetates were the first compounds 

to be used as RAFT agents1;2. Dithioesters exhibit higher activity than trithiocarbonates, 

xanthates and dithiocarbamates. However, they suffer from some serious drawbacks 

compared to some other RAFT agents: dithioesters have an intense pink to dark red color, 

and they have a very offensive smell. Moreover, dithiobenzoates cause severe retardation in 

the polymerization of monomers like styrene and acrylates20-24. 

 

Xanthates have been patented by Rhodia11 at about the same time when dithioesters were 

patented by Du Pont2. Xanthates are easier to synthesize than dithioesters, as some 

xanthogenate salts are commercially available. Another advantage of xanthates is that they 

are colorless and have a smell that is far less offensive than that of dithioesters. However, 

their transfer constant is rather low, yielding polymers with higher polydispersities (~2). 

 

 

                                            
* Recently, a fifth class of RAFT agents emerged, where instead of the classical –(C=S)S- moiety, a 

(P=S)S3- or a >(P=S)S- moiety is used to mediate the polymerization97. This class of RAFT agents will 

not be discussed here, as they were reported only at the end of 2002, and thus were not considered 

for this work. 
** R1 is an alkyl group, while R2 should be an electron-withdrawing substituent for dithiocarbamates to 

be efficient RAFT agents. 
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Trithiocarbonates were designed as RAFT agents for the synthesis of triblock 

copolymers14;16;25-27: only two polymerization steps are required to chain extend these 

compounds to triblock copolymers. A major advantage compared to all other RAFT 

functionalities is, that some trithiocarbonates are commercially available. In 

trithiocarbonates, the role of the activating group is taken over by the alkyl-S- moiety. 

Trithiocarbonate RAFT agents generally have a high transfer constant. 

 

The first dithiocarbamates that were studied were N,N-dialkyldithiocarbamates, which 

remarkably resembled the compounds at that time being used as iniferters28-31. However, 

N,N-dialkyldithiocarbamates turned out not to exhibit controlled radical polymerization at 

all4;17. This was attributed to a less reactive double bond caused by the delocalization of the 

nonbonded electron pair on the nitrogen with the thiocarbonyl group. This results in a 

reduced double-bond character in the thiocarbonyl bond, which lowers the rate of addition at 

the sulfur atom and, consequently, the overall rate of chain transfer. However, if the 

nitrogen is part of an aromatic system, or substituted by electron-withdrawing groups, 

dithiocarbamates were shown to be effective RAFT agents18;24;32. 

 

 

2.2 Block copolymer synthesis via the RAFT process 

 

2.2.1 The history of block copolymer synthesis 

 

Polymers that are composed of two different monomers are usually referred to as 

copolymers. The sequential arrangement of these different monomers determines the type 

of copolymer that is formed. In the case of a random distribution of the two monomeric 

residues over the polymer chain, the product is called a random copolymer. In a linear block 

copolymer, the monomeric residues are arranged in such a way that one block consists of 

monomeric residue A and another block of monomeric residue B. In addition to these diblock 

copolymers, it is also possible to attach multiple blocks to one another to form multiblock 
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copolymers. Moreover, one can synthesize more exotic structures such as four- or six-arm 

starblock copolymers and comb-like block copolymers33-36. 

 

The concept of block copolymer synthesis started in 1956 when Szwarc discovered living 

anionic polymerization37;38. He found that in the anionic polymerization of styrene, the 

polymer chains grew until all the monomer was consumed, and that the chains continued 

growing when another batch of monomer was added. The addition of another type of 

monomer resulted in the formation of block copolymers. Later, block copolymer synthesis 

was also achieved by other living polymerization techniques, such as ring opening 

polymerization39;40 and cationic polymerization41;42, or by pseudo-living techniques like 

Ziegler-Natta catalysis43. These polymerization techniques, however, suffer from a number of 

disadvantages: most of them do not tolerate even extremely low levels of impurities (like 

e.g. moisture or oxygen), and are compatible only with a limited number of monomers. Also 

these processes are very expensive, due to the special equipment and the reaction 

conditions that are needed to perform these reactions. This obviously leads to an expensive 

polymer product. 

 

An entirely different synthetic concept towards (multi)block copolymers makes use of the 

polycondensation principle. In a first step, telechelic oligomers with acid end groups were 

synthesized via a radical pathway from an acid-functionalized azo-initiator44. In a second 

reaction step, these telechelics are reacted with another bifunctional block, such as polyTHF, 

to yield multiblock copolymers45. 

 

Since the early 1980s, there were several early attempts to synthesize block copolymers via 

regulated free-radical polymerizations. These methods utilized so-called iniferters, i.e. 

compounds which could serve as INItiators, transFER agents and TERminating agents28-31. 

These systems have also been studied in the synthesis of multiblock copolymers46;47. 

However, while useful, these techniques did not offer the desired level of control over 

macromolecular structure, due to poor molecular weight control, high polydispersities, and 

low blocking efficiency. This was attributed to slow initiation, slow exchange, direct reaction 

of counterradicals with monomers, and thermal decomposition of the iniferter. 
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The recent development of controlled free-radical techniques, such as Nitroxide-Mediated 

Polymerization (NMP)48, Atom Transfer Radical Polymerization (ATRP)49;50 and Reversible 

Addition-Fragmentation chain Transfer (RAFT)1;2 have enabled researchers to synthesize 

block copolymers under less stringent conditions than those necessary for living ionic 

polymerizations: it is possible to work under similar conditions as used in free-radical 

polymerizations. As was mentioned in the general introduction, in this work the RAFT 

process will be utilized, as it is compatible with the broadest range of monomers and 

reaction conditions1;2;5-9, and it is capable of controlling polymerization in aqueous 

dispersions1;51-54. 

 

However, while the RAFT process is useful for a variety of combinations of monomers, the 

order in which the individual blocks are produced is of utmost importance. Those monomers 

with higher transfer rates towards the RAFT agent must be polymerized first to complete 

conversion, to avoid inefficient blocking when chain extended with monomers with lower 

transfer rates5;14. Inefficient blocking during chain extension occurs when not all these chains 

carry a RAFT moiety, which can be the case when polymerizing monomers with lower 

transfer constants towards the RAFT agent. 

 

2.2.2 Four routes towards block copolymers via the RAFT process 

 

2.2.2.1 Monofunctional RAFT agents 

 

The first and most thoroughly studied route towards block copolymers via the RAFT process, 

employs monofunctional RAFT agents (compound 6 in figure 2.4)5;6;15;55-59. The block 

copolymers that have been synthesized in this way all carry the RAFT functionality at the end 

of the chain. In the first polymerization step, monomer is inserted between the -(C=S)S- 

moiety and the activating group A. After polymerization is complete, the second monomer is 

added, polymerization is started by addition of a fresh amount of initiator, and monomer is 

inserted between the -(C=S)S- moiety and the end of the first block, with the RAFT 

functionality remaining at the chain end. Repeating this cycle of monomer addition and  
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Fig. 2.4: Block copolymer synthesis via a monofunctional RAFT agent. The RAFT moiety remains at the 

chain end throughout the polymerization. 

 

polymerization, it is possible to produce block copolymers. However, with this method the 

blocks have to be introduced in the chain step-by-step, which obviously means that to 

produce an n-block copolymer, a series of n polymerization steps is needed. To avoid 

inefficient blocking, this procedure should be performed starting with the monomers having 

the highest transfer rate to the RAFT agent. For the production of multiblock copolymers, 

this obviously is not the preferred route. 

 

2.2.2.2 Bifunctional RAFT agents and trithiocarbonates 

 

A second route towards block copolymers via RAFT comprises the use of symmetrical, 

bifunctional RAFT agents5;59;60 7, as well as symmetrical trithiocarbonates14;15 8, see figure 

2.5. The symmetry in these compounds ensures that both arms are of approximately the 

same length and composition. With these RAFT agents, the number of polymerization steps 

required for (multi)block copolymer synthesis can be reduced. Figure 2.5 clearly 

demonstrates that for the synthesis of n-block copolymers, (n+1)/2 polymerization steps are 

required. Note that only block copolymers with an odd number of blocks can be synthesized 

with these compounds. 

 

The major difference between a trithiocarbonate and a bifunctional RAFT agent is the way 

the monomer is inserted into the RAFT agent. Using a bifunctional RAFT agent 7, monomer 

is inserted into the RAFT agent at both sides of leaving group A, while both dithiocarboxylate 

moieties will remain at the chain ends. In block copolymerization, the second block is thus 

built at the chain ends of the first block, see figure 2.5. Using trithiocarbonate 8, monomer is  
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Fig. 2.5: Block copolymer synthesis via a bifunctional RAFT agent. a) Triblock copolymer synthesis 

starting from a bifunctional RAFT agent 7. Note that chain extension takes place on the outsides of the polymer 

chain. b) Triblock copolymer synthesis starting from a symmetrical trithiocarbonate 8. Chain extension takes 

place from the inside out: monomer insertion always takes place in the middle of the growing chain. Note that 

the role of the activating group Z is taken over by the A-S- moiety in the case of trithiocarbonates. 

 

inserted between both A groups and the trithiocarbonate moiety, and the trithiocarbonate 

moiety remains in the middle of the chain. When chain extending the first block, the second 

block is built in the middle of the chain, and the first block will shift to the outside of the 

chain as is depicted in figure 2.5. In the case of trithiocarbonates, the A-S- moiety functions 

as the activating group Z.  
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Most of the papers on RAFT polymerization mediated by bifunctional RAFT agents and 

trithiocarbonates report the use of primary14;15 or secondary59;60 alkyl leaving groups A, while 

only one single report mentions the use of a tertiary alkyl bifunctional leaving group5. As has 

been mentioned in section 2.1.1, primary and secondary alkyl leaving groups do not exhibit 

good control over the polymerization. The reason for the use of primary and secondary alkyl 

leaving groups must be sought in synthetic difficulties being encountered when synthesizing 

tertiary dithioesters and trithiocarbonates, while the synthesis of primary and secondary 

dithioesters is much easier. 

 

2.2.2.3 Multifunctional low MW RAFT agents 

 

The number of polymerization steps needed to create multiblock copolymers can be reduced 

even further, by connecting a number of symmetrical RAFT moieties to each other through 

the activating group Z. Two types of RAFT agents can be used here, see figure 2.6. RAFT 

agent 9 is a compound where multiple bifunctional RAFT agents are coupled together via a 

bifunctional Z group. RAFT agent 10 is a multifunctional trithiocarbonate, where the 

trithiocarbonate moieties are connected through leaving group A. Recently, the synthesis of 

sequence ordered polystyrene via compound 10 was reported16. However, the synthesis of 

these compounds is cumbersome, and only primary alkyl leaving groups have been used, 

leading to relatively high polydispersities of the resulting polymers. 

 

With these two types of multifunctional RAFT agents, only two radical polymerization steps 

are required to form a multiblock copolymer, the number of blocks depending on the number 

of RAFT groups incorporated into the multifunctional RAFT agent. 

 

2.2.2.4 Multifunctional macromolecular RAFT agents 

 

By using a macromolecule as activating group Z (or A in the case of trithiocarbonates), it is 

even possible to reduce the number of radical polymerization steps leading to multiblock 

copolymers to one, as now already one type of block is present in the RAFT agent. This is 

depicted in figure 2.7. 
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Fig. 2.6: Multiblock copolymer synthesis via a multifunctional RAFT agent. a) Multiblock copolymer 

synthesis starting from a symmetrical, multifunctional RAFT agent 9. b) Multiblock copolymer synthesis starting 

from a symmetrical multifunctional trithiocarbonate 10.  

 

In this work, bifunctional and multifunctional RAFT agents with a low molecular weight and a 

macromolecular activating group have been studied. As a macromolecular activating group, 

functionalized poly(ethylene-co-butylene) polymers (monofunctional Kraton L-1203 and 

bifunctional L-2203, nM  = 4000 g mol-1, PDI = 1.02*) are used, see figure 2.8. 

                                            
* determined by MALDI-TOF MS 
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Fig. 2.7: Multiblock copolymer synthesis via a multifunctional, macromolecular RAFT agent. a) A 

macromolecule is used as activating group Z. One radical polymerization step is needed to synthesize a multiblock 

copolymer from RAFT agent 11. b) A macromolecule plays the role of both activating group and leaving group in 

polytrithiocarbonate 12. Only one radical polymerization step is needed to synthesize a multiblock copolymer. 
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Fig. 2.8: monofunctional Kraton L-1203 (left) and bifunctional Kraton L-2203 (right). 

 

The selection of the RAFT moiety will be discussed in more detail in section 2.5. 
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2.3 The RAFT process and emulsion polymerization 

 

As was stated in the general introduction, it is a challenge to apply controlled radical 

polymerization in dispersed aqueous media. In the next section, a qualitative overview of 

emulsion polymerization is given, without completely repeating the classical descriptions of 

emulsion polymerization that are available in many textbooks61;62. Further on, the 

implementation of the RAFT process in emulsion polymerization will be discussed. 

 

2.3.1 Emulsion polymerization: a qualitative description 

 

Traditionally, emulsion polymerizations are considered to be a three-stage process63. This 

process is depicted in figure 2.9. A traditional emulsion as used in emulsion polymerization 

comprises a heterogeneous mixture of water, monomer(s), surfactant and a water-soluble 

free-radical initiator.  

 

The reaction starts in Interval I. The monomer is emulsified by fast agitation. A small 

amount of monomer is dissolved in the aqueous phase, but most of the monomer is present 

in the form of monomer droplets ( nD  > 1 µm), stabilized by surfactant. The remainder of 

the surfactant is dissolved in the aqueous phase at a concentration above the critical micelle 

concentration (CMC), so that a large number of micelles ( nD  ≈ 5 nm) is present. These 

micelles are also swollen with monomer. Hydrophilic radicals, generated from the 

dissociation of the water-soluble initiator, are formed in the aqueous phase. These radicals 

react with the monomer that is dissolved in the water phase to form oligomeric radicals. 

Provided that no termination takes place, monomer units are added to these oligomeric 

radicals until a critical chain length z is reached (2-5 monomer units for common monomers 

like styrene and methyl methacrylate in polymerizations using a persulfate initiator64), at 

which the oligomeric radical becomes surface-active and enters the monomer swollen 

micelles, thereby initiating particles. This process is called particle nucleation. Entry of these 

oligomeric radicals into the monomer droplets can be neglected, if the total surface area of 

the droplets is several orders of magnitude smaller than that of the micelles. The radicals  
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Interval I 

 

Interval II 

 

Interval III 

 

Fig. 2.9: Classical three-stage concept for the emulsion polymerization process63. Interval I is 

characterized by the presence of large monomer droplets, and small monomer swollen micelles. Radicals 

generated in the aqueous phase initiate the particles and continue polymerization, fed by monomer diffusing from 

the droplets to the particles. At the start of Interval II the particle formation stage is over and there are no more 

micelles present. Polymerization continues in the particles, fed by monomer diffusing from the droplets. Interval 

III starts when all monomer droplets have been depleted. The polymerization continues until all monomer that 

still remains in the particles has been consumed. During Interval III, the rate of the polymerization continuously 

decreases, provided that no gel effect65;66 takes place. 

 

that have entered the micelles to form particles continue to grow, thereby consuming 

monomer which is replenished by diffusion from the monomer droplets, through the aqueous 

phase, into the growing particle. Throughout Interval I, particle nucleation continues until all 

micelles have either been nucleated to form particles, or have been dissolved to stabilize the 

growing particle surface area. This increases the number of polymerization loci, and thus 

also the polymerization rate. 

 

Once the micelles have been depleted, Interval II starts. This point typically corresponds 

with a monomer conversion of 5-15%, depending on the recipe. Interval II is characterized 

by a constant number of particles in which polymerization takes place, and the presence of 

monomer droplets. As long as the monomer droplets are present, equilibrium swelling of the 

particles with monomer is maintained, as the monomer droplets are able to supply the 

particles with fresh monomer at roughly the same rate at which it is consumed by 

polymerization. The constant number of particles together with the relatively constant 
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monomer concentration inside them, cause the polymerization rate to be constant as well 

during this interval. 

 

Interval III starts when the monomer droplets are depleted, after which the remaining 

monomer in the particles is polymerized. This point corresponds to a monomer conversion of 

50-80%, depending on the recipe. Interval III is characterized by a continuously decreasing 

polymerization rate, as the monomer concentration in the particles also gradually decreases. 

However, this is not the case if the gel effect occurs65;66. 

 

A distinguishing feature of conventional emulsion polymerization is compartmentalization of 

the propagating radicals, which profoundly affects both the reaction kinetics, and the 

molecular weight. When polymerizations are conducted in dispersed aqueous systems in 

which the particle size is relatively large, such as suspension and dispersion polymerizations 

( nD = 20-1000 µm), the kinetics and molecular weight are very similar to bulk reactions. 

Essentially, the particles act as micro bulk reactors. However, when the particle size is lower 

than approximately 100nm, depending on the monomer(s), the particle volume becomes 

sufficiently small to change the kinetics. For these particles, the zero-one assumption is 

used, meaning that any polymer particle contains either none or one single growing radical, 

giving an average number of radicals per particle (n ) of 0.5. If a radical enters a particle 

that already contains a growing chain, instantaneous termination will take place due to the 

extremely high, local radical concentration, reducing the radical concentration again to zero. 

This system results in an on-off mechanism for any given polymer particle. Propagating 

radicals are thus isolated from each other, or compartmentalized, to such a degree that 

termination reactions between two growing chains become less likely. The overall effect of 

compartmentalization is an increase in reaction rate and a much higher average molecular 

weight as compared to bulk polymerization, because of the impact of reducing the effective 

termination rate67. 

 

During polymerization, small radicals can leave the particles, thereby lowering the number of 

radicals per particle and therefore also the reaction rate. The probability of exit of a small 

radical from the latex particle depends on its partitioning between the particles and the 

aqueous phase. Radicals formed by chain transfer to monomer can often leave the particle, 
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but the probability of exit rapidly decreases as monomer units are added to the monomeric 

radicals by propagation. 

 

It will be obvious that the large number of variables, conditions, concentrations and types of 

ingredients indicate that emulsion polymerization is a remarkably complex system based on a 

mechanism of interrelated kinetic and thermodynamic events. 

 

2.3.2 RAFT polymerization in emulsion 

 

It will be clear from the previous sections that from the outlook of controlled radical 

polymerization, an advantageous effect is to be expected from a compartmentalized system, 

such as an emulsion polymerization. The quality of all controlled radical processes is 

influenced by the contribution of bimolecular radical termination. In bulk and solution 

polymerizations, this problem is dealt with by keeping the initiator concentration very low, 

but this also implies low rates of polymerization. Emulsion polymerization, however, provides 

an ideal alternative to overcome this problem, as it implies high reaction rates with little 

termination, due to the compartmentalization of the radicals. 

 

One of the key factors for successful implementation of controlled radical polymerization in 

emulsion systems is to get the deactivator (i.e. the RAFT agent in this work) in the locus of 

polymerization, and to keep it there. Another important factor is the undisturbed occurrence 

of the nucleation stage, i.e. Interval I, when particles are generated. During Interval I, a 

relatively high radical flux is desired in order to create a large number of particles, as the 

existing particles compete for surfactant with the formation of new ones. This feature 

evidently conflicts with the prerequisite for controlled radical polymerization, which asks for a 

low radical concentration. A low radical flux during the nucleation stage, i.e. Interval I, 

however, is known to yield broad particle size distributions68. Furthermore, chain growth in 

the water phase should not be hampered extensively, as this will prevent the initiator derived 

oligomeric radicals to grow to the critical chain length that is required for entry of the 

micelles, and thus for starting the polymerization. 
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In spite of the advantages that are expected for RAFT-emulsion systems, the use of the 

RAFT process in dispersed media has not yet enjoyed the same successes as it did in 

solution and bulk polymerizations. Problems such as loss of molecular weight control, poor 

control over the polydispersity, coagulum formation and phase separation have been 

reported20;52;53;69. Additionally, a number of studies noted quite low polymerization rates69;70. 

At one point, these results have even led to the speculation that RAFT cannot be made to 

work in emulsion polymerization systems71. 

 

In order to explain these poor results, much attention has been given to the water-solubility 

of the RAFT agent. A general trend is observed in literature: all available data are consistent 

with the postulate that transport of the RAFT agent to the locus of the polymerization is, at 

present, a major difficulty in the RAFT-emulsion systems52. If the RAFT agent is moderately 

to well water soluble, a considerable amount of chain transfer will take place in the aqueous 

phase. Hence, it will take quite some time before the z-meric species, i.e. the oligomeric 

radicals that are sufficiently hydrophobic to enter a particle, will be formed. In such a case, 

the RAFT agent becomes an efficient inhibitor69. The use of highly water-insoluble RAFT 

agents without facilitating the RAFT agent transport through the water phase, has until now 

been unsuccessful69;70. Once a water-insoluble RAFT agent has been dissolved in the 

monomer, and is then added to the water phase, the resistance for transport of the RAFT 

agent from the droplets to the particles is large. Put simply, if the RAFT agent is not at the 

locus of polymerization, it cannot mediate the polymerization reaction, and thus molecular 

weight control will be poor72. The nature of the resistance against transport has not yet been 

clearly elucidated. Monteiro et al.70 estimated that the rate of transport for dithioesters 

should be quite fast (ca. 106 s-1). The work of Monteiro and coworkers indicates that 

transport is not the reason for the poor performance of the RAFT agent in emulsion. 

However, if one assumes that a significant amount of transfer takes place in the monomer 

droplets, the RAFT agent would predominantly exist as a dormant, polymeric species in the 

droplet. Such a species would have a significantly higher resistance against transport from 

the droplets to the particles, as a dormant, polymeric RAFT agent is even less soluble in the 

aqueous phase than the initial RAFT agent. However, although droplet polymerization always 

takes place to a very small extent in emulsion polymerization, it is usually negligible. If 

significant droplet nucleation would take place, the dormant polymeric species that would 
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form would be rather small, and would not form a hard particle as the monomer droplet is 

depleted. Instead, these species would readily coagulate, leading to the highly viscous, 

colored layer (the color stems from the RAFT moiety) that is reported in many papers. This 

effect has been observed at the Interval II to Interval III transition, i.e. the moment at 

which the monomer droplets disappear69;70. If the RAFT agent initially partitions with 

approximately equal concentration between the monomer droplets and particles, a significant 

amount of RAFT agent would be present in the monomer droplets. Because this RAFT agent 

is not at the locus of polymerization, any phase transfer event that would take place in the 

monomer droplets, would lead to phase separation and coagulation as described above. 

 

Another issue that has risen is the possible surface-activity of the RAFT agent20;52;53;69. If the 

RAFT agent used is surface-active, it may have sufficient water solubility to be transported 

from the droplets through the aqueous phase into the particles, but as the RAFT agent is not 

present in a significant concentration in the aqueous phase, it will not disturb the aqueous 

phase chemistry. Inhibition of the polymerization thus would not be observed. Even so, 

partitioning of the RAFT agent between droplets and particles may lead to poor molecular 

weight control53. Unfortunately, most RAFT agents that are believed to be surface-active are 

xanthates, which typically show poor polydispersities anyway12;53;56;73. 

 

Nevertheless, RAFT has been conducted successfully in emulsion, albeit mostly either by 

using seeded emulsion polymerization52;73, or by using RAFT agents with a low transfer 

constant (xanthates)53;56;73. Another important issue has risen here, namely that of long 

induction periods and rate retardation52;70;73. RAFT systems in heterogeneous media (both in 

conventional emulsion polymerization and in miniemulsion polymerization) typically show 

quite long induction periods, depending on the initiator concentration. Several mechanisms 

have been proposed for the retardation, but so far none of them seems to adequately 

explain the effect52. A distinction should be made between chemical and physical processes 

that may lead to retardation. 

 

The effect of the RAFT mechanism itself on the rate of polymerization is not particular to the 

RAFT-emulsion system: reduction of the polymerization rate has also been observed in 

solution and bulk polymerizations21;72;74;75. It has been suggested that long half-live times of 
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the intermediate bipolymeric radical species in the RAFT process (4 in figure 2.2 of this 

chapter) may lead to retardation21;75. This would, however, require half-lives of up to 30s, 

while the intermediate radical has been observed by ESR only in quite low concentration76. 

This mechanism then does not seem to adequately describe the processes involved. 

Monteiro et al. recently suggested a mechanism involving the termination of the intermediate 

radical species20. To this mechanism, Barner-Kowollik et al. have added reversibility of this 

type of termination75;77. However, no unambiguous experimental evidence for reversible 

termination has been offered yet. It should also be noted that (reversible) intermediate 

radical termination does not seem viable in emulsion polymerization, due to the 

compartmentalization of the radicals. However, Monteiro et al. noted that RAFT-emulsion 

systems may not exhibit zero-one kinetics70: an entering oligomeric radical may first transfer 

its activity to a long radical via the RAFT process. Probability of termination between two 

long radicals is much lower than short-long radical termination, and therefore termination 

may not be instantaneous61. A third chemical explanation for rate retardation involves the re-

initiation step by the leaving radical A•72. It has been suggested that the cumyl radical (one 

of the most common leaving groups used in RAFT polymerizations) may be quite poor in re-

initiating polymerization. However, previous radical addition studies contradict this 

conclusion78;79. 

 

Physical properties, such as a high rate of radical exit from the latex particles, may also be a 

cause of rate retardation in emulsion polymerization61. These effects are inherent in a 

heterogeneous polymerization environment. In the case of RAFT in emulsion systems, the 

first transfer reaction [step (a) in figure 2.2 of this chapter] produces a small radical that 

could leave the particle. However, it is worth noting that for a RAFT agent with a high 

transfer constant, this process can explain rate retardation or inhibition only in the first few 

percentages of conversion, as after that time all initial RAFT agent will be converted into a 

dormant, polymeric species. Recently, however, the probability of exit of a cumyl-based 

RAFT agent has been calculated, and was shown to be quite small52. Since exit can only 

explain rate retardation in the first few percentages of conversion, it may be that this 

process is insignificant for the overall polymerization rate. In the case of a RAFT agent with a 

low transfer constant (xanthates), the situation arises that the RAFT agent is consumed only 

slowly, and thus may produce small radicals that are capable of exiting the particle during 
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quite a long period of time. This would explain the decrease in polymerization rate, and the 

increase in the exit rate coefficient with RAFT agent concentration, as reported recently by 

Smulders et al.73 

 

In order to circumvent a number of these problems, alternative approaches for transport of 

the RAFT agent through the aqueous phase have been proposed. Addition of an organic co-

solvent such as acetone, has been shown to facilitate transport of hydrophobic species 

through the aqueous phase, and has been successfully applied to RAFT in seeded emulsion 

polymerizations52. This procedure, however, would not be commercially viable because it has 

a negative influence on the colloidal stability of the latex. 

 

Another approach comprises the use of an amphiphilic RAFT agent, which can mediate 

polymerization in both aqueous and organic phases51. This RAFT agent is first polymerized 

with a water-soluble monomer (acrylic acid) in the aqueous phase to a low degree of 

polymerization to form (AA)x-RAFT. These chains are then extended with a hydrophobic 

monomer (n-butyl acrylate) to give (AA)x-(n-BA)y-RAFT oligomers, which form rigid micelles. 

These then effectively form a RAFT-containing seed: with controlled feed conditions, no 

monomer droplets will be present. When y is sufficiently large, these oligomers will not 

desorb from these rigid micelles. Using this approach, all polymers will be formed under 

RAFT control. Moreover, this approach should produce a latex stabilized only by the 

anchored poly(acrylic acid) moieties, and thus contains no free surfactant. Although this 

approach looks very promising, stability problems arise when aiming for particles larger than 

40 nm. 

 

The third and most thoroughly studied alternative approach comprises the use of 

miniemulsion polymerization80. This is the method of choice in this work, and will be 

discussed in more detail in the next section. 
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2.4 The RAFT process and miniemulsion polymerization 

 

2.4.1 Miniemulsion polymerization: the concept 

 

Miniemulsion polymerization80 shares many similarities with emulsion polymerization, 

including compartmentalization. The “mini” prefix in this case refers to the monomer droplet 

size of the emulsion before polymerization, but the final product is a latex with a similar 

particle size as obtained in conventional emulsion polymerization. However, the particle 

nucleation mechanism is quite different. In miniemulsion polymerizations, a co-stabilizer 

(usually a highly water-insoluble hydrophobic compound such as a long chain alkane) is 

added to the monomer, and the initial pre-emulsion is subjected to very high shear, creating 

monomer droplets of 50-500nm. This can be achieved by probe-sonication or by high-

pressure homogenization of the pre-emulsion. During this preparation, a steady state droplet 

size is reached after a certain minimum energy input. The equilibrium droplet size heavily 

depends on the recipe used. When the energy input is stopped, the miniemulsion leaves its 

steady state situation and the droplets will slowly start growing as a result of insufficient 

thermodynamic and colloidal stability.  

 

In order to avoid secondary nucleation, once initiator is added, the surfactant concentration 

is carefully kept below the critical micelle concentration (CMC). However, this also means 

that after sonication or homogenization, the surface of the monomer droplets is not 

completely covered with surfactant, which may result in poor colloidal stability. It has been 

shown that the average droplet size of an unpolymerized miniemulsion gradually increases to 

a certain plateau value81. This plateau value corresponds to the point where the total 

interfacial area between the aqueous and organic phase has decreased to such a level that 

the available surfactant is capable of preventing coalescence. 

 

From a thermodynamical point of view, the use of only surfactant to stabilize the particles 

would not be sufficient due to Ostwald ripening. Ostwald ripening implies that larger droplets 

tend to grow at the expense of smaller ones by monomer diffusion82. To avoid Ostwald  
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Fig. 2.10: Schematic overview of a miniemulsion polymerization. Compared with figure 2.9, which 

represents a conventional emulsion polymerization, the starting situation of a miniemulsion polymerization is 

characterized by the absence of micelles and by the presence of monomer droplets that are all similar in size 

(typically 50-500nm). Radicals generated in the aqueous phase initiate the monomer droplets, converting them 

into polymerizing particles. Ideally, no monomer diffusion takes place between the particles. Polymerization 

continues inside these particles until all monomer inside is depleted. 

 

ripening, a costabilizer is added to the monomer phase, such as hexadecanol or 

hexadecane80. Also larger hydrophobic species such as polystyrene and poly(methyl 

methacrylate) have been successfully used to stabilize the monomer droplets83.  

 

As was mentioned earlier, the nucleation mechanism in miniemulsion polymerization is 

entirely different from that of a conventional emulsion polymerization: as the surfactant 

concentration is kept below the CMC, no secondary nucleation takes place. The hydrophilic 

initiator-derived radicals react, as in emulsion polymerization, with the monomer being 

dissolved in the aqueous phase, to form oligomeric radicals. Provided that no aqueous phase 

termination takes place, monomer units are added to these oligomeric radicals until a critical 

chain length z is reached, and these oligomeric radicals enter into the monomer droplets. 

Ideally, all monomer droplets become particles in which polymerization takes place, and no 

new particles are formed by homogeneous nucleation, although in reality some 

homogeneous nucleation can take place and not all droplets become particles84;85. 

 

A major advantage of miniemulsion polymerization is that, unlike conventional emulsion 

polymerization, it can be utilized to produce composite particles since additives, such as 

dyes, pigments, and other water-insoluble materials can be added to the monomer prior to 

dispersion. After homogenization of the pre-emulsion, these additives are evenly distributed 
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over the monomer droplets. The fact that surfactant concentration is kept below CMC to 

avoid secondary nucleation is of particular importance for the implementation of controlled 

radical polymerization in this process. This will be discussed in the next section. 

 

2.4.2 RAFT polymerization in miniemulsion 

 

It will be obvious from the previous section, that a miniemulsion environment should in 

principle provide the ideal conditions for living radical polymerization. Similar to conventional 

emulsion polymerization, irreversible radical-radical termination is suppressed through 

compartmentalization. However, the need for RAFT agent transport from the monomer 

droplets through the aqueous phase into the growing particles can be eliminated. In 

principle, each growing particle can be considered as a nanoscale bulk reactor. 

 

Although the implementation of the RAFT process in a miniemulsion environment seems 

straightforward, many problems that are reported in section 2.3.2 for the RAFT-emulsion 

system also occur in a RAFT-miniemulsion system. An important issue reported by Tsavalas 

et al. is the poor colloidal stability of the miniemulsion when using ionic surfactants54;86;87. A 

distinct difference between standard polymerizations and those that involve highly active 

RAFT agents, is the fact that in RAFT polymerization there is a time interval early in the 

reaction where oligomers dominate the molecular weight distribution. These oligomers are 

suspected to be the culprit behind the destabilization of the latex. In a following paper, Luo 

and Tsavalas discussed superswelling of the latex particles, caused by the presence of these 

oligomers, to be a possible cause for destabilization87. They also showed that when nonionic 

surfactants such as Igepal 890 and Brij 98 were used, there was no latex destabilization, and 

polymerization was better controlled.54 From an industrial point of view, however, the use of 

nonionic surfactants is undesirable, as due to their higher molecular weights a higher weight 

percentage with respect to the monomer (usually around 3%wt), is required. 

 

Tsavalas et al. also showed that with ionic surfactants, droplet nucleation was inefficient and 

polydispersity increased with conversion, although it is known that polydispersity in RAFT 

systems should decrease with conversion86. Moreover, the RAFT agent, a dithiobenzoate with 
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a high transfer constant, caused significant retardation of the rate of polymerization, and 

even near cessation of the polymerization at ~70% conversion. The observed retardation 

was attributed to two different effects. The first is the exit of small radicals from the particles 

and subsequent aqueous phase termination. This explanation, however, is considered to be 

of importance only for the very early stage of the reaction, as was explained in section 2.3.2, 

and does not explain the severe retardation noticed at higher conversions. The second 

explanation is the termination of the intermediate bipolymeric RAFT radical (4 in figure 2.2) 

by an entering oligomeric radical. This issue has been discussed in section 2.3.2, and no 

unambiguous experimental evidence for this process has been delivered yet. Butté et al.71 

combined experimental studies with mathematical modeling, and pointed out the importance 

of the partitioning properties of the RAFT leaving group in influencing the rate. 

Unfortunately, the authors did not present experimental details, so no further conclusions 

can be drawn from their paper. 

 

In order to reduce the retardation, Lansalot et al.88 studied the influence of the chemical 

structure of the RAFT agent on the retardation of a RAFT miniemulsion polymerization. Most 

of the reports on the application of RAFT in miniemulsion solely use the dithiobenzoate 

moiety as the basic structure for the RAFT agent, while using various leaving groups54;71;86. 

This RAFT agent, however, is known to retard polymerization in bulk polymerizations as well. 

Lansalot and coworkers compared the RAFT agent cumyl dithiobenzoate (CDB) and  

1-phenylethyl dithiobenzoate (PEDB) with 1-phenylethyl phenyldithioacetate (PEPDTA), 

which is known from bulk experiments to be a more efficient reversible radical sink. It was 

found that miniemulsions mediated by PEPDTA proceeded at a considerably higher rate than 

those mediated by CDB or PEDB. However, still a significant decrease in polymerization rate 

was observed, compared to a conventional uncontrolled miniemulsion polymerization. 

 

Very recently, Vosloo and Tonge27;89 reported a RAFT miniemulsion polymerization stabilized 

with anionic surfactants, without phase separation taking place. Their study involved a novel 

approach, where dithiobenzoate end-capped oligomers were synthesized in bulk, followed by 

emulsification of these oligomers to yield a polymerizable water-borne dispersion. However, 

fairly large amounts of surfactant were needed to stabilize the latex, and latex particle sizes 
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were rather large (600-700nm) due to the inefficient shearing method used. Nevertheless, it 

was demonstrated that this concept is promising. 

 

From the previous discussion, it may be concluded that the application of the RAFT process 

in miniemulsion polymerization is by far not as straightforward as was assumed beforehand, 

and that there still is a quite limited understanding of the RAFT process in a 

compartmentalized system. However, this does not prevent the RAFT process from being 

used, in aqueous dispersions, for the synthesis of block copolymers and other complex 

architectures56;90;91. This is also where the focus of this thesis will lie, rather than on looking 

for explanations for the above described problems. 

 

 

2.5 Selection of the RAFT moiety for this work 

 

2.5.1 RAFT criteria 

 

The RAFT agent of choice for this work must obey three major criteria. The RAFT agent of 

choice must have a high transfer constant. The synthetic route towards the RAFT agent must 

allow the incorporation of a macromolecule in high yield. Finally, the synthetic route must 

allow the synthesis of a multifunctional (macromolecular) RAFT agent. These criteria will be 

discussed in detail below. 

 

A high transfer activity 

 

A high transfer activity implies that block copolymerization with high block purity is possible. 

It will be clear from the discussion in the previous sections that not all RAFT agents have the 

same efficiency in controlling polymerization, and also that the RAFT agent must be able to 

control polymerization in aqueous dispersions. It will be evident that xanthates are not 

suitable for this work, as these compounds do not exhibit good control over macromolecular 
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architecture. Although xanthates can be used for block copolymerization, these compounds 

yield polymers with high polydispersities due to their low transfer constants.  

 

Although dithioesters have a very high transfer constant, they will not be used for this work 

either. Dithiobenzoates, which are the most studied dithioesters, are known to severely 

retard the polymerization of acrylates in solution and emulsion, as was discussed in section 

2.3.220-24. This problem prevents them from being used successfully in block 

copolymerization, as here the problem of block purity arises. It is known that rate retardation 

can be so severe that polymerization altogether ceases at low to moderate monomer 

conversions, when mediated with dithiobenzoates. This implies that not all monomer has 

been consumed, and that upon addition of a second type of monomer, there is actually a 

mixture of two monomers present, and copolymerization will take place. Thus, the second 

block will be very impure. This is not a problem when the block copolymerization is carried 

out in solution, as after the first block has been synthesized, the resulting polymeric RAFT 

agent can be purified by precipitation, and redissolved in another type of monomer. 

However, if the block copolymerization is to be performed in emulsion, intermediate 

purification is not possible, as the latex would be destroyed.  

 

Although the problem of retardation can be partially solved by employing dithioacetates, 

these RAFT agents, like dithiobenzoates, have an intense pink color and a very offensive 

smell. Block copolymers synthesized with these RAFT agents, thus will also suffer from these 

problems, which is not interesting from an application point of view. 

 

Dithiocarbamates, provided that they carry an electron-withdrawing substituent17;18;32;92, and 

trithiocarbonates14;16;25-27 are known to be very efficient RAFT agents, which do not suffer 

from the problem of rate retardation. 

 

Incorporation of a macromolecule 

 

A synthetic route towards the RAFT agent of choice must allow the incorporation of a 

macromolecule in the RAFT agent. An important difference between organic chemistry on 

macromolecules and organic chemistry on low molecular weight compounds, is the issue of 
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product purification. In the case of a multistep synthesis involving low molecular weight 

compounds, numerous techniques are available to purify the reaction intermediates. 

However, when dealing with organic chemistry on macromolecules, usually only the end-

groups of the macromolecules are altered. As the major part of the macromolecule remains 

unchanged, so will the physical properties on which the separation is based. If the 

macromolecule is involved in a multistep synthesis, then after each reaction step there will 

remain a substantial amount of unmodified starting reagent (i.e. starting macromolecule), 

with more or less the same physical properties as the desired product, and thus nearly 

inseparable from the desired compound. Purification of the reaction intermediates here is 

extremely difficult, if not impossible, and the overall yield of the desired compound will be 

extremely low.  

 

When incorporating a macromolecule into a RAFT agent, the problem of difficult purification 

and low yields can be avoided if the synthetic route towards the RAFT agent is designed in 

such a way, that the macromolecule is added to the RAFT moiety only during the last 

synthesis step, and with a high yield. 

 

In literature, two major synthetic routes are available for RAFT agent synthesis2;93;94, see 

figure 2.11. In both routes, first a dithiocarboxylate salt is generated by addition of the 

appropriate nucleophile to carbon disulfide. In route 12, this dithiocarboxylate salt is added 

to a tertiary alkyl halide or to an α-methyl olefin to form a RAFT agent. In both cases, this 

addition reaction is known to suffer from low yields and long reaction times. In route 293;94, 

the dithiocarboxylate salt is oxidatively coupled to form a bis(thioacyl)disulfide. This 

compound is then reacted with an azo-initiator and forms a RAFT agent via a radical 

pathway. The yields obtained with this procedure are moderate to good. 

 

There are several possibilities here to incorporate a macromolecule into the RAFT agent. If 

the macromolecule is incorporated into the Z group of the RAFT agent, this must be done 

during the first reaction step, i.e. during the generation of the dithiocarboxylate salt. 

Depending on which route is chosen, two or three reaction steps must be carried out with 

this macromolecule, and thus the issues of difficult purification and low yields rise. This 

obviously is not the preferred route.  
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Fig. 2.11: Classical RAFT agent synthesis. In route 1, a dithiocarboxylate salt is added to a tertiary halide or 

an α-methyl olefin to form a RAFT agent in low to moderate yields. Following route 2, the RAFT agent is 

generated in moderate to good yields via an intermediate bis(thioacyl)disulfide, which is reacted with an azo-

initiator via a radical pathway. 

 

The macromolecule can also be incorporated into the A group of the RAFT agent. In this 

case, the macromolecule would be added during the last reaction step, but employing route 

1 only low to moderate yields can be attained. Route 2 requires the use of a 

macromolecular azo-initiator, which is expected to be very inefficient. The higher viscosity of 

the reaction medium will cause a large number of the generated radicals to undergo cage 

recombination95, instead of reaction with the bis(thioacyl)disulfide. It will be obvious that for 

the incorporation of the macromolecule into the A group, both routes will suffer from low 

yields, and difficult purification. Incorporation of the macromolecule into the A group thus is 

also not the route to take. 

 

A third option could be to first synthesize an acid or acid chloride functionalized RAFT agent, 

and then react this compound with the macromolecule. This is depicted in figure 2.12. An 

acid or acid chloride functionalized RAFT agent can be synthesized via route 2, employing 

an acid or acid chloride functionalized azo-initiator. Some work on this subject has been 

done in our laboratory by de Brouwer et al.55 They found that a hydroxyfunctional polyolefin 

could be attached to an acid functionalized RAFT agent in reasonable yields. These coupling 
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Fig. 2.12: Macro-RAFT agent synthesis from acidic dithioesters 

 

reactions, catalyzed by dicyclohexyl carbodiimide, typically exhibit moderate to good yields, 

but during the coupling reaction, the dithioester functionality can be destroyed. 

 

Synthesis of a multifunctional RAFT agent 

 

A synthetic route towards the RAFT agent of choice to be developed, must allow the 

synthesis of a linear, symmetrical multifunctional RAFT agent, preferably via the stepgrowth 

polymerization principle. This last criterion implies that the synthetic route must be 

convergent towards two bifunctional starting compounds for the polycondensation step: one 

containing the RAFT moiety together with end functionalities such as an acid or acid chloride 

group, and the other containing a functional group that can be connected to this acid or acid 

chloride group. Another possibility is based on two bifunctional precursors, which upon 

condensation form the RAFT moiety. This last approach avoids the cumbersome three-step 

reaction towards most RAFT agents and can possibly reduce the total number of synthetic 

steps needed, provided that the number of synthetic steps towards these two precursors can 

be limited to one or two. 

 

Via route 1, see figure 2.11, linear multifunctional RAFT agents can be synthesized 

employing a bifunctional dithiocarboxylate salt and a bifunctional tertiary halide or α-methyl 

olefin, see figure 2.13. Here Z can be either a low or high molecular weight spacer. However, 

for both these Z groups, this route is not expected to be successful. It was discussed before 

in this section that the reaction of a dithiocarboxylate salt with a tertiary halide suffers from 
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Fig. 2.13: Synthesis of a linear multifunctional RAFT agent. 

 

low yields, as will be the case here as well. Recently this procedure has been successfully 

employed in the synthesis of a linear multifunctional trithiocarbonate16. However, it should 

be noted that here a bifunctional primary alkyl A group was used, although such a RAFT 

agent is expected to exhibit less good control over polymerization. 

 

It will be readily clear that route 2, which also was introduced in section 2.5.1.2, cannot be 

employed here, as it would require the use of an azo-initiator that generates radicals with 

two radical sites per molecule. These compounds however do not exist. 

 

2.5.2 Selection of the RAFT moiety 

 

The discussion in the previous sections allows the conclusion that only dithiocarbamates and 

trithiocarbonates obey the first criterion. It was made clear that none of the proposed 

synthetic routes towards RAFT agents is very suitable to fulfill our purposes, neither for the 

multifunctional RAFT agents nor for the RAFT agents containing a preformed block. 

However, in the known spectrum of the various RAFT moieties, one dithiocarbamate 

compound, reported by Destarac and Zard18;32 attracted our attention: S-malonyl-N,N-

methoxycarbonylcyclohexyldithiocarbamate, see figure 2.14. 

 

Destarac et al.18 showed that this compound controls the polymerization of various 

monomers, like styrene, ethyl acrylate and vinyl acetate in solution and bulk without 

retardation. It was further demonstrated that this compound is highly reactive. Moreover, 
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Fig. 2.14: S-malonyl-N,N-methoxycarbonylcyclohexyldithiocarbamate 

 

this compound does not suffer from the disadvantages of the aforementioned RAFT agents: 

S-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates are only slightly yellow and have a faint, 

sweet smell.  

 

Zard32 reported the synthesis of S-malonyl-N,N-methoxycarbonylcyclohexyldithiocarbamate 

via route 1, which does not enable the synthesis of macromolecular or multifunctional RAFT 

agents in high yields. However, a literature study on the synthesis of analogous compounds, 

which will be presented in the next Chapter, revealed that an alternative synthetic route 

towards S-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates is available. In this route, the 

activating group Z of the RAFT agent can be either a macromolecule or a low molecular 

weight activating group. The functionalized macromolecule, incorporated in the Z group, is 

reacted with an S-alkyl-N-alkyldithiocarbamate to form the RAFT agent in high yield during 

the final reaction step. Moreover, the synthetic route easily allows for the synthesis of a 

linear, multifunctional, possibly macromolecular blocks containing RAFT agent, and is thus 

very versatile. We have altered this synthetic route to enable the use of a tertiary leaving 

group A in the RAFT agent. We opted for the 1,4-phenylenebis(propane-2,2-diyl) (biscumyl) 

leaving group, contrary to the malonyl leaving group employed by Destarac18. The reason for 

this is that the cumyl leaving group has proved its value in the past in mediating controlled 

radical polymerization1;21;75;76;96. In addition to that, from a synthetical point of view, a 

biscumyl leaving group is easier to incorporate into a linear, symmetrical (macromolecular) 

multifunctional RAFT agent than a malonyl derivative. 
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Fig. 2.15 Bi- and multifunctional S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates studied in 

this work. RAFT agents 11, with varying length of the Z group are used to study the viability of the S-tert-alkyl-

N,N-alkoxycarbonylalkyldithiocarbamate moiety to control polymerization of various acrylates in solution and 

emulsion. RAFT agents 12, either with a low molecular weight or a macromolecular Z group are studied on their 

ability to synthesize multiblock copolymers. 

 

For all the aforementioned reasons, S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates 

were the RAFT agents of choice for this work. The novel synthetic route towards these 

compounds will be discussed in Chapter three. The general structures of the RAFT agents 

that are employed in this work are depicted in figure 2.15. Bifunctional RAFT agent 11 will 

be used to study the viability of the S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamate 

moiety to control polymerization of various acrylates in solution and in emulsion. For this, the 

influence of the chain length of the RAFT agent (the Z group) is of importance, and so 

bifunctional RAFT agents with varying chain length of the Z group must be synthesized. 

 

RAFT agent 12 has multiple RAFT moieties connected linearly, which should enable the 

synthesis of multiblock copolymers in one (if Z is a macromolecule) or two (if Z is a short 

spacer) radical polymerization steps. 
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2.6 Concluding remarks 

 

It will be clear from the previous discussions that, although from the outlook of RAFT 

polymerization an advantageous effect is to be expected from a compartmentalized system 

such as an emulsion polymerization, many unexpected problems have been met when the 

RAFT process was applied in heterogeneous media. The main problems that have been 

reported are insufficient RAFT agent transport, colloidal instability of the latex, coagulum 

formation, large inhibition times and polymerization rate retardation. Also in miniemulsion 

systems, which in theory should be the ideal environment for a RAFT polymerization, similar 

problems are met. In spite of these problems, the RAFT process is well capable of 

synthesizing block copolymers in an aqueous dispersion, provided that the right chemical 

structure is chosen. 

 

In the work described in this thesis, the S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamate 

RAFT moiety will be employed. It is an extremely versatile RAFT moiety, capable of 

controlling the polymerization of a wide range of monomers without retardation problems. 

Moreover, it does not display the explicit pink color and the odor that are met with other 

RAFT agents. S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates are only slightly yellow 

and have no odor. Due to the use of bifunctional and multifunctional S-tert-alkyl-N,N-

alkoxycarbonylalkyldithiocarbamates, as was shown in section 2.5.2, these RAFT agents are 

expected not to suffer from typical problems of the RAFT-miniemulsion system, such as exit 

of small radicals from the latex particles. 

 

From a synthetical point of view, S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates are 

the most suited RAFT agents to reach our purposes. A novel, extremely versatile synthetic 

route towards these compounds has been developed, that allows the synthesis of 

bifunctional and multifunctional (macromolecular) RAFT agents in high yield and purity. 
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Chapter three 

RAFT agent synthesis 

 

 

Synthesis of bi- and multifunctional low and high molecular 

weight S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamates 

 

 

 

Abstract 

 

A novel, versatile two-step synthetic route towards S-tert-alkyl-N,N-alkoxycarbonyl-

methyldithiocarbamates, based on a procedure reported by Allainmat1 has been 

successfully developed. In this method, a bifunctional S-tert-alkyl-N-methyl-

dithiocarbamate is reacted at low temperature with mono- and bifunctional alkyl 

chloroformates to form various bi- and multifunctional S-tert-alkyl-N,N-alkoxycarbonyl-

methyldithiocarbamate RAFT agents. An alternative and novel synthetic route towards 

this bifunctional S-tert-alkyl-N-methyldithiocarbamate, S-(1,4-phenylenebis(propane-2,2-

diyl)) bis(N-methyldithiocarbamate), is introduced as well. With this versatile method, 

both low molecular weight and macromolecular bifunctional and multifunctional RAFT 

agents have been synthesized successfully. 
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3.1 Introduction 

 

In Chapter two, the RAFT process has been introduced, as well as the various moieties that 

promote controlled radical polymerization. It was stated that in this work, the S-tert-alkyl-

N,N-alkoxycarbonylalkyldithiocarbamate RAFT moiety will be used, and that a bifunctional 

leaving group, namely the 1,4-phenylenebis(propane-2,2-diyl) or the biscumyl group will be 

used. The alkyl substituent on the nitrogen atom will be a methyl group in this work. The 

general structures of the RAFT agents that are employed in this work were introduced in 

Chapter two, and are depicted again in figure 3.1. 

 

As was discussed in Chapter two, S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates are 

not commercially available, and thus must be synthesized. In this Chapter, a literature 

overview of the various synthetic approaches towards S-alkyl-N,N-alkoxycarbonylalkyl-

dithiocarbamates is presented, and one of these approaches is selected and modified for this 

work. S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates and the novel synthetic route 

towards these compounds obey the three criteria that were mentioned in Chapter two, and 

have the following advantages: 

 

• S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates have a high transfer activity, 

and the new synthetic route allows the use of a tertiary leaving group, which exhibits 

better control over a RAFT polymerization than primary and secondary leaving 

groups. 

 

• The new synthetic route allows the incorporation of a macromolecule into the RAFT 

agent during the last synthesis step. 

 

• The new synthetic route allows the synthesis of a linear, multifunctional RAFT agent. 

 

• S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates do not display the evil color or 

smell that is seen with dithioesters, trithiocarbonates and xanthates: these 

compounds are slightly yellow and have a faint, sweet odor. 
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Fig. 3.1: Bi- (11) and multifunctional (12) S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamates. 

 

 

3.2 Synthesis of S-tert-alkyl-N,N-alkoxycarbonyl-

alkyldithiocarbamates 

 

3.2.1 Literature overview 

 

In section 2.5 of Chapter two, the general synthetic routes towards RAFT agents have been 

discussed, and were considered to be not suitable for our purposes. However, in literature 

some alternative routes towards S-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates have been 

reported, which will be discussed here. Generally, S-alkyl-N,N-alkoxycarbonylalkyl-

dithiocarbamates are used as intermediates in peptide synthesis and for the regioselective 

alkoxycarbonylation of amino alcohols and polyols1-3. Although few publications are available 

on the synthesis of S-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates, four synthetic routes 

towards these compounds can be found in literature. 
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Fig. 3.2: Tautomers formed in the reaction of an alkyl chloroformate with an S-alkyl-N-alkyldithiocarbamate. 

 

The first procedure was reported in 1971 by Clarke et al.4. These authors reacted an S-alkyl-

N-alkyldithiocarbamate sodium salt with an alkyl chloroformate to form an S-alkyl-N,N-

alkoxycarbonyldithiocarbamate. Later, Nagao and Fujita reported the use of S-alkyl-N-

alkyldithiocarbamate thallium salts5;6. However, both procedures suffered from the formation 

of side products and low yields. 

 

A second synthetic route was proposed in 1981 by Chung-Hsi et al.2, and is a modification of 

the first procedure. Here, the reaction between an S-alkyl-N-alkyldithiocarbamate and an 

alkyl chloroformate to form an S-alkyl-N,N-alkoxycarbonylalkyldithiocarbamate was reported. 

This approach was further studied by Hanefeld et al.7, Romani et al.3 and Allainmat et al.1. 

Allainmat et al.1 reported an important feature of this reaction, which is depicted in figure 

3.2: the formation of a mixture of two tautomeric compounds 13 and 14 when performing 

this reaction at room temperature. However, when a lower reaction temperature was 

employed, only compound 13 was formed. This feature was attributed to the fact that at 

room temperature, the reaction was kinetically controlled and the sulfur atom, which is a 

better nucleophile than the nitrogen atom, reacted faster with the alkyl chloroformate to 

form thiocarbonate 14. When a lower reaction temperature was employed, the reaction was 

thermodynamically controlled, and the compound with the most stable bond was formed, 

which is the carbon-nitrogen bond in S-alkyl-N,N-alkoxycarbonylalkyldithiocarbamate 13. 

Allainmat et al.1 also showed that S-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates are stable 

compounds, and can be stored for a long period of time at room temperature. 
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A third synthetic procedure was reported in 1994 by Fukuda et al.8 Here, an O-alkyl-N-

alkylcarbamate salt is added to carbon disulfide to form an N,N-alkoxycarbonylalkyldithio-

carbamate salt. This salt is then reacted with an alkyl halide to form the desired compound. 

This is the very route that was discussed in the previous Chapter as route 1 (fig. 2.11 of 

Chapter two) of the two major routes nowadays employed in the synthesis of RAFT agents. 

 

The last, but less important synthetic route was reported in 1996 by Hanefeld et al.9. Various 

S-alkyl-N-alkyldithiocarbamates were reacted with di(t-butyl) carbonate, to form S-alkyl-N,N-

alkoxycarbonylalkyldithiocarbamates in excellent yields. This route, however, is not 

interesting for this work, as it does not allow the synthesis of multifunctional RAFT agents. 

 

3.2.2 Allainmat’s route revisited 

 

Of the four routes summarized in section 3.2.1, the route proposed by Allainmat et al.1 

would be the most appropriate route for this work. The route is depicted in figure 3.3, 

applied to the synthesis of the RAFT agents that will be used in this work.  

 

This route allows the incorporation of a macromolecule into the RAFT agent during the last 

reaction step in high yield, which is the second criterion the RAFT agent for this work must 

obey (see section 2.5 of Chapter two). Indeed, by simple organic synthesis a macromolecule 

can be incorporated as the Z group in chloroformate 16. This route also allows the synthesis 

of a linear multifunctional RAFT agent via the polycondensation of bifunctional 

dithiocarbamate 15 with bifunctional chloroformate 17. Employing this route, the synthesis 

of a macromolecular or a multifunctional RAFT agent can be performed in a maximum of 

three convergent reaction steps: the synthesis of bifunctional dithiocarbamate 15, the 

synthesis of chloroformates 16 and 17 (if not commercially available), and the 

(poly)condensation reaction of dithiocarbamate 15 with chloroformates 16 or 17. 

 

Unfortunately, Allainmat et al.1 did not report the synthesis of S-tert-alkyl-N,N-

alkoxycarbonylalkyldithiocarbamates, which are required to achieve good control over the  
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Fig. 3.3: Allainmat’s synthetic route applied to the RAFT agents that will be studied in this work. 

Bifunctional dithiocarbamate 15 is reacted with monofunctional chloroformate 16 to form bifunctional RAFT 

agent 11. By employing a macromolecular Z group (Z is a preformed block) in chloroformate 16, a 

macromolecular RAFT agent 11 can be synthesized. By using a bifunctional chloroformate 17, a 

polycondensation reaction of this compound with bifunctional dithiocarbamate 15 allows the synthesis of 

multifunctional RAFT agent 12. The use of a macromolecular bifunctional chloroformate 17 (Z is a preformed 

block) allows the synthesis of multifunctional RAFT agent 12 containing preformed blocks. 

 

macromolecular architecture in RAFT polymerization. For the synthesis of bi- and 

multifunctional S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates according to Allainmat’s 

procedure, bifunctional dithiocarbamate 15, as well as various mono- and bifunctional alkyl 

chloroformates are required, as can readily be seen from figure 3.3. 

 

In section 3.3, the synthesis of compound 15 (figure 3.3), of which the chemical name is S-

(1,4-phenylenebis(propane-2,2-diyl)) bis(N-methyldithiocarbamate), is described in detail. 

Not all chloroformates required for this work are commercially available, and thus in section 

3.4 the synthesis of mono- and bifunctional chloroformates 16 and 17 is discussed. In 

section 3.5, the synthesis route proposed by Allainmat et al.1 is applied to the synthesis of S-

tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamates and an overview of the RAFT agents that 

have been synthesized in this work is given. 
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3.3 Synthesis of S-(1,4-phenylenebis(propane-2,2-diyl)) 

bis(N-methyldithiocarbamate) 

 

3.3.1 Dithiocarbamate synthesis : a literature overview 

 

The first reports on the synthesis of S-alkyl-N-alkyldithiocarbamates were published in 1902 

by Von Braun10 and Delepine11. Since then, many reports have appeared on the synthesis of 

primary and secondary S-alkyl-N-alkyldithiocarbamates. Three major synthetic pathways 

towards these compounds have been proposed. Very few reports, however, are available on 

the synthesis of tertiary S-alkyl-N-alkyldithiocarbamates via these procedures. 

 

The first route comprises the addition of a primary or secondary amine to carbon disulfide, 

and reaction of the formed dithiocarbamate salt with primary halides, as proposed by Von 

Braun and Delepine10;11. In 1989, Amosova et al.12 studied the viability of this method 

towards the synthesis of S-tert-alkyl-N-alkyldithiocarbamates, by adding dithiocarbamate 

salts to tertiary halides. This resulted in extremely low yields, which was attributed to steric 

hindrance for the approach of the dithiocarbamate salt to the tertiary halide. 

 

In the second route, first reported by Ferris et al.13 in 1963, thiols are reacted with alkyl 

isothiocyanates, to form S-alkyl-N-alkyldithiocarbamates. This method, however, required 

impractically long reaction times, resulting in low to moderate yields. In 1994, this procedure 

was improved by Monde et al.14, and in 1997 by Kutschy et al.15;16. Sodium methanethiolate 

salts, which are better nucleophiles than their protonated counterparts, were reacted with 

various isothiocyanates, resulting in excellent yields while short reaction times were 

employed. To the best of our knowledge, however, no reports are available on the reaction 

of tertiary thiolate salts with isothiocyanates. 

 

The third route was reported in 1999, when Zard17 and Rizzardo18 and coworkers 

simultaneously published a new, free radical synthetic pathway towards various tertiary S-

alkyl dithiocarbonates, among which a tertiary S-alkyl-N-alkyldithiocarbamate. This synthetic 
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pathway has been discussed in section 2.5 of Chapter two as route 2, and was shown to be 

unsuited for this work. 

 

Of these three methods, only the route proposed by Monde et al.14 could be used to 

synthesize tertiary S-alkyl-N-alkyldithiocarbamates, provided that the appropriate tertiary 

thiol either can be synthesized or is commercially available. As the latter is not the case, a 

short literature overview on thiol synthesis is presented, after which the synthesis of S-(1,4-

phenylenebis(propane-2,2-diyl)) bis(N-methyldithiocarbamate) will be discussed in detail. 

 

3.3.2 Thiol synthesis: a literature overview 

 

Numerous publications on the synthesis of thiols are available in literature. These 

publications report three major synthetic approaches towards aliphatic thiols. However, most 

of these procedures fail for the synthesis of tertiary thiols. 

 

In a first approach, an alkyl halide is reacted with sodium thiolate to form a thiol19. This 

procedure suffers from some serious drawbacks, such as low yields and olefin formation, 

when applied to tertiary halides. The low yields are due to steric hindrance for the approach 

of the thiolate anion to the halide. Olefin formation can be attributed to the fact that the 

reaction proceeds via an SN1 mechanism and thus an intermediate tertiary alkyl cation is 

formed, which can readily loose a proton to form an olefin20. 

 

In a second procedure, reported by Nishio in 1993, an alcohol is reacted with Lawesson’s 

reagent21. This procedure gives excellent yields in the case of primary and secondary 

alcohols, but in the case of tertiary alcohols, low yields were obtained due to the occurrence 

of dehydration of the alcohol to form an olefin. 

 

In 1946, Frank and coworkers22 reported the synthesis of primary and secondary thiols via 

an isothiouronium salt. The preparation of isothiouronium salts by the direct action of 

thiourea and halogen acids on alcohols was first reported by Stevens23 in 1902, and has 

been further developed by Johnson and Sprague24;25. This method is described in Vogel’s 
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Textbook of Practical Organic Chemistry19 as the standard synthetic route towards thiols. The 

procedure developed by Frank et al.22 comprises two steps: the reaction of an alkyl halide 

with thiourea in water at reflux temperature for two hours, and hydrolysis of the formed 

dithiouronium salt with aqueous base at reflux temperature for two to four hours. However, 

this procedure fails for the synthesis of tertiary thiols: large amounts of olefin and hydrogen 

sulfide are formed. Just like the reaction of sodium thiolates with tertiary alkyl halides 

mentioned above, the synthesis of a tertiary dithiouronium salt also proceeds via an SN1 

mechanism, and an intermediate tertiary alkyl cation ion is formed, which can either react 

with thiourea to form the dithiouronium salt, or loose a proton, to form an olefin20. This 

mechanism will account for copious olefin evolution if prolonged reaction periods are 

employed. The same author also reported that, if tertiary dithiouronium salts are kept at 

elevated temperature for longer periods in solution (like e.g. during the hydrolysis to the 

thiol), they will undergo SN1-solvolysis whereby again a tertiary carbonium ion is formed 

which can decompose into an olefin. Finally, tertiary thiols themselves are very unstable at 

elevated temperatures, and will rapidly decompose into an olefin and hydrogen sulfide. To 

avoid these problems, Lee et al.20 successfully altered the common synthesis route, making 

the process suitable for the synthesis of tertiary thiols. Shorter reaction times and lower 

temperatures were employed, and the synthesis was started from a tertiary alkyl alcohol, 

rather than from a tertiary alkyl halide. 

 

3.3.3 Monde’s route revisited 

 

As was stated in section 3.3.1, the synthetic approach towards S-alkyl-N-

alkyldithiocarbamates reported by Monde14 has been adopted here. This method implies the 

addition of a tertiary thiolate salt to an alkyl isothiocyanate, forming an S-tert-alkyl-N-

alkyldithiocarbamate. Concerning the synthesis of this tertiary thiolate salt, we have modified 

the procedure reported by Lee et al.20, as this procedure was shown to be very successful in 

the synthesis of tertiary thiols (see section 3.3.2). The reaction scheme is depicted in figure 

3.4. 
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Fig. 3.4: Novel synthetic route towards S-tert-alkyl-N-alkyldithiocarbamates. In a first reaction step, 

thiourea and diol 18 are reacted with hydrobromic acid, to form dithiouronium salt 19. In a second reaction step, 

this salt is hydrolyzed with aqueous sodium hydroxide to dithiolate salt 20, and N-methyl isothiocyanate is added 

to the reaction mixture, after which dithiocarbamate 15 readily precipitates out of the solution. 

 

In a first reaction step, diol 18, thiourea and hydrobromic acid were reacted according to the 

procedure reported by Lee et al.20, to form bifunctional dithiouronium salt 19. The method 

reported by Lee20 then implies the hydrolysis of bifunctional dithiouronium salt 19 to the 

dithiol with two equivalents of aqueous sodium hydroxide.  

 

As was mentioned in the literature overview, the route proposed by Monde et al.14 implies 

the addition of a sodium thiolate salt to an alkyl isothiocyanate. The tertiary dithiol, formed 

via Lee’s procedure20, thus should be hydrolyzed to dithiolate salt 20 in a separate reaction 
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step. We found that it was also possible to hydrolyze dithiouronium salt 19 directly to 

dithiolate anion 20, using six equivalents of aqueous sodium hydroxide. Moreover, a 

methanolic solution of methyl isothiocyanate could be added to the dithiolate anion 20 

solution without isolating the dithiolate sodium salt first. After addition of methyl 

isothiocyanate to the reaction mixture, dithiocarbamate 15 readily precipitated out of the 

solution and could be collected easily by filtration. After recrystallization, the product was 

pure and compound 15 was obtained in an overall yield of 60%. With this approach, we thus 

succeeded in reducing the number of reaction steps required for this synthesis from three to 

two. 

 

 

3.4 Chloroformate synthesis 

 

The low molecular weight alkyl chloroformates and some bifunctional alkyl chloroformates 

that are used in this work are commercially available. However, in view of our purpose to 

synthesize macromolecular RAFT agents, a synthetic route towards polymeric chloroformates 

must be found. Therefore first a short literature overview on the synthesis of chloroformates 

is presented, after which one synthetic route is selected and discussed in more detail. 

 

3.4.1 Literature overview 

 

In the past, numerous examples of conversions of alcohols into chloroformates have been 

reported26;27. Until some fifteen years ago, virtually all of these reactions were carried out by 

treating the alcohol with gaseous phosgene. The major advantage of using phosgene is that 

yields are obtained that are close to hundred percent without any side reactions taking place, 

due to the extremely high reactivity of phosgene. However, due to the extreme toxicity and 

the fact that phosgene used to be stored in stainless steel cylinders this procedure was 

relatively dangerous. The main danger using gaseous phosgene is that there is direct contact 

between the phosgene molecule and moisture in the air, resulting in hydrolysis of phosgene 

into carbon dioxide and gaseous hydrogen chloride, which is very corrosive and can be 
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lethal. Therefore, two alternative and safer methods for the synthesis of chloroformates have 

been proposed.  

 

In 1987, Eckert et al. proposed the use of triphosgene to convert alcohols into 

chloroformates26. The use of triphosgene was reported as an improvement of the, at that 

time, very successful procedure that employed diphosgene as an alternative for 

phosgene28;29. However, diphosgene was still considered dangerous to store and transport, 

since it is a liquid. Triphosgene is a crystalline, thermally stable and commercially available 

solid that can be stored and transported safely. Eckert and coworkers26 studied its reactivity 

towards alcohols, amines, aldehydes and carboxylic acids. Since then, this method has been 

applied successfully in the synthesis of various low molecular weight chloroformates, and 

also e.g. in the synthesis of asymmetrically substituted ureas27. 

 

A second alternative for the use of gaseous phosgene implies the use of a 20% solution of 

phosgene in toluene, which recently became commercially available. This solution can be 

used under less stringent conditions than a phosgene cylinder. The solution can be 

transferred into the reaction vessel using a syringe or a canula, and thus it is possible to 

avoid contact of phosgene with air and moisture. Using a phosgene solution greatly reduces 

the danger of the use of phosgene in organic synthesis. 

 

In this work, we opted for the use of a phosgene solution in toluene. Triphosgene was not 

used, since Eckert et al. reported that with this compound, formation of a mixture of 

chloroformates and trichloromethyl carbonates is possible26. This would lead to problems 

with purification as mentioned in section 2.5 of Chapter two, in the case of synthesis of 

macromolecular chloroformates. 

 

3.4.2  Synthesis of chloroformates via a phosgene solution in toluene 

 

As was mentioned in the literature overview, a phosgene solution in toluene can be used 

under less stringent reaction conditions than a phosgene cylinder. To ensure safe reaction  
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Kraton®-** 16b Kraton® chloroformate 

-(CH2)10- 17a 1,4-decanediol bischloroformate 

-Kraton®-*** 17b Kraton® bischloroformate 

 

Fig. 3.5: Chloroformate synthesis employing a 20% phosgene solution in toluene. A slight excess of 

phosgene must be used in order to prevent the reaction between Kraton® chloroformate and Kraton® to form 

di(Kraton®) carbonate. 

 

conditions, all reactions involving a phosgene solution were performed under strict exclusion 

of air by having a stream of argon passing through the reaction mixture at all times. All 

gases that leave the reactor are passed through a solution of sodium hydroxide in order to 

destroy phosgene and hydrogen chloride passing along with the argon. 

 

Various mono- and bifunctional (macromolecular) alcohols were treated with a 20% 

phosgene solution in toluene. The reaction mechanism and the various synthesized 

chloroformates are depicted in figure 3.5. It should be noted that the formation of the  

 

                                            
* Compound 16a (n-butyl chloroformate) is commercially available. 

** Monohydroxyfunctional poly(ethylene-co-butylene) Kraton® L-1203 ( 4000Mn = g mol-1, PDI = 1.02, 

determined by MALDI-TOF MS and indicated by the manufacturer). 

*** Bishydroxyfunctional poly(ethylene-co-butylene) Kraton® L-2203 ( 4000Mn = g mol-1, PDI = 1.02, 

determined by MALDI-TOF MS and indicated by the manufacturer). 
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respective carbonates or polycarbonates, formed by a reaction of two alcohol molecules with 

one phosgene molecule, cannot be entirely avoided, since for safety reasons only a slight 

excess of phosgene was used. After the reaction, in all cases the yields were close to 100%. 

In the case of Kraton® chloroformate 16b, a minor amount of di(Kraton®) carbonate was 

found after the reaction with GPC analysis. However, this is only a few percent, and could 

not be observed in the 1H-NMR and 13C-NMR spectra, due to the low end-group 

concentration in the sample. The presence of di(Kraton®) carbonate in the RAFT agent that 

is synthesized with Kraton® chloroformate 16b is discussed in more detail in section 3.5.1 of 

this Chapter, and in Chapter five. The reaction of various alcohols with a phosgene solution 

was performed with and without employing a proton trap, but no difference could be 

observed in reaction yield or product purity. 

 

 

3.5 Optimization of Allainmat’s route 

 

After describing the synthesis of all the required compounds for the (poly)condensation 

reaction between bifunctional dithiocarbamate 15 and various mono- and bifunctional 

chloroformates, we will focus on the condensation reaction itself. As was reported earlier, 

Allainmat et al. only used primary S-alkyl-N-alkyldithiocarbamates in this reaction1. Although 

not much difference in reactivity towards chloroformates was expected between primary and 

tertiary S-alkyl N-alkyldithiocarbamates, we found that the reaction pathway did require 

some optimization, especially in the reaction of dithiocarbamate 15 with bifunctional 

chloroformates.  

 

3.5.1 Synthesis of bifunctional S-tert-alkyl-N,N-alkoxycarbonyl-

methyldithiocarbamates 

 

The synthetic route towards bifunctional S-tert-alkyl-N,N-alkoxycarbonylmethyl-

dithiocarbamates is depicted schematically in figure 3.6, together with the optimal reaction 
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Fig. 3.6: Synthesis of bifunctional RAFT agents. The reaction proceeds optimally when performed at 

-20°C during 48h, employing five equivalents of the proton trap. 

 

conditions. Dithiocarbamate 15 is reacted with a monofunctional chloroformate 16 to form 

bifunctional RAFT agent 11. In this reaction, triethylamine is used to trap the hydrogen 

chloride that is formed upon reaction. Triethylamine hydrochloride precipitates from the 

solution, thus forcing the reaction equilibrium towards the reaction products. The highest 

yield (85-90%) was obtained when performing the reaction at -20°C in THF for 48 hours, 

using five equivalents of triethylamine as the proton trap. The remaining 10-15% of the 

obtained crude reaction mixture is compound 21, which resulted from addition of only one 

chloroformate molecule to dithiocarbamate 15. The extended reaction times that are 

required can be explained by the fact that the reaction in figure 3.6 proceeds via 

intermediate N-alkoxycarbonyl triethylammonium chloride 22, which is formed by the 

reaction of triethylamine with a chloroformate, and in which the carbonyl group is activated 

for reaction with 15. This reaction is depicted in figure 3.7. The N-alkoxycarbonyl  
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Fig. 3.7: Formation of N-alkoxycarbonyl triethylammonium chloride. Upon reaction of the chloroformate 

with triethylamine, chloride salt 22 is formed. This salt is moderately soluble in THF, and partially precipitates out 

of the solution. However, this salt gradually redissolves as the reaction proceeds. 

 

triethylammonium chloride salt is only moderately soluble in tetrahydrofuran, and 

precipitated partially out of the solution. This salt gradually redissolved and thus ensured 

complete reaction.  

 

Two bifunctional RAFT agents with varying chain length Z have been synthesized for this 

work, according to the procedure reported in this section. These are depicted in figure 3.8. 

Butyl-RAFT agent 11a, i.e. a bifunctional RAFT agent with low molecular weight Z groups, 

was purified with column chromatography after synthesis. In Chapter four, the ability of 

RAFT agent 11a to mediate the controlled radical solution and miniemulsion polymerization 

of acrylic monomers, and to produce triblock copolymers in solution and emulsion is studied. 

Kraton®-RAFT agent 11b, i.e. a bifunctional RAFT agent with macromolecular Z groups, was 

not purified after the synthesis, since this is extremely difficult, as was discussed in section 

2.5.1 of Chapter two. GPC analysis of the crude compound shows that the purity of this 

RAFT agent is approximately 85%wt. In figure 3.9, the GPC chromatograms (DRI and UV 

traces) of Kraton®-RAFT agent 11b are depicted. In the DRI trace (left picture in figure 3.9), 

two peaks can be detected. Peak A is a mixture of unreacted Kraton® chloroformate 16b 

and monofunctional RAFT agent 21. These two compounds have approximately the same 

molecular weight. Peak B is a mixture of Kraton®-RAFT agent 11b and di(Kraton®) 

carbonate, which has been formed during the chloroformate synthesis. These two 

compounds also have approximately the same molecular weight. In the UV trace (right 

picture in figure 3.9), also two peaks can be detected. However, the composition of the 

peaks is different here, compared to the DRI trace. Peak A is only monofunctional Kraton®-

RAFT agent 21, since Kraton® chloroformate 16b is not UV-active, and thus cannot be  
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Z RAFT agent chemical name common name 

CH3(CH2)3- 11a 
S-(1,4-phenylenebis(propane-2,2-diyl)) 

bis(N,N-butoxycarbonylmethyldithiocarbamate) 
butyl-RAFT 

Kraton®-* 11b 
S-(1,4-phenylenebis(propane-2,2-diyl)) 

bis(N,N-Kraton® carbamoylmethyldithiocarbamate) 
Kraton®-RAFT 

 

Fig. 3.8: The two bifunctional RAFT agents synthesized in this work. Starting from monofunctional 

chloroformates 16a and 16b, see figure 3.5, butyl-RAFT agent 11a with a low molecular weight Z group, and 

Kraton®-RAFT agent 11b with a macromolecular Z group have been synthesized. 

 

detected by the UV detector. Peak B is only Kraton®-RAFT agent 11b, since di(Kraton®) 

carbonate is not UV-active, and thus cannot be detected by the UV detector. However, the 

relative amounts of these four compounds in the unpurified Kraton®-RAFT agent cannot be 

estimated from these GPC plots. The role of these compounds in the polymerization of 

acrylic monomers, mediated with the unpurified Kraton®-RAFT agent 11b will be discussed 

in full detail in section 5.3 of Chapter five. 

 

3.5.2 Synthesis of multifunctional S-tert-alkyl-N,N-alkoxycarbonyl- 

methyldithiocarbamates 

 

The full potential of the synthetic route introduced in section 3.1 is shown when it is applied 

to the synthesis of multifunctional RAFT agents. As was mentioned earlier, it is possible to 

 

                                            

* Monofunctional poly(ethylene-co-butylene) Kraton® L-1203 ( 4000Mn = g mol-1, PDI = 1.02, 

determined by MALDI-TOF MS) 
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Fig. 3.9: Left plot: GPC chromatogram of Kraton®-RAFT agent 11b without purification (DRI trace). Right 

plot:  GPC chromatogram of Kraton®-RAFT agent 11b without purification (UV trace). 

 

synthesize multifunctional RAFT agents starting from S-(1,4-phenylenebis(propane-2,2-diyl)) 

bis(N-methyldithiocarbamate) 15, and bifunctional chloroformate 17 via a polycondensation 

reaction. The reaction scheme is presented in figure 3.10. 

 

In a first series of experiments, equimolar quantities of 1,4-butanediol bischloroformate and 

bifunctional dithiocarbamate 15 were reacted at -20°C, together with a sixfold excess of 

triethylamine. However, after 48 hours, no reaction had taken place. Since there were two 

chloroformate functions on one molecule now, dichloride salt 23 (figure 3.11) was formed as 

an intermediate of this reaction, but this compound was virtually insoluble in 

tetrahydrofuran. Thus, the reaction was fully inhibited, due to the absence of activated 

bischloroformate in the solution. However, by employing 1,10-decanediol bischloroformate 

instead of 1,4-butanediol bischloroformate, a polycondensation reaction occurred. In this 

reaction again dichloride salt 23 was formed by reaction of triethylamine with the 

bischloroformate. In this molecule, however, the N-alkoxycarbonyl triethylammonium 

moieties were further separated from each other, and the more apolar character of this 

compound enhanced its solubility in tetrahydrofuran. Therefore, solubility was less affected, 

and only partial precipitation took place. The dichloride salt derived from 1,10-decanediol 

bischloroformate gradually redissolved during reaction, allowing the synthesis of a 

multifunctional RAFT agent. 

 

In a similar fashion, macromolecular multifunctional RAFT agent poly(Kraton®-RAFT) has 

been synthesized from Kraton® L-2203 bischloroformate 17b and bifunctional  
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Fig. 3.10: Synthesis of multifunctional RAFT agents. The reaction proceeds optimally when performed at  

-20°C during 48 hours, employing five equivalents of the proton trap. However the chain length of the Z group 

has a major influence on the conversion of the functional groups. 

 

dithiocarbamate 15. Here also, a dichloride salt like compound 23 was formed upon reaction 

of Kraton® bischloroformate to triethylamine, but this was not a problem here, due to the 

small influence the end-groups had on the solubility of the macromolecule in the reaction 

medium. It should be noted that the multifunctional RAFT agents were not purified before 

application in a polymerization reaction. Here also, some unreacted Kraton® bischloroformate 

17b could be observed with GPC analysis. Some Kraton® polycarbonate has probably been 

formed as well during the synthesis of Kraton® bischloroformate 17b, but this was not 

further studied in this work. 

 

Two multifunctional RAFT agents have been synthesized in this work, according to the 

procedure reported in this section. These RAFT agents are depicted in figure 3.12. In 

poly(decyl-RAFT) agent 12a, the Z group is a relatively short decyl spacer. In Chapter six, 

the ability of RAFT agent 12a to synthesize multiblock copolymers in two polymerization 

steps is studied in solution and miniemulsion polymerization. For this purpose, 

multifunctional RAFT agent 12a was purified with preparative GPC, in order to isolate the  
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Fig. 3.11: Formation of an N-alkoxycarbonyl triethylammonium chloride salt: Upon reaction of the 

bifunctional chloroformate with triethylamine, bifunctional chloride 23 is formed, and precipitates out of the 

solution. When Z is an n-butyl group, this salt is virtually insoluble in THF, and thus the reaction is inhibited. 

 

high molecular weight fraction of this compound. Both the purified and the non-purified 

poly(decyl-RAFT) agent 12a are applied to synthesize alternating multiblock copolymers in 

two sequential radical polymerization steps in solution and miniemulsion in Chapter six. 

Poly(Kraton®-RAFT) agent 12b is a multifunctional RAFT agent with a macromolecular Z 

group. This RAFT agent was not purified before application in a polymerization reaction, for 

the reasons discussed in section 2.5.1 of Chapter two. In Chapter six, the ability of 

poly(Kraton®-RAFT) agent 12b to synthesize multiblock copolymers in one polymerization 

step is discussed. 

 

 

3.6 Conclusions 

 

Studying the RAFT process always implies the synthesis of the organic compounds that are 

used to mediate a RAFT polymerization. However, for the objective of this thesis, the 

classical synthetic routes towards RAFT agents were not useful. It was shown that there is 

one type RAFT moiety which can be synthesized in different ways, allowing the introduction 

of a macromolecule in the chain, and allowing the synthesis of a multifunctional RAFT agent: 

the versatile S-tert-alkyl-N,N-alkoxycarbonylalkyldithiocarbamate moiety. We have 

successfully developed a two- or three-step synthetic route (depending on the targeted 

compound) towards these compounds, based on a procedure reported by Allainmat et al.1 

We have modified this procedure in such a way that it now allows the synthesis of S-tert-

alkyl-N,N-alkoxycarbonylalkyldithiocarbamates. Also, we have developed a novel synthetic  
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-(CH2)10- 12a 
poly(S-(1,4-phenylenebis(propane-2,2-diyl)) 

bis(N,N-decoxycarbonylmethyldithiocarbamate)) 

poly 

(decyl-RAFT) 
1800 1.8 

-Kraton®-* 12b 
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bis(N,N-Kratoncarbamoylmethyldithiocarbamate)) 

poly 

(Kraton®-RAFT) 
21600 1.28 

 

Fig. 3.12: The two multifunctional RAFT agents synthesized in this work. Starting from bifunctional 

chloroformates 17a-b (figure 3.5) and bifunctional dithiocarbamate 15, two multifunctional RAFT agents have 

been synthesized. 

 

route towards S-tert-alkyl-N-alkyldithiocarbamates, as the synthetic routes reported in 

literature were only suitable for the synthesis of primary and secondary S-alkyl-N-

alkyldithiocarbamates. This novel route successfully combines the synthetic route towards 

tertiary thiols reported by Lee et al.20 with the synthetic route towards primary S-alkyl-N-

alkyldithiocarbamates reported by Monde et al.14, to synthesize S-tert-alkyl-N-

alkyldithiocarbamates in two steps with a good overall yield. These compounds are 

intermediates in the synthesis of S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamates. 

 

 

 

 

                                            

* Bifunctional poly(ethylene-co-butylene) Kraton® L-2203 ( 4000Mn =  g mol-1, PDI = 1.02, 

determined by MALDI-TOF MS) 
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3.7 Experimental section 

 

NMR analysis was performed on a Varian Gemini-2000 300 MHz or a Varian Mercury-Vx 400 MHz 

spectrometer. Samples of the various compounds were dissolved in deuterated chloroform 

(Cambridge Isotope Laboratories). 

 

GPC analysis was carried out using a Waters model 510 pump, a model 410 refractive index detector 

(at 40°C) and a model 486 UV detector (at 254 nm) in series. Injections were done by a Waters 

model WISP 712 autoinjector, using an injection volume of 50 µL. The columns used were a PLgel 

guard (5 µm particles) 50x7.5 mm column, followed by two PLgel mixed-C or mixed-D (5 µm 

particles) 300x7.5 mm columns at 40°C in series. Tetrahydrofuran (Biosolve, stabilised with BHT) was 

used as eluent at a flow rate of 1.0 mL min-1. Calibration has been done using polystyrene standards 

(Polymer Laboratories, nM = 580 to 7.1x106 g mol-1). Data acquisition and processing were performed 

using Waters Millennium32 (v3.2 or 4.0) software. Before injection, the samples were filtered over a 

13 mm x 0.2 µm PTFE filter, PP housing (Alltech). 

 

HPLC-ESI MS analysis was carried out on an Agilent Technologies 1100 series system, using a G1311A 

quaternary pump, a G1313A autosampler, a G1315B UV-DAD detector at 254 nm and an Agilent MDS 

type SL G1946D mass spectrometer with atmospheric pressure electrospray ionization. All data were 

processed with HP Chemstation software. The column used was a Supersphere 100RP-18E; 150 x 3 

mm; dp 4 µm (Bischoff) using a methanol (HPLC grade, Biosolve)/water 50:50 to methanol gradient in 

25 minutes at a flow of 0.4 mL min-1 at 25°C. Samples were dissolved in methanol (HPLC grade, 

Biosolve) at a concentration of 10 mg mL-1. Typical injection volumes were 1 µL. 

 

All solvents were purchased from Biosolve BV, and were dried and purified before use over a Grubbs 

column, except for methanol, which was used as received. Dichloromethane was used as received for 

column chromatography. Triethylamine was purchased from Aldrich, and was used as received. All 

glassware was dried overnight at 150°C before use, except in the synthesis of S-(1,4-

phenylenebis(propane-2,2-diyl)) bis(N-methyldithiocarbamate). 

 

S-(1,4-phenylenebis(propane-2,2-diyl)) bis(N-methyldithiocarbamate) (15) 

 

Thiourea, α,α,α’,α’-tetramethyl-1,4-benzenedimethanol, HBr 48% in water, sodium hydroxide and 

methylisothiocyanate were purchased from Aldrich, and were used as received. 
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Experimental: Thiourea (17.2g, 0.23 mol) and α,α,α’,α’-tetramethyl-1,4-benzenedimethanol (20.0 g, 

0.10 mol) were mixed and added slowly with stirring to HBr 48% (41.7 g, 0.25 mol) in a 250 mL flask. 

The slurry was heated to 50°C with an oil bath for 5 minutes, after which the slurry solidified. The 

white solid was cooled down, filtered, washed with a 0.1 mol L-1 aqueous HBr solution, and dried 

under vacuum. The solid was then crushed to powder. A solution of NaOH (24.7 g, 0.62 mol) in water 

(50 mL) was prepared in a 250 mL three-necked flask, and heated to 40°C with an oil bath. The white 

powder was added to the NaOH solution and was left to stir at 40°C for 2 hours. After this, the 

solution had become clear and red. The solution was filtered over a Büchner funnel and the filtrate 

was transferred to a 250 mL three-necked flask under Ar atmosphere, equipped with a dropping 

funnel and a cooler, and the solution was cooled to 5°C using an ice bath. Methyl isothiocyanate  

(15.8 g, 0.22 mol) was dissolved in the minimum amount of methanol needed, and this solution was 

added dropwise to the red thiolate solution. S-(1,4-phenylenebis(propane-2,2-diyl)) bis(N-methyl-

dithiocarbamate) 15 readily precipitated out as a white solid. The resulting slurry was left to stir for 

1h to ensure complete reaction, and was then filtered over a Büchner funnel and washed with cold 

water. The white solid was recrystallized twice from ethanol and dried under vacuum. The overall 

yield was 60%. 1H-NMR: δ (ppm) 1.83 [s, 12H, C-(CH3)2]; δ 2.95 [d, 6H, NH-CH3]; δ 6.65 [s broad, 

2H, N-H]; δ 7.64 [s, 4H, aromatic H]. 13C-NMR: δ (ppm) 29.92 [C-CH3]; δ 33.18 [NH-(CH3)2]; δ 54.37 

[C-(CH3)2]; δ 127.27 (aromatic, 2-, 3-, 5-, 6-C); δ 143.96 (aromatic, 1-, 4-C); δ 196.01 (C=S). LC-MS: 

395.01 (MNa+, theoretical 395.072). 

 

Kraton® chloroformate (16b) 

 

Kraton® L-1203 was purchased from Kraton BV, Amsterdam and was used as received. A 20% 

phosgene solution in toluene was purchased from Aldrich and was used as received. 

 

Experimental: A 250 mL three-necked flask was equipped with a stirrer, a 100 mL dropping funnel 

with stopper and 2 septa equipped with needles. The flask was put under Ar atmosphere through the 

first septum, and the second septum was connected to a washing bottle containing a 1 mol L-1 

aqueous NaOH solution, to destroy all phosgene escaping from the reaction vessel. Phosgene solution 

(2.5 g, 5.2 mmol) was injected into the flask through the septum, using a 10mL syringe. The flask 

was then cooled to 0°C with an ice bath. Monofunctional Kraton® L-1203 ( 4000Mn =  g mol-1, 20.0 

g, 5 mmol) was dissolved in toluene (30 mL) and the solution was brought into the dropping funnel, 

and slowly added to the phosgene solution. The mixture was left to stir at 0°C for 4 hours. The 

mixture was then purged with Ar for 2 hours to remove the excess phosgene. Toluene was removed 

under reduced pressure. Kraton® chloroformate was used without further purification. Yield 98% 



Chapter three 

- 84 - 

(calculated from 1H-NMR). 1H-NMR: δ(ppm) 0.80-1.80 [m, chain H]; δ 4.36 [t, -CH2-O(CO)Cl]. 13C-

NMR: δ(ppm) 10.60-39.20 [chain C]; δ 71.16 [-CH2-O(CO)Cl]. δ 151.10 [C=O]. 

 

1,10-decanediol bischloroformate (17a) 

 

1,10-decanediol and a 20% phosgene solution in toluene were purchased from Aldrich and were used 

as received. 

 

Experimental: A 250 mL three-necked flask was equipped with a stirrer, a 100 mL dropping funnel 

with stopper and 2 septa equipped with needles. The flask was put under Ar atmosphere through the 

first septum, and the second septum was connected to a washing bottle containing a 1 mol L-1 

aqueous NaOH solution, to destroy all phosgene escaping from the reaction vessel. Phosgene solution 

(33.0 g, 67 mmol) was injected into the flask through the septum, using a 50 mL syringe. The flask 

was then cooled to 0°C with an ice bath. 1,10-decanediol (5.8 g, 33 mmol) was dissolved in a 

minimum amount of THF and the solution was brought into the dropping funnel, and slowly added to 

the phosgene solution. The mixture was left to stir at 0°C for 4 hours. The mixture was then purged 

with Ar for 2 hours to remove the excess phosgene. Toluene was removed under reduced pressure. 

1,10-decanediol bischloroformate was used without further purification. Yield 98% (calculated from 
1H-NMR). 1H-NMR: δ(ppm) 1.20-1.90 [m, Cl(CO)O-CH2-(CH2)8-CH2-O(CO)Cl]; δ 4.38 [t,  

Cl(CO)O-CH2-(CH2)8-CH2-O(CO)Cl]. 13C-NMR: δ(ppm) 25.36-29.13 [Cl(CO)O-CH2-(CH2)8-CH2-O(CO)Cl]; 

δ 72.22 [Cl(CO)O-CH2-(CH2)8-CH2-O(CO)Cl]; δ 150.44 [C=O]. 

 

Kraton® bischloroformate (17b) 

 

Kraton® L-2203 was purchased from Kraton BV, Amsterdam and used as received. A 20% phosgene 

solution in toluene was purchased from Aldrich and used as received. 

 

Experimental: A 250 mL three-necked flask was equipped with a stirrer, a 100 mL dropping funnel 

with stopper and 2 septa equipped with needles. The flask was put under Ar atmosphere through the 

first septum, and the second septum was connected to a washing bottle containing a 1 mol L-1 

aqueous NaOH solution, to destroy all phosgene escaping from the reaction vessel. Phosgene solution 

(5.4 g, 11 mmol) was injected into the flask through the septum, using a 10 mL syringe. The flask 

was then cooled to 0°C with an ice bath. Bifunctional Kraton® L-2203 ( 4000Mn =  g mol-1, 20.0 g, 5 

mmol) was dissolved in toluene (30 mL) and the solution was brought into the dropping funnel, and 

slowly added to the phosgene solution. The mixture was left to stir at 0°C for 4 hours. The mixture 
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was then purged with Ar for 2 hours to remove the excess phosgene. Toluene was removed under 

reduced pressure. Kraton® bischloroformate was used without further purification. Yield 98% 

(calculated from 1H-NMR). 1H-NMR: δ(ppm) 0.80-1.80 [m, chain H]; δ 4.36 [t, -CH2-O(CO)Cl]. 13C-

NMR: δ(ppm) 10.60-39.20 [chain C]; δ 71.16 [-CH2-O(CO)Cl]. δ 151.10 [C=O]. 

 

Butyl-RAFT agent (11a) 

 

Butyl-RAFT agent will be further used as the common name for S-(1,4-phenylenebis(propane-2,2-

diyl)) bis(N,N-butoxycarbonylmethyldithiocarbamate). N-butyl chloroformate was purchased from 

Aldrich and was used as received. S-(1,4-phenylenebis(propane-2,2-diyl)) bis(N-methyldithio-

carbamate) was synthesized as reported above. 

 

Experimental: N-butyl chloroformate (3.1 g, 23 mmol) was dissolved in THF (10 mL) in a 100 mL 

double enveloped flask, equipped with a stirrer and a 50 mL dropping funnel, and put under Ar 

atmosphere. The mixture was cooled to -20°C using a cryostate. S-(1,4-Phenylenebis(propane-2,2-

diyl)) bis(N-methyldithiocarbamate) (4.0 g, 11 mmol) and triethylamine (5.4 g, 54 mmol) were 

dissolved in a minimum amount of THF. This solution was added dropwise to the n-butyl 

chloroformate solution with stirring. This mixture was left to stir at -20°C for 48 hours, after which the 

mixture was brought to room temperature. Triethylamine hydrochloride was filtered off, and THF was 

removed under reduced pressure. The resulting yellow oil was purified by column chromatography 

using dichloromethane as the eluent and yielded butyl-RAFT 11b as a yellow solid. Yield 85 %. 1H-

NMR: δ(ppm) 0.92 [t, 6H, -O-CH2-CH2-CH2-CH3]; δ 1.43 [m, 4H, -O-CH2-CH2-CH2-CH3]; δ 1.70 [m, 4H, 

-O-CH2-CH2-CH2-CH3]; δ 1.88 [s, 12H, C-(CH3)2]; δ 3.51 [s, 6H, N-CH3]; δ 4.26 [t, 4H, -O-CH2-CH2-

CH2-CH3]; δ 7.40 [s, 4H, aromatic H]. 13C-NMR: δ(ppm) 13.64 [-O-CH2-CH2-CH2-CH3]; δ 19.12 [-O-

CH2-CH2-CH2-CH3]; δ 28.83 [C-(CH3)2]; δ 30.52 [-O-CH2-CH2-CH2-CH3]; δ 38.35 [C-(CH3)2]; δ 56.15 

[N-CH3]; δ 67.42 [-O-CH2-CH2-CH2-CH3]; δ 126.05 [aromatic, 2-, 3-, 5-, 6-C]; δ 142.84 [aromatic, 1-, 

4-C]; δ 153.97 [C=O]; δ 202.97 [C=S]. LC-MS: 595.76 (MNa+, theoretical 595.84). 

 

Kraton®-RAFT agent (11b) 

 

Kraton®-RAFT agent will be further used as the common name for S-(1,4-phenylenebis(propane-2,2-

diyl)) bis(N,N-Kratoncarbamoylmethyldithiocarbamate). Kraton® chloroformate and S-(1,4-

phenylenebis (propane-2,2-diyl)) bis(N-methyldithiocarbamate) were synthesized as reported above. 

 

Experimental: Kraton® chloroformate (20.0 g, 5 mmol) was dissolved in THF (30 mL) in a 250 mL 

double enveloped flask, equipped with a stirrer and a 50 mL dropping funnel, and put under Ar 
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atmosphere. The mixture was cooled to -20°C using a cryostate. S-(1,4-Phenylenebis(propane-2,2-

diyl)) bis(N-methyldithiocarbamate) (0.9 g, 2.5 mmol) and triethylamine (1.3 g, 13 mmol) were 

dissolved in a minimum amount of THF. This solution was added dropwise to the Kraton® 

chloroformate solution with stirring. This mixture was left to stir at -20°C for 48 hours, after which the 

mixture was brought to room temperature. Triethylamine hydrochloride was filtered off, and THF was 

removed under reduced pressure. Yield 86 %. The resulting yellow viscous oil was not further purified 

and was used as such in polymerizations. 1H-NMR: δ(ppm) 0.80-1.80 [m, chain H]; δ 1.96 [s, 12H, C-

(CH3)2]; δ 3.57 [s, 6H, N-CH3]; δ 4.35 [t, 4H, -O-CH2-]; δ 7.47 [s, 4H, aromatic H]. 13C-NMR: δ(ppm) 

10.24-38.77 [chain C, C-(CH3)2]; δ 56.20 [N-CH3]; δ 67.78 [-O-CH2-]; δ 126.10 [aromatic, 2-, 3-, 5-, 

6-C]; δ 142.84 [aromatic, 1-, 4-C]; δ 153.98 [C=O]; δ 206.22 [C=S]. 

 

Poly(decyl-RAFT) agent (12a) 

 

Poly(decyl-RAFT) agent will be further used as the common name for poly(S-1,4-

phenylenebis(propane-2,2-diyl)) bis(N,N-1,10-decoxycarbonylmethyldithiocarbamate)). S-(1,4-

Phenylenebis-(propane-2,2-diyl)) bis(N-methyldithiocarbamate) and 1,10-decanediol bischloroformate 

were synthesized as reported above. 

 

Experimental: 1,10-decanediol bischloroformate (2.3 g, 11 mmol) was dissolved in THF (10 mL) in a 

100 mL double enveloped flask, equipped with a stirrer and a 50 mL dropping funnel, and put under 

Ar atmosphere. The mixture was cooled to -20°C using a cryostate. S-(1,4-phenylenebis(propane-2,2-

diyl)) bis(N-methyldithiocarbamate) (4.0 g, 11 mmol) and triethylamine (6.7 g, 66 mmol) were 

dissolved in the minimum amount of THF. This solution was added dropwise to the 1,10-decanediol 

bischloroformate solution with stirring. This mixture was left to stir at -20°C for 48 hours, after which 

the mixture was brought to room temperature. Triethylamine hydrochloride was filtered off, and THF 

was removed under reduced pressure. The resulting viscous yellow oil was further purified by 

preparative SEC. Yield 70%. 1H-NMR: δ(ppm) 1.20-2.10 [m, -(CO)O-CH2-(CH2)8-CH2-O(CO)-, C-

(CH3)2]; δ 3.51 [s, N-CH3]; δ 4.25 [t, -(CO)O-CH2-(CH2)8-CH2-O(CO)-]; δ 7.40 [s, aromatic H]. 13C-

NMR: δ(ppm) 22.63-32.42 [-(CO)O-CH2-(CH2)8-CH2-O(CO)-, C-(CH3)2]; δ 38.37 [C-(CH3)2]; δ 56.14 [N-

CH3]; δ 67.39 [-(CO)O-CH2-(CH2)8-CH2-O(CO)-]; δ 126.38 [aromatic, 2-, 3-, 5-, 6-C]; δ 142.97 

[aromatic, 1-, 4-C]; δ 154.07 [C=O]; δ 203.12 [C=S]. GPC (before purification): nM = 1800 g mol-1, 

PDI = 1.80. GPC (after purification and isolation of the high molecular weight fraction): nM = 3700 g 

mol-1, PDI = 1.59. 
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Poly(Kraton®-RAFT) agent (12b) 

 

Poly(Kraton®-RAFT) agent will be further used as the common name for poly(S-(1,4-phenylenebis 

(propane-2,2-diyl)) bis(N,N-Kratoncarbamoylmethyldithiocarbamate)). Kraton® bischloroformate and 

S-(1,4-phenylenebis(propane-2,2-diyl)) bis(N-methyldithiocarbamate) were synthesized as reported 

above. 

 

Experimental: Kraton® bischloroformate (4.0 g, 1 mmol) was dissolved in THF (20 mL) in a 100 mL 

double enveloped flask, equipped with a stirrer and a 50 mL dropping funnel, and put under Ar 

atmosphere. The mixture was cooled to -20°C using a cryostate. S-(1,4-Phenylenebis(propane-2,2-

diyl)) bis(N-methyldithiocarbamate) (0.37 g, 1 mmol) and triethylamine (0.51 g, 5 mmol) were 

dissolved in a minimum amount of THF. This solution was added dropwise to the Kraton® 

chloroformate solution with stirring. This mixture was left to stir at -20°C for 48 hours, after which the 

mixture was brought to room temperature. Triethylamine hydrochloride was filtered off, and THF was 

removed under reduced pressure. Yield 80% (GPC). The resulting yellow oil was not further purified 

and was used as such in polymerizations. 1H-NMR: δ(ppm) 0.80-1.80 [m, chain H]; δ 1.95 [s, 12H, C-

(CH3)2]; δ 3.59 [s, 6H, N-CH3]; δ 4.36 [t, 4H, -O-CH2-]; δ 7.45 [s, 4H, aromatic H]. 13C-NMR: δ(ppm) 

10.20-38.70 

[chain C, C-(CH3)2]; δ 56.21 [N-CH3]; δ 67.83 [-O-CH2-]; δ 126.08 [aromatic, 2-, 3-, 5-, 6-C]; δ 142.84 

[aromatic, 1-, 4-C]; δ 153.95 [C=O]; δ 206.18 [C=S]. GPC: nM = 21600 g mol-1, PDI = 1.60. 

 

 

3.8 References 

 

 1.  Allainmat, M.; L'Haridon, P.; Toupet, L.; Plusquellec, D. Synthesis 1990, 27-32. 
 2.  Chung-hsi, L.; Yuen-hwa, Y.; Yao, L.; Yong-jun, L.; Ai-hsueh, C.; Chi-yi, H. Tetrahedron Lett. 

1981, 22, 3467-3470. 
 3.  Romani, S.; Moroder, L.; Bovermann, G.; Wünsch, E. Synthesis 1985, 738-742. 
 4.  Clarke, A. D.; Sykes, P. J.Chem.Soc.C. 1971, 103-110. 
 5.  Nagao, Y.; Seno, K.; Kawabata, K.; Miyasaka, T.; Takao, S.; Fujita, E. Tetrahedron Lett. 1980, 

21, 841-844. 
 6.  Fujita, E.; Nagao, Y.; Seno, K.; Takao, S.; Miyasaka, T. J.Chem.Soc., Perkin Trans.1 1981, 914-

919. 
 7.  Hanefeld, W.; Bercin, E. Arch.Pharm.(Weinheim, Ger.) 1984, 317, 74-79. 
 8.  Fukuda, N.; Hasegawa, Y.; Kamiya, Y.; Yabuta, H.; Takeshima, T. Bull.Chem.Soc.Jpn. 1994, 

67, 1399-1404. 
 9.  Hanefeld, W.; Naeeni, M.; Schlitzer, M. J.Heterocycl.Chem. 1996, 33, 1785-1790. 
 10.  von Braun, W. Chem.Ber. 1902, 35, 3381. 
 11.  Delepine Bull.Soc.Chim.Fr. 1902, 27, 813. 



Chapter three 

- 88 - 

 12.  Amosova, S. V.; Tarasova, O. A.; Ivanova, N. I.; Perzhabinskaya, L. I.; Sigalov, M. V.; 
Sinegovskaya, L. M.; Al'pert, M. N. J.Org.Chem.USSR (Engl.Transl.) 1989, 25, 1478-1484. 

 13.  Ferris, A. F.; Schutz, B. A. J.Org.Chem. 1963, 28, 3140-3144. 
 14.  Monde, K.; Takasugi, M.; Ohnishi, T. J.Am.Chem.Soc. 1994, 116, 6650-6657. 
 15.  Kutschy, P.; Achbergerova, I.; Dzurilla, M.; Takasugi, M. Synlett 1997, 3, 289-290. 
 16.  Kutschy, P.; Dzurilla, M.; Takasugi, M.; Török, M.; Achbergerova, I.; Homzova, R.; Racova, M. 

Tetrahedron 1998, 54, 3549-3566. 
 17.  Bouhadir, G.; Legrand, N.; Quiclet-Sire, B.; Zard, S. Z. Tetrahedron Lett. 1999, 40, 277-280. 
 18.  Thang, S. H.; Chong, Y. K.; Mayadunne, R. T. A.; Moad, G.; Rizzardo, E. Tetrahedron Lett. 

1999, 40, 2435-2438. 
 19.  Vogel, A. I.; Furniss, B. S.; Hannaford, A. J.; Tatchell, A. R. Vogel's textbook of practical organic 

chemistry; 5th ed.; Addison-Wesley Pub Co: 1989. 
 20.  Lee, D. F.; Saville, B.; Trego, B. R. Chem.Ind.(London) 1960. 
 21.  Nishio, T. J.Chem.Soc., Perkin Trans.1 1993, 1113-1117. 
 22.  Frank, R. L.; Smith, P. V. J.Am.Chem.Soc. 1946, 68, 2103-2104. 
 23.  Stevens J.Chem.Soc. 1902, 81, 79. 
 24.  Johnson; Sprague J.Am.Chem.Soc. 1936, 58, 1348. 
 25.  Johnson; Sprague J.Am.Chem.Soc. 1937, 59, 1837. 
 26.  Eckert, H.; Forster, B. Angew.Chem. 1987, 99, 922-923. 
 27.  Majer, P.; Randad, R. S. J.Org.Chem. 1994, 59, 1937-1938. 
 28.  Babad, H.; Zeiler, G. Chem.Rev. 1973, 73, 75. 
 29.  Gottschlich, R. Kontakte 1981, 14. 
 



Triblock copolymer synthesis with a low molecular weight bifunctional RAFT agent 

- 89 - 

 

 

 

Chapter four 

Triblock copolymer synthesis with 

a low molecular weight bifunctional RAFT agent 

 

 

…solution and miniemulsion polymerization of acrylic monomers mediated 

with a bifunctional S-tert-alkyl-N,N-butoxycarbonylmethyldithiocarbamate 

 

 

 

Abstract 

 

Chapter four presents an overview of the solution and miniemulsion homo- and 

copolymerization of acrylic monomers, mediated with butyl-RAFT agent 11a. Good 

control was obtained over the homopolymerization of various acrylic monomers both in 

solution and miniemulsion polymerization. Moreover, no latex destabilization or phase 

separation was observed during the miniemulsion preparation or the polymerization. 

Inhibition periods were observed both in solution and miniemulsion polymerization, but in 

both cases nearly no retardation was observed. Although polydispersities around 1.2 in 

solution polymerization and around 1.5 in miniemulsion polymerization were obtained, 

MALDI-TOF analysis of the formed polymers revealed the formation of a molecular 

weight distribution with roughly half the molecular weight of the main distribution, when 

employing a high RAFT agent concentration. Good control was also obtained over the 

solution and miniemulsion copolymerization of n-butyl acrylate with methacrylic acid, 

mediated with butyl-RAFT agent 11a. Finally, triblock copolymer synthesis, starting from 

the polymers produced in the homo- and copolymerization experiments, was studied, and 

was shown to be very successful. 
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4.1 Introduction 

 

In literature, only very few reports are available on the use of dithiocarbamates as RAFT 

agents1-6. It was discussed in section 2.1.2 of Chapter two, that N,N-dialkyldithiocarbamates 

are not efficient in mediating a RAFT polymerization due to a reduced double bond character 

of the C=S bond, caused by delocalization of the lone electron pair on the nitrogen atom. If 

the nitrogen atom is substituted with an electron-withdrawing group, such as e.g. an 

alkoxycarbonyl group, dithiocarbamates become very efficient RAFT agents1;2;4;6;7. All these 

studies, however, employed primary or secondary leaving groups A, due to the synthetic 

difficulties that were met when preparing dithiocarbamates with a tertiary leaving group. It 

was discussed in Chapter two that tertiary leaving groups exhibit better control over the 

polymerization than primary or secondary leaving groups. Until now, only a limited number 

of studies have been performed on RAFT polymerization mediated with S-alkyl-N,N-

alkoxycarbonylalkyldithiocarbamates in solution1;7, and these compounds have not yet been 

applied to mediate a polymerization in heterogeneous media. In this Chapter, the 

bifunctional low molecular weight S-tert-alkyl-N,N-butoxycarbonylmethyldithiocarbamate 

RAFT agent 11a, of which the synthesis has been described in Chapter three, was studied 

on its efficiency to mediate the controlled radical polymerization of various acrylates in 

solution and miniemulsion. Also, compound 11a has been employed to produce triblock 

copolymers in solution and miniemulsion. This RAFT agent is depicted in figure 4.1. 

 

It should be noted that the number-average molecular weights of all polymers synthesized 

with butyl-RAFT agent 11a in this Chapter, are expressed in polystyrene equivalents. 

Although for all homopolymers discussed in this Chapter the Mark-Houwink correction 

parameters for the difference in hydrodynamic volume between the respective polyacrylate 

and polystyrene are available, no correction parameters are available for the difference in 

hydrodynamic volume between the random and block copolymers discussed in this Chapter, 

and polystyrene, which was used to calibrate the GPC. This procedure was applied in order 

to be able to compare the molecular weights of the homopolymers and random copolymers 

with the block copolymers produced by chain extension of these polymers. 
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Fig. 4.1: Butyl-RAFT agent 11a. Monomer incorporation occurs between the C-S bonds marked by an arrow. 

 

 

4.2 Experimental section 

 

Materials: N-butyl acrylate (n-BA, Aldrich), t-butyl acrylate (t-BA, Aldrich), 2-ethylhexyl acrylate  

(2-EHA, Aldrich), methacrylic acid (MAA, Aldrich) and iso-octyl acrylate (i-OA, UCB Chemicals) were 

purified by passing them over a column of basic alumina (Brockmann I, standard grade, 150 mesh, 

58Å, Aldrich). Toluene (Biosolve BV), sodium dodecyl sulphate (SDS, Fluka), hexadecane (Aldrich), 

azobis(isobutyronitrile) (AIBN, Merck) and potassium peroxodisulfate (KPS, Merck) were used as 

received. Deionized water was purified over a Milli-Q purification system. Butyl-RAFT agent 11a was 

synthesized according to the procedure reported in Chapter three.  

 

Solution polymerization procedure: Butyl-RAFT agent 11a was dissolved in a mixture of 

monomer and toluene, in a stirred three-necked flask equipped with a reflux cooler. This solution was 

purged with argon during 45 minutes. The flask was immersed in an oil bath and heated to 80°C. 

Initiator was dissolved in a small amount of toluene, and was injected with a syringe through a 

septum, when the temperature of the reaction mixture was constant at 80°C. At regular time intervals 

samples were taken with a syringe for gravimetrical conversion measurements, GPC analyses and 

MALDI-TOF MS analyses. These samples were quenched with hydroquinone and dried on a hot-plate 

at 50°C, followed by thorough drying in a vacuum oven at 50°C. The exact amounts and 

concentrations of the various compounds employed in these experiments are summarized in tables 

4.1 and 4.2.  

 

Triblock copolymer synthesis in solution: Monomer and toluene were added to the crude 

reaction mixture obtained in the solution polymerizations described above. Then the procedure for 

solution polymerization reported above was repeated, starting from degassing with argon. The exact 

amounts and concentrations of the compounds employed in these experiments are given in table 4.3. 
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Miniemulsion preparation procedure: Butyl-RAFT agent 11a was dissolved with stirring in a 

mixture of monomer and hexadecane, comprising the organic phase. Sodium dodecyl sulphate (SDS) 

was dissolved in water. The organic phase was added dropwise to the aqueous phase under vigorous 

stirring (magnetic stirrer plate). The pre-emulsion was left to stir vigorously for one hour, after which 

a sonication probe (400W, Dr. Hielscher UP400S) was inserted into the heterogeneous mixture. The 

pre-emulsion was sonicated at an amplitude of 30% of the maximum power for 30 minutes without 

cooling. The exact amounts and concentrations of the various compounds employed in these 

experiments are collected in tables 4.4 and 4.5. 

 

Miniemulsion polymerization procedure: After emulsification, the miniemulsion was transferred 

into a 50mL jacketed emulsion reactor under argon atmosphere, equipped with a reflux cooler and a 

thermocouple. The miniemulsion was stirred with a magnetic stirrer and heated to 70°C. When the 

miniemulsion reached constant temperature, initiator (KPS) dissolved in a small amount of water was 

added, and polymerization was performed under argon atmosphere for three hours. At regular time 

intervals, samples were taken for gravimetric conversion measurement, GPC analyses and MALDI-TOF 

MS analyses. These samples were quenched with hydroquinone to stop polymerization and dried on a 

hot-plate at 50°C, followed by thorough drying in a vacuum oven at 50°C. 

 

Triblock copolymer synthesis in emulsion: The seed latices obtained in the miniemulsion 

polymerizations described above were diluted with deionized water (if applicable) and transferred to a 

jacketed emulsion reactor, equipped with a reflux cooler and a thermocouple. These latices were 

swollen overnight at room temperature with a fresh amount of monomer, and were stirred with a 

magnetic stirrer. Then the procedure reported for miniemulsion polymerization reported above, was 

repeated, starting from degassing with argon. The exact amounts and concentrations of the various 

compounds employed in these experiments are given in tables 4.6. 

 

GPC analysis: GPC analysis was carried out using a Waters model 510 pump, a model 410 refractive 

index detector (at 40°C) and a model 486 UV detector (at 254 nm) in series. Injections were done by 

a Waters model WISP 712 autoinjector, using an injection volume of 50 µL. The columns used were a 

PLgel guard (5 µm particles) 50x7.5 mm column, followed by two PLgel mixed-C or mixed-D (5 µm 

particles) 300x7.5 mm columns at 40°C in series. Tetrahydrofuran (Biosolve, stabilised with BHT) was 

used as eluent at a flow rate of 1.0 mL min-1. Calibration has been done using polystyrene standards 

(Polymer Laboratories, nM = 580 to 7.1x106 g mol-1). Data acquisition and processing were performed 

using Waters Millennium32 (v3.2 or 4.0) software. Before injection, the samples were filtered over a 

13 mm x 0.2 µm PTFE filter, PP housing (Alltech). 
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MALDI-TOF MS analysis: MALDI-TOF MS analysis was carried out on a Voyager DE-STR from 

Applied Biosystems. The matrix used was trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] 

malononitrile, which was synthesized according to the procedure reported by Ulmer et al.8 Sodium, 

potassium or lithium trifluoroacetate (Aldrich, 98%) was added to the compounds as cationic 

ionization agent at a typical concentration around 1 mg mL-1. The matrix was dissolved in THF 

(Biosolve) at a concentration of 40 mg mL-1. In a typical MALDI experiment, the matrix, salt and 

polymer solution were premixed in the ratio: 5µL sample: 5µL matrix: 0.5µL salt. Approximately 0.5µL 

of the obtained mixture was hand spotted on the target plate. All the spectra were acquired on the 

Voyager DE-STR in the linear or reflector mode.  

 

HPLC-ESI MS analysis: HPLC-ESI MS analysis was carried out on an Agilent Technologies 1100 

series system, using a G1311A quaternary pump, a G1313A autosampler, a G1315B UV-DAD detector 

at 254 nm and an Agilent MDS type SL G1946D mass spectrometer with atmospheric pressure 

electrospray ionization. All data were processed with HP Chemstation software. The column used was 

a Supersphere 100RP-18E; 150 x 3 mm; dp 4 µm (Bischoff) using a methanol (HPLC grade, 

Biosolve)/water 50:50 to methanol gradient in 25 minutes at a flow of 0.4 mL min-1 at 25°C. Samples 

were dissolved in methanol (HPLC grade, Biosolve) at a concentration of 10 mg mL-1. Typical injection 

volumes were 1 µL. 

 

GPEC analysis: GPEC analysis was carried out on an Agilent Technologies 1100 series system, using 

a G1311A quaternary pump, a G1313A autosampler, a G1315B UV-DAD detector at 254 nm and a 

S.E.D.E.R.E SEDEX 55 ELSD detector, operated at 2.2 bar and 60°C. All data were processed with HP 

Chemstation software. The column used was a Zorbax C-18 using a THF (HPLC grade, Biosolve)/water 

80:20 to THF gradient in 20 minutes at a flow of 1.0 mL min-1 at 25°C. Samples were dissolved in THF 

(HPLC grade, Biosolve) at a concentration of 10 mg mL-1. Typical injection volumes were 10 µL. 

 

Particle size measurements: Particle diameters were measured on an LS 32 Coulter Counter. For 

this purpose, samples were diluted with deionized water. 

 

Potentiometric titrations: Before the titrations, the copolymers were precipitated twice from 

methanol and dried in a vacuum oven. 0.1 g of the p(n-BA-co-MAA) copolymer was dissolved in 150 

mL of an 80:20 THF-water mixture. In order to get a distinct strong acid equivalence point and to 

ensure the complete protonation of all the acid groups in the sample, the slightly cloudy solution was 

acidified with 0.1 mL of a 1N solution of HCl in water (Titrisol®, Merck). After equilibration during 30 

minutes, a homogeneous solution was obtained. The mixture was titrated by adding 1 mL of a 0.01N 

NaOH solution in water (Titrisol®, Merck) with a Metrohm 665 Dosimat automatic burette every 30s. 
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The pH was measured with a pH electrode suitable for non-aqueous titrations (ROSS® SURE-FLOW™ 

model 8172 from Orion) and recorded on an Orion model 520A pH meter. Each copolymer was 

titrated 3 times. The concentration of the titrants was checked by performing an acid-base titration of 

potassium hydrogen phthalate (KHP, p.a., Merck). This is a hygroscopic powder and was therefore 

dried in a vacuum oven at 50°C for 12 hours. It was rapidly weighed and titrated with both the NaOH 

and the HCl titrant. The concentration of the two titrants could therefore be obtained accurately. 

 

 

4.3 Solution polymerization 

 

4.3.1 Homopolymerization 

 

Destarac et al.1 reported the polymerization of ethyl acrylate mediated with S-malonyl-N,N-

methoxycarbonylcyclohexyldithiocarbamate, and although control of the number-average 

molecular weight was good, the molecular weight distribution obtained by these authors was 

bimodal. The authors did not provide an explanation for the bimodal molecular weight 

distribution. Butyl-RAFT agent 11a is expected to perform better in controlling 

polymerization, because the tertiary para-diisopropylphenyl leaving group is employed here 

(see the introduction to this Chapter). In this section, the solution polymerization of various 

acrylates, mediated with butyl-RAFT agent 11a, was studied. The recipes and results of 

these experiments are summarized in table 4.1. 

 

The targeted number-average molecular weight of the synthesized polymers can be 

calculated via equation 4-1, see also equation 2-3 in section 2.1.1 of Chapter two. No 

correction for the initiator derived chains was performed here. Due to the small initiator to 

RAFT molar ratio and the relatively short reaction times employed, i.e. three hours, the 

number of initiator derived chains was negligible compared to the amount of chains 

containing a RAFT moiety, and did not influence the calculated number-average molecular 

weight. The term x in equation 4-1 is the fractional conversion, FWmon and FWRAFT are the 

molecular weights of respectively the monomer and the RAFT agent, while [M]0 and [RAFT]0 

are the starting concentrations of monomer and RAFT agent, respectively.  
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Table 4.1 Upper table: Recipe details of the solution polymerizations of various acrylate monomers mediated 

with butyl-RAFT agent 11a. The polymerizations were carried out at 80°C for three hours. Lower table: 

Experimental results of the polymerizations. 

 

compound amount/concentration 

monomer 10.0g 

toluene 10.0g 

butyl-RAFT 11a 2.0 – 4.8 x 10-2 mol L-1
 

AIBN 2.0 or 3.8 x 10-3 mol L-1 

 

expt monomer 
[AIBN] 

(mol L-1) 

[RAFT] 

(mol L-1) 

nM  exp  

(g mol-1) 

nM  calc* 

(g mol-1) n

w

M
M

 
conv. 

(%) 

SOL-1 n-BA 3.8 x 10-3 - 78300 - 3.24 84 

SOL-2 n-BA 3.8 x 10-3 2.4 x 10-2 22700 19100 1.39 97 

SOL-3 n-BA 3.8 x 10-3 4.8 x 10-2 11600 9400 1.33 95 

SOL-4 n-BA 2.0 x 10-3 2.0 x 10-2 15500 19800 1.17 88 

SOL-5 t-BA 2.0 x 10-3 2.0 x 10-2 21900 23000 1.21 89 

SOL-6 2-EHA 2.0 x 10-3 2.0 x 10-2 19600 23700 1.27 93 

SOL-7 i-OA 2.0 x 10-3 2.0 x 10-2 19800 19200 1.25 80 

 

[ ]
[ ]0

mon0
RAFTn

RAFT
xFWM

FWM
⋅⋅

+=                                            4-1 

 

Experiment SOL-1 is a blank polymerization of n-butyl acrylate, without RAFT agent. In 

experiment SOL-2 a solution polymerization of n-butyl acrylate, mediated with butyl-RAFT 

agent 11a was performed, to determine whether the butyl-RAFT agent was capable of 

mediating a controlled polymerization. The evolution of the number-average molecular 

weight and the polydispersity index of experiment SOL-2, determined by GPC and expressed  

 

                                            
* Example of the influence of the initiator-derived chains: in experiment SOL-2 the calculated number-

average molecular weight corrected for the initiator-derived chains is 18700 g mol-1, compared to a 

value of 19100 g mol-1 without correction for the initiator-derived chains. 
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Fig. 4.2: Experimentally determined number-average molecular weight (●, left axis), targeted number-average 

molecular weight calculated with equation 4-1 (−−− , left axis), and polydispersity index (∆, right axis) for samples 

taken from experiment SOL-2. 

 

in polystyrene equivalents, are plotted against monomer conversion in figure 4.2, and the 

number-average molecular weight was found to increase linearly with conversion, although it 

was slightly higher than the targeted number-average molecular weight, calculated with 

equation 4-1. This is probably due to the fact that the number-average weights of 

experiment SOL-2 are expressed in polystyrene equivalents (see section 4.1). In figure 4.3, 

the normalized GPC chromatograms (DRI and UV traces) of experiment SOL-2 are depicted. 

Thanks to the double detection system in our chromatograph, a distinction can be made 

between controlled and uncontrolled polymer. Controlled polyacrylates contain the RAFT 

moiety which absorbs in UV, and thus are detected by both the UV and the DRI detector, 

while uncontrolled polyacrylates, which are not UV active, are detected only by the DRI 

detector. At higher conversions, some low molecular weight tailing can be observed in the 

chromatograms depicted in figure 4.3. The low molecular weight tailing is also reflected in 

the somewhat higher polydispersity index of the final polymer product produced in 

experiment SOL-2, see table 4.1. Table 4.1 demonstrates that the initiator concentration has 

a large influence on the polydispersity index. In experiments SOL-4 to SOL-7, lower initiator 

concentrations were employed, and in these experiments the final polydispersities were 

lower. GPC did not show low molecular weight tailing in these experiments. In experiments  
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Fig. 4.3: Normalized GPC chromatograms of samples taken from experiment SOL-2 (DRI signal). A gradually 

growing polymer can be observed. Also some low molecular weight tailing can be noticed at higher monomer 

conversions. Inset:  Normalized GPC chromatograms of samples taken from experiment SOL-2 (UV-signal). The 

UV signal proves that n-butyl acrylate has been incorporated into the RAFT agent. 55% monomer conversion 

(-----  -----  ----- ). 77% monomer conversion (- - - - - - ). 97% monomer conversion (---------- ). 

 

SOL-4 to SOL-7 it was also demonstrated, that butyl-RAFT agent 11a was capable of 

controlling the homopolymerization of a whole range of acrylic monomers. In order to study 

the low molecular weight tailing observed in solution polymerizations mediated with RAFT 

agent 11a, samples taken from experiment SOL-3 were analyzed with MALDI-TOF mass 

spectrometry. The results of this analysis are discussed in detail in section 4.5. 

 

In figure 4.4, the conversion versus time profiles for experiments SOL-1 to SOL-3, i.e. with 

increasing RAFT agent concentration, are depicted. Regardless of the RAFT agent 

concentration, nearly no retardation was observed in these polymerizations, but a higher 

RAFT agent concentration clearly resulted in a longer inhibition period. However, this was 

not further studied in this work. A possible explanation for the long inhibition periods 

observed in RAFT polymerization was proposed recently by McLeary et al.9 for styrene 

polymerizations mediated with cyanoisopropyl dithiobenzoate, although the authors indicated 

that this explanation can be extended to all efficient RAFT systems. With an in situ 1H-NMR 

study these authors showed that during the inhibition period the addition-fragmentation  

 

18 16 14 12 10

 



Chapter four 

- 98 - 

0

20

40

60

80

100

0 20 40 60 80 100 120 140 160

Time (min)

Co
nv

er
si

on
 (

%
)

 
Fig. 4.4: Conversion versus time profile for experiments SOL-1 to SOL-3, i.e. with increasing RAFT concentration. 

SOL-1 (No RAFT, -----□----- ). SOL-2 ([RAFT] = 2.4 x 10-2 mol L-1, -----●----- ). SOL-3 ([RAFT] = 4.8 x 10-2 mol L-1, -----∆-----). 

Clearly, a higher RAFT agent concentration implies a larger inhibition period, while nearly no retardation is 

observed once the polymerization has started. 

 

process was extremely selective and because of this, significant quantities of RAFT adducts 

of degrees of polymerization larger than unity were formed only after complete conversion of 

the initial RAFT agent to its single monomeric adduct. 

 

It will be evident from figure 4.4 and the results of experiments SOL-2 to SOL-7 collected in 

table 4.1, that butyl-RAFT agent 11a exhibits better control over a solution polymerization 

than the S-malonyl-N,N-methoxycarbonylcyclohexyldithiocarbamate RAFT agent reported by 

Destarac et al.1, since monomodal molecular weight distributions were obtained in this work. 

Experiments SOL-2 to SOL-7 also show that S-tert-alkyl-N,N-alkoxycarbonylalkyldithio-

carbamates are capable of controlling the polymerization of a whole range of acrylic 

monomers. 

 

4.3.2 Copolymerization 

 

In Chapter one, it was stated that the objective of this thesis is to synthesize alternating 

polar-nonpolar (multi)block copolymers with blocks having a low glass transition  
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Table 4.2 Upper table: Recipe details of the solution copolymerizations of n-butyl acrylate and methacrylic acid 

mediated with butyl-RAFT agent 11a. The polymerizations were carried out at 80°C for three hours. Lower 

table: Molecular characteristics of the copolymers, and copolymer composition. 

 

compound amount/concentration 

monomer (n-BA + MAA) 2.0g 

toluene 2.0g 

butyl-RAFT agent 11a 2.0 x 10-2 mol L-1
 

AIBN 2.0 x 10-3 mol L-1 

 

expt 
%wt MAA 

monomer feed 

%wt MAA 

final polymer 

nM  exp  

(g mol-1) 

nM  calc  

(g mol-1) n

w

M
M

 
conv. 

(%) 

SOLCO-1 5 9.4 17600 18500 1.19 79 

SOLCO-2 10 13.9 17600 18900 1.19 80 

SOLCO-3 15 19.4 18900 19700 1.23 83 

 

temperature. Also it was mentioned that the polar block would be a copolymer of n-butyl 

acrylate and methacrylic acid. In this section, the solution copolymerization of n-butyl 

acrylate and methacrylic acid mediated with butyl-RAFT agent 11a is discussed. The results 

of these experiments are summarized in table 4.2, and show that the solution 

copolymerization of n-butyl acrylate and methacrylic acid could be controlled excellently.  

 

In order to determine the copolymer composition, the copolymers resulting from 

experiments SOLCO-1 to SOLCO-3 were subjected to a potentiometric titration. No NMR was 

employed, since methacrylic acid monomer residues do not display a distinct peak which can 

be used for quantification in 1H-NMR, when copolymerized with n-butyl acrylate. A potentio-

metric titration is based on the reaction between the functional carboxylic acid groups in the 

methacrylic acid monomer residues with a titrant (aqueous NaOH) in a non-aqueous 

environment10. The solvent, i.e. an 80:20 THF-water mixture in this work, has to be chosen 

with care, since it must dissolve the polymer, be miscible with the titrant and allow potentio-

metric measurements11;12. The titration curves of the copolymers are depicted in figure 4.5, 

and all show two equivalence points. The first equivalence point corresponds to the 
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Fig. 4.5: Titration curves of the p(n-BA-co-MAA) copolymers. SOLCO-1 (9.4%wt MAA incorporation, ---------- ), 

SOLCO-2 (13.9%wt MAA incorporation, - - - - - -  ). SOLCO-3 (19.4%wt MAA incorporation, -----  -----  ----- ). Each 

copolymer was titrated three times. 

 

neutralization of the strong acid groups from the HCl solution which was added to the 

polymer solution before titration, to ensure complete protonation of the carboxylic acid 

groups. The second equivalence point corresponds to the weak acid groups. No flat area 

could be seen between the two equivalence points, as would be the case in an aqueous 

solution of a mixture of acids. This is due to the drift in pH observed in non-aqueous systems 

and also to the pH-dependent dissociation constant of polyacids (the so-called drifting 

pKa)13;14. From the difference between the two equivalence points in the titration curve, the 

amount of weak acid groups present in the copolymer chain could be calculated via equation 

4-2*: 

 

( )
copolymer

NaOHeqHCleqCOOH
MAAinc m

09.86CVV
wt%

∗∗−
=                               4-2 

 

                                            
* the equivalence volumes were determined accurately by taking the first derivative of the titration 

curves. Each copolymer was titrated three times, and the average equivalence volumes were 

employed to calculate the amount of methacrylic acid incorporated into the polymer chain. 
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VeqCOOH and VeqHCl are the equivalence points of respectively the incorporated MAA residues 

and the HCl which was added in an excess before the start of the titration, in order to 

protonate all carboxylic acid groups present in the copolymer. CNaOH is the analytical 

concentration of the NaOH titrant, 86.09 is the molecular weight of methacrylic acid and 

mcopolymer is the mass of the copolymer that was titrated. The incorporated amounts of 

methacrylic acid are summarized in table 4.2, and all were found to be higher than the 

amounts of methacrylic acid in the monomer feed. This can be explained by considering that 

methacrylic acid is more reactive than n-butyl acrylate (rn-BA = 0.31, rMAA = 1.2515), and that 

the overall monomer conversion was only around 80%. In such a case, the partial 

conversion of methacrylic acid is higher than the partial conversion of n-butyl acrylate, and 

thus relatively more methacrylic acid is incorporated in the chain than present in the 

monomer feed.  

 

The copolymers were also analyzed with Gradient Polymer Elution Chromatography on a 

THF-water gradient. The resulting Evaporative Light Scattering Detector (ELSD) traces of the 

final polymer resulting from experiment SOL-4, i.e. pure poly(n-butyl acrylate), and the final 

copolymers resulting from experiments SOLCO-1 to SOLCO-3 are depicted in figure 4.6. Note 

that the chemical composition distribution of the resulting copolymers broadened, when 

more methacrylic acid was incorporated into the polymer chain, due to composition drift. A 

linear relationship between the copolymer composition, determined by the potentiometric 

titrations, and the retention time of the copolymers in GPEC was found. This relationship is 

plotted in figure 4.7, and the derived equation is used as a calibration curve for the 

copolymerization of n-butyl acrylate and methacrylic acid in miniemulsion, which is discussed 

section 4.4 of this Chapter, and in Chapter six. The equation derived from figure 4.7, 

correlating the retention time with the weight percentage of methacrylic acid incorporated 

into the polymer chain, is: 

 

y = -5.44x + 61.72                                                 4-3 

 

where y represents the wt% methacrylic acid incorporated into the polymer chain, and x 

represents the retention time in GPEC (in minutes). 
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Fig. 4.6: Main plot: ELSD detector traces of the GPEC analysis of samples SOL-4 [p(n-BA), ---------- ], SOLCO-1 

[p(n-BA-co-MAA) 11.6:9.4 wt:wt, - - - - - - ], SOLCO-2 [p(n-BA-co-MAA) 86.1:13.9 wt:wt, -----  -----  ----- ] and SOLCO-3 

[p(n-BA-co-MAA) 80.6:19.4 wt:wt, ----- - ----- - ----- ]. Retention time decreases when more methacrylic acid is 

incorporated into the polymer chain. 
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Fig. 4.7: Copolymer composition in function of retention time, determined by GPEC analysis. The amount of 

methacrylic acid (MAA) incorporated has been determined by acid-base titration of the resulting copolymers. 
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4.3.3 Triblock copolymer synthesis 

 

In a next series of experiments, the ability of bifunctional butyl-RAFT agent 11a to produce 

ABA triblock copolymers in solution was studied. For this purpose, two RAFT-functionalized 

polymers synthesized in sections 4.3.1 and 4.3.2 were chain extended with n-butyl acrylate 

or iso-octyl acrylate. The recipes and results of these experiments are given in table 4.3. In 

these experiments, the crude reaction mixtures resulting from experiments SOL-6 and 

SOLCO-2 (see section 4.3.1 and 4.3.2) were employed, rather than the purified RAFT-

functionalized polymers, because when later on block copolymerization is performed in an 

aqueous dispersion, intermediate purification of the RAFT functionalized polymers after the 

first polymerization step is not possible either.  

 

In experiment SOLB-1, an butyl-RAFT-functionalized poly(2-ethylhexyl acrylate), produced in 

experiment SOL-6 with low initiator concentration, was chain extended with n-butyl acrylate. 

In figure 4.8 the normalized GPC chromatograms (DRI and UV traces) of the entire two-step 

p(n-BA)-block-p(2-EHA)-block-p(n-BA) triblock copolymer synthesis are depicted. During 

experiment SOLB-1, the molecular weight distribution shifts to a lower retention time, i.e. to 

a higher molecular weight. A comparison of the DRI with the UV trace indicates that all 

formed polymer contained the RAFT moiety, but also that not all RAFT-functionalized poly(2-

ethylhexyl acrylate) resulting from experiment SOL-6 was consumed during the block 

copolymerization. This feature was discussed in section 2.2 of Chapter two, and was referred 

to as inefficient blocking. It was mentioned that the order in which the individual blocks are 

produced is of the utmost importance, and that those monomers with a low time constant 

for transfer towards the RAFT agent must be polymerized first to complete conversion, to 

avoid inefficient blocking when chain extended with monomers with a high time constant for 

transfer16;17. 

 

In experiment SOLB-2 (see table 4.3), a RAFT functionalized poly(n-butyl acrylate-co-

methacrylic acid) (86:14 wt:wt) copolymer, produced in experiment SOLCO-2 with low 

initiator concentration, was chain extended successfully with iso-octyl acrylate. The 

normalized GPC chromatograms of the entire two-step alternating polar-nonpolar p(i-OA)- 
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Table 4.3 ABA triblock copolymer synthesis: Upper table: Recipe details of the solution block 

copolymerizations of various monomers. The polymerizations were carried out at 80°C for three hours. The RAFT 

functionalized polymers in the seed solutions were not isolated and purified before chain extension. Instead the 

solutions obtained in sections 4.3.1 and 4.3.2 were used as such. Lower table: Molecular characteristics of the 

block copolymers produced in the solution polymerization experiments. 

 

compound amount/concentration 

monomer 5.0g 

toluene 5.0g 

SOL-6 or SOLCO-2 

(crude reaction mixture) 
10.0g 

AIBN 2.0 x 10-3 mol L-1 

 

seed solution* triblock copolymer 

expt 
seed solution 

nM  

(g mol-1) 

mono- 

mer 

nM  exp 

(g mol-1) 

nM  calc  

(g mol-1) n

w

M
M  

conv. 

(%) 

SOLB-1 SOL-6 19600 n-BA 37300 40700 1.59 92 

SOLB-2 SOLCO-2 17600 i-OA 29300 30700 1.49 75 

 

block-p(n-BA-co-MAA)-block-p(i-OA) triblock copolymer synthesis are depicted in figure 4.9, 

and show that chain extension of the macroinitiator has taken place. Moreover, the RAFT 

functionalized poly(n-butyl acrylate-co-methacrylic acid), synthesized in experiment SOLCO-

2, has been entirely consumed here, and thus block copolymerization was well controlled.  

 

It will be evident from experiments SOLB-1 and SOL-2 that n-butyl acrylate has a higher time 

constant for transfer towards butyl-RAFT agent 11a than 2-ethylhexyl acrylate. From 

experiments SOLB-1 and SOLB-2, an important conclusion for the further work reported in 

this thesis can be drawn. In order to obtain pure blocks when applying butyl-RAFT agent 

11a in miniemulsion to produce block copolymers, and to avoid inefficient blocking, the polar  

 

                                            
* Seed solution SOL-6 is a RAFT functionalized poly(2-ethylhexyl acrylate), described in section 4.3.1. 

Seed solution SOLCO-2 is a poly(n-butyl acrylate-co-methacrylic acid) 86:14 (wt:wt), described in 

section 4.3.2. 
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Fig. 4.8: Main plot: Normalized GPC chromatograms of the entire two-step p(n-BA)-b-p(2-EHA)-b-p(n-BA) 

triblock copolymer synthesis in solution (DRI signal). Step 1: synthesis of the p(2-EHA) block (SOL-6, - - - - ). Step 

2: chain extension of the p(2-EHA) block to a p(n-BA)-b-p(2-EHA)-b-p(n-BA) triblock copolymer in solution 

(SOLB-3, ---------- ). Inset:  Normalized GPC chromatograms of the entire two-step p(n-BA)-b-p(2-EHA)-b-p(n-BA) 

triblock copolymer synthesis in solution (UV signal). Comparison of the DRI and the UV trace indicates that block 

copolymerization occurred, but also that not all RAFT functionalized p(2-EHA) resulting from experiment SOL-6 

was consumed during experiment SOLB-1, and thus inefficient blocking occurred. 
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Fig. 4.9: Main plot: Normalized GPC chromatograms of the p(i-OA)-b-p(n-BA-co-MAA)-b-p(i-OA) triblock 

copolymer synthesis in solution (DRI signal). Step 1: synthesis of the p(n-BA-co-MAA) block (SOLCO-2, - - - - ). 

Step 2: chain extension of the p(n-BA-co-MAA) block to a p(i-OA)-b-p(n-BA-co-MAA)-b-p(i-OA) triblock copolymer 

in solution (SOLB-3, ---------- ). Inset:  Normalized GPC chromatograms of the entire p(i-OA)-b-p(n-BA-co-MAA)-b-

p(i-OA) triblock copolymer synthesis in solution (UV signal). Comparison of the DRI and the UV trace indicates 

that block copolymerization occurred, and that blocking efficiency was high in experiment SOLB-2.  
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block, i.e. a poly(n-butyl acrylate-co-methacrylic acid) block, must be polymerized first. The 

RAFT-functionalized polymer that is obtained in such a way, should then be chain extended 

with iso-octyl acrylate in a second polymerization step. 

 

 

4.4 Miniemulsion polymerization 

 

4.4.1 Homopolymerization 

 

In a first series of experiments, the ability of butyl-RAFT agent 11a to control the 

miniemulsion homopolymerization of various acrylic monomers was studied. The recipe 

details and the results of these experiments are given in table 4.4. It should be emphasized 

that in none of the experiments described below a colored layer was formed in the reaction 

mixture during polymerization, nor had phase separation occurred, contrary to previously 

reported studies18-21, although in all experiments a rather low surfactant concentration was 

employed. In all experiments reported in section 4.4, the miniemulsion/latex was colloidally 

stable before, during and after the polymerization. After polymerization no coagulum was 

found in the reactor, and the resulting latices had shelf lives at least in the order of months. 

 

First, the miniemulsion polymerization of n-butyl acrylate with varying concentrations of 

butyl-RAFT agent 11a was investigated. All miniemulsions were prepared by sonication, and 

after artificial emulsification all miniemulsions were colloidally stable. The miniemulsions 

were initiated with a water-soluble initiator (KPS) and polymerization was carried out at 70°C 

for three hours, except for experiment MEP-4, which was carried out at 70°C for four hours, 

because of the long inhibition period. No phase separation or coagulum formation 

whatsoever took place during the polymerization, and all latices were colloidally stable after 

polymerization. In figure 4.10, the number-average molecular weight and the polydispersity 

index of samples taken from experiment MEP-2 are plotted against monomer conversion. 

The number-average molecular weight increased linearly with conversion, indicating good 
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Table 4.4: Upper table: Recipe details of the miniemulsion polymerizations of n-butyl acrylate mediated with 

butyl-RAFT agent 11a. The miniemulsion polymerizations were carried out at 70°C for three hours, except 

experiment MEP-4, which was carried out for four hours. Lower table: Experimental details and molecular 

characteristics of the polymers produced  in the miniemulsion polymerization experiments. 

 

compound amount/concentration 

organic phase 

monomer 8.0g (20%wtlatex) 

hexadecane 2%wt with respect to n-butyl acrylate 

butyl-RAFT (11a) 0.0 – 1.3 10-1 mol L-1
organic phase 

aqueous phase 

SDS 2.3 x 10-3 mol L-1
water 

water 30.0g 

KPS 3.0 x 10-3 mol L-1
water 

 

expt 
[butyl-RAFT] 

(mol L-1
organic phase) 

mono- 

mer 

nM  exp 

(g mol-1) 

nM  calc 

(g mol-1) n

w

M
M  

conv. 

(%) 

nD  

(nm) n

w

D
D  

MEP-1 - n-BA >100000 - >3 92 162 1.05 

MEP-2 4.4 x 10-2 n-BA 23500 18800 1.46 90 174 1.04 

MEP-3 8.6 x 10-2 n-BA 12300 9200 1.53 83 177 1.04 

MEP-4 13 x 10-2 n-BA 9000 6600 1.45 86 190 1.04 

MEP-5 3.7 x 10-2 2-EHA 30100 23600 1.46 96 164 1.04 

MEP-6 4.4 x 10-2 i-OA 24000 20700 1.36 99 185 1.04 

 

control over the polymerization, although the number-average molecular weight found from 

GPC analysis, in all cases was slightly higher than the number-average molecular weight 

calculated with equation 4-1. The reason for this might be that the number-average 

molecular weights are all expressed in polystyrene equivalents, as was discussed in the 

introduction to this Chapter. The calculated number-average molecular weight was not 

corrected for initiator-derived chains, since a low initiator concentration and short reaction 

times were employed.  
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Fig. 4.10: Experimentally determined number-average molecular weight (●, left axis), targeted number-average 

molecular weight calculated with equation 4-1 (−−− , left axis) and polydispersity index (∆, right axis) for samples 

taken from miniemulsion polymerization MEP-2. 

 

Upon increasing the RAFT agent concentration, similar to the solution homopolymerization 

experiments discussed in section 4.3.1, some low molecular weight tailing can be observed 

in the GPC chromatograms. This is evident from figure 4.11, which depicts the normalized 

GPC chromatograms (DRI and UV traces) of samples taken from experiment MEP-4, i.e. the 

experiment with the highest RAFT agent concentration. It should be noted, however, that 

when comparing the low molecular weight tailing observed in miniemulsion polymerization 

with that observed in solution polymerization, this tailing only becomes important in 

miniemulsion polymerization at significantly higher RAFT concentrations than in solution 

polymerization. A second important factor here is that in the miniemulsion polymerizations, a 

lower radical flux was employed than in the solution polymerizations. In order to elucidate 

the low molecular weight tailing observed in miniemulsion polymerizations mediated with 

RAFT agent 11a, samples taken from experiment MEP-4 were studied with MALDI-TOF mass 

spectrometry. The results of this analysis are discussed in detail in section 4.5. 

 

Figure 4.12 depicts the conversion versus time profiles for experiments MEP-1 to MEP-4, i.e. 

with increasing RAFT agent concentration. It can be readily seen from this figure that 

retardation of the polymerization occurs only to a very minor extent, contrary to many 

previously reported RAFT polymerization results20;21. However, the inhibition period increases  
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Fig. 4.11: Normalized GPC chromatograms of samples taken from experiment MEP-4 (DRI signal). A gradually 

growing polymer can be observed. Some low molecular weight tailing can be noticed at higher monomer 

conversions. Inset:  Normalized GPC chromatograms of samples taken from experiment MEP-4 (UV-signal). The 

resemblance of the DRI and the UV signal proves that n-butyl acrylate has been incorporated into the RAFT 

agent. 38% monomer conversion (-----  -----  ----- ). 55% monomer conversion (- - - - - - ). 86% monomer conversion  

( ---------- ). 
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Fig. 4.12: Conversion-time profile for the miniemulsion polymerizations of n-butyl acrylate with increasing 

concentration of butyl-RAFT agent 11a, carried out at 70°C. MEP-1 (No RAFT, ----◊---- ). MEP-2 ([butyl-RAFT] = 

4.4x10-2 mol L-1, -----■----- ). MEP-3 ([butyl-RAFT] = 8.6x10-2 mol L-1, -----∆----- ). MEP-4 ([butyl-RAFT] = 1.3x10-1  

mol L-1, -----●----- ). 
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Fig. 4.13: Upon addition of a radical R* to RAFT agent 11a, expelled radical 24 and dormant monofunctional 

RAFT agent 25 are formed. Due to its lower water-solubility, radical 24 is less likely to exit the latex particle 

during polymerization. 

 

with increasing RAFT agent concentration. A possible explanation for the inhibition period 

was discussed in section 4.3.1. The fact that retardation was nearly non-existing when butyl-

RAFT agent 11a was employed can be attributed to the fact that this RAFT agent is rather 

bulky. Radical exit from the latex particles was discussed in sections 2.3 and 2.4 of Chapter 

two as one of the possible mechanisms for retardation in the RAFT process. Upon addition of 

a radical to RAFT agent 11a, and subsequent fragmentation, an expelled radical is formed 

(figure 4.13), but contrary to previously reported studies18;19;22-24, here the expelled radical 

24 is a relatively large radical with one RAFT function left in the chain. Due to its lower 

water solubility than e.g. a cumyl radical, this radical is less likely to exit from the latex 

particle25. 

 

In experiments MEP-5 and MEP-6 (see table 4.4), the ability of butyl-RAFT agent 11a to 

mediate the miniemulsion polymerization of other acrylic monomers is demonstrated. In all 

these experiments colloidally stable latices were obtained after polymerization. It will be 

evident from the results summarized in table 4.4 that butyl-RAFT agent 11a is well capable 

of controlling the polymerization of higher acrylates, such as 2-ethylhexyl acrylate and iso-

octyl acrylate. 
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4.4.2 Copolymerization 

 

Once it was confirmed that S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamates were well 

capable of controlling the miniemulsion homopolymerization of acrylic monomers, the 

miniemulsion copolymerization of n-butyl acrylate with methacrylic acid mediated with butyl-

RAFT agent 11a, was studied. The reason that methacrylic acid was chosen, instead of e.g. 

acrylic acid, is that in a heterogeneous system the polar monomer, which is water-soluble, 

will reside predominantly in the aqueous phase, while for incorporation into the polymer it 

should be in the particles. Methacrylic acid is slightly less water-soluble than acrylic acid, 

especially if the pH of the miniemulsion is decreased to a value below the pKa value of the 

acid, so that methacrylic acid is present in its protonated form, and thus better soluble in the 

organic phase. However, partitioning of methacrylic acid over the organic and aqueous 

phase cannot be entirely prevented. The copolymerization of n-butyl acrylate and 

methacrylic acid is not ideal (rn-BA = 0.31, rMAA = 1.2515), while methacrylic acid is the most 

reactive of the two monomers. In a homogeneous medium, the difference in reactivity would 

lead to some composition drift, as was reported in section 4.3.2. In a heterogeneous 

environment however, the fact that methacrylic acid mainly resides in the aqueous phase 

counteracts against composition drift. The copolymerization of n-butyl acrylate and 

methacrylic acid mediated with butyl-RAFT agent 11a has been performed with and without 

lowering the pH of the miniemulsion, in order to study the level of incorporation of 

methacrylic acid in the polymer. The recipe details are given in table 4.6. All miniemulsions 

were prepared by sonication, and after artificial emulsification, the miniemulsions were 

colloidally stable. Polymerization was initiated with a water-soluble initiator (KPS), and 

polymerization was carried out at 70°C for three hours. During and after the polymerization, 

all latices were colloidally stable and no coagulum was found. GPC analysis showed that both 

polymerizations were well controlled. Note that because no correction parameters for the 

hydrodynamic volume are available for poly(n-butyl acrylate-co-methacrylic acid) 

copolymers, all molecular weights are expressed in polystyrene equivalents. 

 

GPEC analysis of the resulting copolymers, depicted in figure 4.14 and quantified with 

equation 4-3 (see figure 4.7), shows that in both experiments a similar amount of 
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Table 4.6: Upper table: Recipe details of the miniemulsion copolymerizations of n-butyl acrylate with 

methacrylic acid, mediated with butyl-RAFT agent 11a. The miniemulsion polymerizations were carried out at 

70°C during three hours. Lower table: Experimental results of the miniemulsion copolymerizations. 

 

compound amount/concentration 

organic phase 

n-butyl acrylate 7.20g 

methacrylic acid 0.80g 

hexadecane 2%wt with respect to n-butyl acrylate 

RAFT agent 4.4 10-2 mol L-1
organic phase 

aqueous phase 

SDS 2.3 x 10-3 mol L-1
water 

water 30.0g 

KPS 3.0 x 10-3 mol L-1
water 

 

expt pH 
%wt MAA 

inc* 

nM  exp 

(g mol-1) 

nM  calc 

(g mol-1) 
PDI 

conv. 

(%) 

nD  

(nm) n

w

D
D

 

MEPCO-1 2.5 9.2 19800 19100 1.67 89 167 1.08 

MEPCO-2 6 9.8 22500 20100 1.48 92 160 1.07 

 

methacrylic acid was incorporated into the copolymer, and that decreasing the pH thus did 

not influence the methacrylic acid incorporation into the copolymer. Comparison of the peak 

broadness in the GPEC chromatograms depicted in figure 4.14 with that in the GPEC 

chromatograms depicted in figure 4.6, i.e. the solution copolymerization experiments, shows 

that composition drift can be significantly reduced when n-butyl acrylate and methacrylic 

acid are copolymerized in a heterogeneous medium, compared to a copolymerization of 

these monomers in solution. As was discussed above, this could be expected from their 

water-solubility and reactivity ratios26;27. From figure 4.14, it is also clear that no methacrylic 

acid homopolymerization occurred in the aqueous phase. Pure poly(methacrylic acid) does 

not interact with the GPEC column, and would elute at a retention time of approximately two  

 

                                            
* determined by GPEC calibrated as reported in section 4.3.2 
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Fig. 4.14: Normalized ELSD detector traces of the GPEC analysis of samples MEPCO-1 (low pH, --------------- ) and 

MEPCO-2 (neutral pH, - - - - -  ). The retention times of the two copolymers are virtually equal, indicating that 

decreasing the pH, which was expected to improve MAA incorporation, is not required. No p(n-BA) (elution time 

= 11.2 min) or pMAA homopolymer (elution time = 2 min) is observed. 

 

minutes. No n-butyl acrylate homopolymerization inside the particles was noticed, since 

poly(n-butyl acrylate) would elute at 11.2 minutes using the applied water-THF gradient. 

 

4.4.3 Triblock copolymer synthesis 

 

In this section, miniemulsion block copolymerization is described. For this purpose, three 

latices produced in sections 4.4.1 and 4.4.2, containing RAFT functionalized polymer were 

applied as seed latices, and were swollen overnight at room temperature with a fresh batch 

of monomer, and then polymerized at 70°C for three hours. The recipe details and results 

are provided in table 4.6. During swelling and polymerization, in each of the experiments the 

system remained colloidally stable. After polymerization, all latices were colloidally stable and 

no coagulum had been formed. In experiment SEPB-1, the ability to chain extend a RAFT 

functionalized poly(n-butyl acrylate) polymer with iso-octyl acrylate was studied. GPC 

analysis of the resulting polymer revealed that block copolymerization has indeed taken  
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Table 4.6: ABA triblock copolymer synthesis in emulsion. Upper table: recipe details of the miniemulsion block 

copolymerizations. The miniemulsion polymerizations were carried out at 70°C during three hours. Lower table: 

experimental results of the miniemulsion block copolymerizations. 

 

compound amount/concentration 

seed latex 15g 

iso-octyl acrylate 3.0g 

water* 12.0g 

KPS 3.0 x 10-3 mol L-1
water 

 

seed latex** final latex 

expt 
name pH 

nM   

(g mol-1) 

nD

(nm) 

nM  exp 

(g mol-1) 

nM  calc 

(g mol-1) n

w

M
M

 
conv. 

(%) 

nD  

(nm) n

w

D
D

 SC 

SEPB-1 MEP-2 - 23500 174 39400 44400 2.12 90 205 1.03 21 

SEPB-2 MEPCO-1 2.5 19800 167 37700 39500 2.95 90 247 1.10 21 

SEPB-3 MEPCO-2 6 22500 160 40900 44800 2.80 89 
67 /  

196 

1.02 / 

1.04 
21 

SEPB-4 MEPCO-1 2.5 19800 167 41100 40100 3.41 93 282 1.08 41 

SEPB-5 MEPCO-2 6 22500 160 43000 45500 2.99 92 
64 /  

226 

1.03 / 

1.12 
41 

 

place, and figure 4.15 demonstrates that the experimental number-average molecular weight 

increased linearly with conversion, and was in reasonable correlation with the values 

calculated with equation 4-1. It should be noted, however, that the experimental number-

average molecular weights of all triblock copolymers are expressed in polystyrene 

equivalents, since no correction parameters for the hydrodynamic volume are available for  

 

                                            
* In experiments SEPB-4 and SEPB-5, the seed latex was not diluted with water before swelling with 

monomer, in order to achieve a high solid content after polymerization. 
** Seed latex MEP-2 is a RAFT functionalized poly(n-butyl acrylate), produced in section 4.4.1 of 

Chapter four. Seed latices MEPCO-1 and MEPCO-2 are RAFT functionalized p(BA-co-MAA) copolymers. 

These latices were produced in section 4.4.2 of Chapter four. The pH of seed latex MEPCO-1 is 2.5, 

while that of latex MEPCO-2 is 6. 
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Fig. 4.15: Experimentally determined number-average molar mass (●, left axis), targeted number-average 

molecular weight, calculated with equation 4-1 without correction for initiator-derived chains (−−− , left axis) and 

polydispersity index (∆, right axis) for samples taken from miniemulsion polymerization SEPB-1. 

 

block copolymers like the ones produced in experiments SEPB-1 to SEPB-5. This is most 

probably the reason for the larger discrepancy between the experimental and calculated 

number-average molecular weights, compared to the solution and miniemulsion 

homopolymerizations mediated with butyl-RAFT agent 11a.  

 

In figure 4.16, the normalized GPC chromatograms (DRI and UV signal) of samples taken 

from experiment SEPB-1 are depicted. This figure shows that at high conversion, the 

molecular weight distribution broadens, and a minor amount of very high molecular weight 

polymer has been formed. However, this high molecular weight polymer can also be seen in 

the UV trace (see the inset in figure 4.16), and thus it contained the RAFT moiety. The 

formation of some very high molecular weight polymer at high monomer conversion can be 

attributed to the Trommsdorff effect28;29, which is well-known in emulsion polymerization25. 

Since the growing polymer chain is a chain extended bifunctional RAFT agent, and thus 

contains two RAFT moieties, upon addition of a radical to the growing polymer chain and 

subsequent fragmentation, an expelled radical is formed that still contains a RAFT moiety 

(see figure 4.13) and thus is UV active, even at very high monomer conversions. The 

reduction of the termination rate and more importantly the reduction of the transfer rate of  
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Fig. 4.16: Main plot: Normalized GPC chromatograms of samples taken from experiment SEPB-1 (DRI signal). A 

gradually growing triblock copolymer can be observed. Note that at higher conversion, the molecular weight 

distribution broadens due to the Trommsdorff effect. Inset:  Normalized GPC chromatograms of samples taken 

from experiment SEPB-1 (UV-signal). The resemblance between the DRI and the UV traces indicates that the 

formed polymer truly is a block copolymer, and that the polymer that was formed at high monomer conversion 

due to the Trommsdorff effect, was also controlled. RAFT-functionalized p(n-BA) (MEP-2, ----- - ----- - ----- ]. 38% 

monomer conversion ( -----  -----  ----- ). 73% monomer conversion ( - - - - - - ). 90% monomer conversion ( ---------- ). 

 

such an expelled radical to a RAFT moiety, associated with the Trommsdorff effect, thus are 

responsible for some accelerated chain growth of the expelled radical, while the polymer that 

eventually is formed from this radical after termination or transfer to a RAFT moiety is UV 

active because of the presence of the RAFT moiety in the chain.  

 

In experiments SEPB-2 to SEPB-5, the synthesis of alternating polar-nonpolar triblock 

copolymers in miniemulsion was studied. In experiments SEPB-2 and SEPB-3, a low final 

solid content was targeted, and for this purpose, the latices MEPCO-1 and MEPCO-2, 

produced in section 4.3.2, were diluted with water before swelling overnight with iso-octyl 

acrylate. No destabilization or coagulum formation occurred during the swelling, nor during 

polymerization, and after polymerization the obtained latices were colloidally stable. In figure 

4.17 (a) the GPC traces of the poly(n-butyl acrylate-co-methacrylic acid) polymer resulting 

from experiment MEPCO-1 (produced at low pH) and the triblock copolymer resulting from  
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                                    (b)                                                                  (d) 

Fig. 4.17: Main plots: Evolution of the logarithmic molar mass distribution of samples taken from experiments  

SEPB-2 to SEPB-5 (DRI signal). Insets:  Evolution of the logarithmic molar mass distribution of samples taken 

from experiments SEPB-2 to SEPB-5 (UV-signal). Comparison of the DRI and the UV trace proves that the formed 

polymer truly is a block copolymer. (a) SEPB-2 ( ---------- ): chain extension of a poly(n-BA-co-MAA) 93:7 (wt:wt) 

seed latex produced at low pH (MEPCO-1, - - - - ) with iso-octyl acrylate. Low final solid content. (b) SEPB-3 ( -------

--- ): chain extension of a poly(n-BA-co-MAA) 93:7 (wt:wt) seed latex produced at neutral pH (MEPCO-2, - - - -) 

with iso-octyl acrylate. Low final solid content.(c) SEPB-4 ( ---------- ): chain extension of a poly(n-BA-co-MAA) 93:7 

(wt:wt) seed latex produced at low pH (MEPCO-1, - - - -) with iso-octyl acrylate. High final solid content. (d) 

SEPB-5 ( ---------- ): chain extension of a poly(n-BA-co-MAA) 93:7 (wt:wt) seed latex produced at neutral pH 

(MEPCO-2, - - - -) with iso-octyl acrylate. High final solid content. 

 

experiment SEPB-2 are depicted, while in figure 4.17 (b) the GPC traces of the poly(n-butyl 

acrylate-co-methacrylic acid) polymer resulting from experiment MEPCO-2 (produced at 

neutral pH) and the triblock copolymer resulting from experiment SEPB-3 are depicted. In 

both experiments, a rather broad molecular weight distribution was obtained (see table 4.6), 

due to some high molecular weight tailing caused by the gel effect. In experiment SEPB-2 

where the seed latex with low pH was employed, a monomodal particle size distribution was 

obtained, while in experiment SEPB-3, where the seed latex with neutral pH was employed, 

a bimodal particle size distribution was found, indicating that during the seeded emulsion 

16 14 12 10 8 6
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polymerization some secondary nucleation occurred. Due to the small amount of new 

particles, this did not result in a bimodal molecular weight distribution. In experiments SEPB-

4 and SEPB-5, a higher solid content was targeted, and therefore the seed latices MEPCO-1 

and MEPCO-2 were not diluted with water before swelling with monomer. Instead the latices 

were used as such, and were swollen overnight with iso-octyl acrylate and polymerized at 

70°C for three hours. GPC analysis here also revealed that block copolymerization indeed 

had taken place, albeit with rather broad polydispersities, caused by high molecular weight 

tailing. Here also, the high molecular weight tailing could be attributed to the Trommsdorff 

effect. In figure 4.17 (c) the GPC traces of the poly(n-butyl acrylate-co-methacrylic acid) 

polymer resulting from experiment MEPCO-1 (produced at low pH) and the triblock 

copolymer resulting from experiment SEPB-4 are depicted, while in figure 4.17 (d) the GPC 

traces of the poly(n-butyl acrylate-co-methacrylic acid) polymer resulting from experiment 

MEPCO-2 (produced at neutral pH) and the triblock copolymer resulting from experiment 

SEPB-5 are depicted. Similar to the low solid content experiments, a monomodal particle size 

distribution was found in the experiment where the seed latex with low pH was used, i.e. 

experiment SEPB-4, while a bimodal particle size distribution was found in the experiment 

with the pH-neutral seed latex, i.e. experiment SEPB-5. The reasons for the existence of a 

bimodal particle size distribution in the experiments where the p(n-BA-co-MAA) seed latices 

with neutral pH were employed should most probably be sought in secondary nucleation. In 

seed latex MEPCO-2, the pH is above the pKa value of the methacrylic acid monomer 

residues in the polymer chains, and these monomer residues thus will be partially ionized, 

especially at the surface of the particles where they may replace some surfactant molecules. 

This would cause an increase of the surfactant concentration in the aqueous phase, and thus 

an increased probability for secondary nucleation. However, this phenomenon has not been 

further investigated in this work. 

 

It should be noted that in this work, only batch swelling of the seed latices has been studied. 

Optimization of the block copolymerization still is required, and other monomer feed profiles 

may improve control over the polymerization. The concept, however, that triblock copolymer 

synthesis from bifunctional S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamates in 

heterogeneous media is possible, has been shown to be very promising. 
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4.5 MALDI-TOF MS analysis 

 

In order to elucidate the low molecular weight tailing observed in the solution and 

miniemulsion polymerizations of n-butyl acrylate, mediated with butyl-RAFT agent 11a and 

discussed in sections 4.3.1 and 4.4.1 (see figures 4.3 and 4.11), samples taken from these 

experiments were analyzed with MALDI-TOF mass spectrometry. In figure 4.18, the 

evolution of the molecular weight distribution obtained with MALDI-TOF MS analysis with 

monomer conversion of samples taken from experiment MEP-4, i.e. an n-butyl acrylate 

miniemulsion homopolymerization mediated with butyl-RAFT agent 11a (highest RAFT agent 

concentration, see table 4.4), are depicted. The MALDI-TOF MS spectra depicted in figure 

4.18 reveal some striking features: right from the onset of the polymerization a second, low 

molecular weight envelope is formed, next to the main molecular weight envelope. 

Moreover, upon increasing monomer conversion the intensity of the low molecular weight 

envelope increases compared to that of the main envelope. A third feature is that both 

molecular weight distributions shift to a higher molecular weight upon monomer conversion, 

although the low molecular weight envelope grows at half the rate of the high molecular 

weight distribution, and shows substantial high molecular weight tailing. These features were 

not only observed in miniemulsion, but also in solution polymerization. This leads to the 

fourth and perhaps the most striking feature of an butyl-RAFT agent 11a mediated 

polymerization, which can be seen in figure 4.19. In this figure, a detail of the MALDI-TOF 

MS spectrum (reflector mode) of a low conversion sample taken from solution polymerization 

SOL-3 (see table 4.1) is compared with a detail of the MALDI-TOF MS spectrum (reflector 

mode) of a low conversion sample taken from miniemulsion polymerization MEP-4 (see table 

4.4). This figure not only proves that the compound in the main molecular weight 

distribution is the same in solution and miniemulsion polymerization, but also that the 

compound in the low molecular weight envelope is the same in solution and miniemulsion 

polymerization, and thus is initiator-independent, since in solution and miniemulsion 

polymerization a different initiator was employed (AIBN vs. KPS). 

 

A summary of the identification of the peaks detected with MALDI-TOF MS (see figure 4.18) 

can be found in table 4.7. The main molecular weight envelope A can be identified as the 
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Fig. 4.18: MALDI-TOF MS analysis (linear mode) of samples taken from experiment MEP-4, i.e. an n-butyl 

acrylate miniemulsion homopolymerization mediated with butyl-RAFT agent 11a. This experiment is described in 

detail in section 4.4.1. (a) ~1% monomer conversion. (b) 6% monomer conversion. (c) 17% monomer 

conversion. (d) 34% monomer conversion. (e) 55% monomer conversion. (f) 86% monomer conversion. High 

molecular weight envelope A and low molecular weight envelope B are indicated in figure (f). 

 

desired compound, i.e. RAFT agent 11a with n-butyl acrylate incorporated into the chain 

(compound 26, see figure 4.20). This identification was confirmed by the shift in molecular 

weight observed when employing different ionization salts in MALDI-TOF MS analysis, such 

as sodium or lithium trifluoroacetate, instead of potassium trifluoroacetate. Low conversion 

samples of experiment SOL-3 (solution polymerization) and experiment MEP-4 (miniemulsion 
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Fig. 4.19: Comparison between a MALDI-TOF MS spectrum (reflector mode) of a low conversion sample taken 

from solution polymerization SOL-3 (a), i.e. an n-butyl acrylate homopolymerization mediated with butyl-RAFT 

agent 11a, and a low conversion sample taken from miniemulsion polymerization MEP-4 (b), i.e. an n-butyl 

acrylate miniemulsion homopolymerization mediated with butyl-RAFT agent 11a. The molecular weights depicted 

with the peaks are those of the first peak of each isotope pattern. Peaks A and B are the same as in figure 4.18. 

 

polymerization) were also analyzed employing HPLC-ESI MS, which is a softer ionization 

technique, and thus produces only the molecular ions. However, exactly the same molecular 

ions were detected as with MALDI-TOF MS analysis, except that in HPLC-ESI MS, the sodium 

salt of each compound was detected instead of the potassium salt, as was the case in 

MALDI-TOF MS analysis. HPLC-ESI MS thus confirmed that the formation of a low molecular 

weight envelope B does not occur during MALDI-TOF MS analysis, but has already occurred 

during the polymerization. Unfortunately, we have not been able to clearly assign the 

compounds in the low molecular weight envelope B. In the samples taken from solution 

polymerization, a third molecular weight distribution is observed, which could be assigned to 

monofunctional RAFT agent 25 (figure 4.20, R is a cyanoisopropyl group) which is formed by 

fragmentation of intermediate radical 27. In miniemulsion polymerization the R group in 

compound 25 (see figure 4.20) is an oligomeric sulphate functional radical.  

A B C D E 

F 

A

G 
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Table 4.6: Upper table: Peak designation of the samples taken from an n-butyl acrylate solution and 

miniemulsion polymerization, mediated with butyl-RAFT agent 11a, derived from MALDI-TOF MS analysis. Lower 

table: Peak designation of samples taken from an n-butyl acrylate miniemulsion polymerization, mediated with 

butyl-RAFT agent 11a, derived from HPLC-ESI-MS analysis. The peak designations A to G are the same as in 

figure 4.17 and 4.18. 

 

MALDI-TOF analysis 

envelope 

M 

(g mol-1) 
compound 

M calc 

(g mol-1) 

A 1250.8397 
butyl-RAFT-(BA)5-K+ 

26-K+ (figure 4.19) 
1251.5656 

B 1305.8881 ? ? 

C 1336.9324 
C4H9O(CO)N(CH3)(CS)S-(BA)8-C(CH3)2CN-K+ 

25–K+ (figure 4.19) 
1337.7106 

D 1299.9403 ? ? 

E 1313.8932 ? ? 

F 1362.9439 
butyl-RAFT-(BA)6-Na+ 

26-Na+ (figure 4.19) 
1363.6793 

G 1255.9736 HO4S-(BA)8-SO4
-K+ 1256.5445 

 

HPLC-ESI-MS analysis 

envelope 

M 

(g mol-1) 
compound 

M calc 

(g mol-1) 

A 851.5 
butyl-RAFT-(BA)2-Na+ 

26-Na+ (figure 4.19) 
851.3 

B 650.3 ? ? 

 

This oligomeric radical is formed in the aqueous phase by addition of a few butyl acrylate 

units to a sulphate radical. Upon entry in the particle, this oligomeric radical reacts with 

growing RAFT agent 26 to form monofunctional RAFT agent 25 with a sulphate end group. 

However, this compound could not be detected by MALDI-TOF MS analysis, possibly due to  

its rather low molecular weight.  

 

Unfortunately, we have also not been able to identify peaks D and E. These peaks might 

originate from fragmentation of the compounds in low molecular weight envelope B during 

the MALDI-TOF MS analysis. Since compound F is found in very low intensity at 16 Dalton  
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Fig. 4.20: The RAFT mechanism depicted for growing butyl-RAFT agent 26. 

 

below the main peak, it could be assigned to the sodium salt of the desired compound, i.e. 

growing RAFT agent 26. Compound G could be identified as the compound that is formed by 

bimolecular termination by combination of two oligomeric sulphate terminated p(n-BA) 

radicals, i.e. the radicals that are formed in the aqueous phase and enter the particles to 

initiate polymerization. 

 

Even though the exact structure of the compounds in low molecular weight envelope B has 

not been elucidated, two important conclusions about this distribution may be drawn from 

the MALDI-TOF MS analyses.  

 

• The compounds in the low molecular weight envelope contain only one RAFT moiety. 

Based on the fact that both molecular weight distributions A and B continue to grow 
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upon monomer conversion, it may be assumed that the compounds in the low 

molecular weight envelope B contain at least one RAFT moiety. However, low 

molecular weight envelope B grows at approximately half the rate of main envelope 

A, which would indicate that the compounds in low molecular weight envelope B 

contain only one RAFT moiety, since the compounds in main envelope A have been 

identified as compound 26 (see figure 4.20), and thus contain two RAFT moieties. 

The presence of only one RAFT moiety in the compounds present in low molecular 

weight envelope B is confirmed by the observation that after subtraction of the mass 

of the ionizing metal ion, the masses of the detected compounds are uneven, when 

rounded off to the nearest whole number. According to the nitrogen rule in mass 

spectrometry, this implies that the compounds in low molecular weight envelope B 

contain only one nitrogen atom, and thus only one RAFT moiety.  

 

• The compounds in low molecular weight envelope B do not contain an initiator-

derived end group. Since exactly the same molecular ions are detected for samples 

taken from solution and miniemulsion polymerization, although entirely different 

initiators were employed, it can be concluded that the compounds in low molecular 

weight envelope B do not contain an initiator-derived end group. 

 

It is not clear by which mechanism growing RAFT agent 26 looses a RAFT function during 

polymerization, since the MALDI-TOF MS or HPLC-ESI MS peaks of low molecular weight 

envelope B could not be identified. The most likely explanation would be that upon addition 

of a radical to growing RAFT agent 26, the formed radical 28 terminates in an unknown way 

(see figure 4.20). The compound that is formed by such a reaction would be dead on one 

side, while it can continue to grow on the other side, since it still contains one RAFT moiety. 

 

Based on the MALDI-TOF MS and HPLC-ESI MS analyses, however, a few mechanisms for 

the termination of growing RAFT agent 26 on one side can be excluded. The compounds in 

low molecular weight envelope B could not be fitted with the compound that would be 

formed upon termination by disproportionation, upon transfer to monomer or upon transfer 

to polymer. Transfer to solvent can also be excluded, since the same compound is found in 

solution and miniemulsion polymerization, while in the latter no solvent is present in the 
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system. Since the compounds in low molecular weight envelope B do not contain an 

initiator-derived fragment, they were also not formed by termination by combination or by 

transfer to initiator. It is clear that conventional free-radical processes, such as transfer or 

termination cannot explain the formation of low molecular weight envelope B and that 

further research is required to elucidate the observed phenomena. 

 

An important feature of low molecular weight envelope B is that this molecular weight 

distribution shows significant high molecular weight tailing when higher monomer 

conversions are reached (see figure 4.18). Assuming that the compound in low molecular 

weight envelope B is indeed terminated radical 28, the high molecular weight tailing can be 

explained as follows. As was discussed above, the fact that the average molecular weight of 

low molecular weight envelope B is around half that of main envelope A can be explained by 

growing of the chain on two sides versus growing on one side only. Tailing to higher 

molecular weight can be explained by looking at the moment at which the growing RAFT 

agent becomes terminated on one side, and thus is transferred from main envelope A to low 

molecular weight envelope B. If a given radical adds to growing bifunctional RAFT agent 26 

(see figure 4.20), which is present in main envelope A, intermediate radical 27 is formed 

which can either fragment back to the radical and dormant RAFT agent it was composed 

from, or it can fragment to radical 28 and dormant monofunctional RAFT agent 25. If it is 

assumed that radical 28 is terminated, it becomes part of low molecular weight envelope B 

while at that moment, it has the molecular weight of main envelope A. The monofunctional 

RAFT agent, i.e. terminated radical 28 then starts growing at half the rate of the bifunctional 

RAFT agent from that point on. It can be seen from figure 4.18 that this process occurs from 

the onset of the reaction, and that high molecular weight tailing only becomes significant at 

higher monomer conversions. If termination of radical 28 occurs at higher monomer 

conversions, the monofunctional RAFT agent formed by termination of radical 28 has a 

higher molecular weight when it starts growing at half the rate of the compounds in main 

envelope A, and thus causes high molecular weight tailing. 

 

The formation of a second, low molecular weight distribution B as observed with MALDI-TOF 

MS fully explains the low molecular weight tailing observed in GPC analysis of the same 

samples, which was reported in sections 4.3.1 and 4.4.1. Although the low molecular weight 
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envelope B is rather pronounced in MALDI-TOF MS analysis, especially in the samples with a 

high monomer conversion, it only appears as tailing in GPC. This is due to the fact that a 

MALDI-TOF MS plot shows a number distribution, while GPC shows a weight distribution, 

which is not so much influenced by the formed low molecular weight chains. 

 

 

4.6 Conclusions 

 

We have shown that S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamates are well capable 

of mediating solution and miniemulsion polymerization of acrylic monomers. However, due to 

the bifunctionality of the employed RAFT agent, i.e. butyl-RAFT agent 11a, a slight 

broadening of the molecular weight distribution was observed, when employing a high RAFT 

agent concentration in order to produce a polymer with a low number-average molecular 

weight. MALDI-TOF MS analysis revealed that this could be attributed to a second, low 

molecular weight distribution coexisting with the main molecular weight distribution. 

Unfortunately we have not been able to clearly identify the compounds in this low molecular 

weight distribution. However, when the RAFT concentration was lower, and a low radical flux 

was employed, this phenomenon was not observed, and butyl-RAFT agent 11a was 

successfully applied to mediate acrylic solution and miniemulsion homo-, co- and block 

copolymerizations. An important observation here was that in order to avoid inefficient 

blocking, the polar block, i.e. a poly(n-butyl acrylate-co-methacrylic acid) copolymer must be 

produced first, and should then be chain extended with iso-octyl acrylate. Inhibition periods 

were observed both in solution and miniemulsion polymerization, but in both cases nearly no 

retardation was observed. Contrary to previous studies applying the RAFT process in 

(mini)emulsion, no loss of colloidal stability of the latex was observed during the 

miniemulsion preparation or during the polymerization, and after polymerization colloidally 

stable latices were obtained with shelf lives in the order of months. Because of the only 

slightly yellow color of the S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamate RAFT agent 

and its weak odor, the obtained block copolymers did not display the intense colors observed 

in RAFT polymerization mediated with dithioesters or trithiocarbonates, but were only very 

slightly yellow, and were entirely odorless. 
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…solution and miniemulsion polymerization of n-butyl acrylate 

mediated with a macromolecular bifunctional 

S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamate 

 

 

 

Abstract 

 

In this Chapter, first the solution polymerization of n-butyl acrylate mediated by Kraton®-

RAFT agent 11b, i.e. a bifunctional RAFT agent with poly(ethylene-co-butylene) side 

chains, was studied, and was shown to yield triblock copolymers with well-controlled 

number-average molecular weights and polydispersities. However, also some diblock 

copolymer formation was observed. Then this RAFT agent was employed to mediate the 

miniemulsion polymerization of n-butyl acrylate, stabilized with sodium dodecyl sulphate. 

It was found that the miniemulsion preparation procedure had a tremendous influence on 

the course of the polymerization. Only if less efficient shearing methods, leading to 

relatively large particles, were used, polymerization was controlled. Cryo-TEM studies 

revealed that microphase separation of the Kraton®-RAFT agent 11b and n-butyl acrylate 

occurred during the mini-emulsion preparation, caused by water being forced into the 

particles. Finally, it was demonstrated that a true miniemulsion polymerization of n-butyl 

acrylate mediated with Kraton®-RAFT agent 11b, with a final particle size of 150nm, was 

possible, if a co-solvent was used to prevent microphase separation. Here triblock 

copolymers with a well-controlled number-average molecular weight and polydispersity 

were formed, although here also some diblock copolymer formation was observed. 
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5.1 Introduction: CRP from commercially available polymers 

 

In the past, some attention has been paid to controlled radical polymerization (CRP) starting 

from commercially available functionalized polymers, e.g. from poly(ethylene glycol)1;2, 

polydienes3;4 and biocompatible polymers, such as poly(ethylene adipate)5. These polymers 

can easily be altered to incorporate CRP-type end groups through simple organic 

chemistry1;3;5. The ease with which hydroxyl functionalities in particular can be incorporated 

into a polymer, and subsequently transformed into CRP mediating moieties, provides a route 

to prepare unique materials. For example, a completely new class of nonionic surfactants can 

be created by chain extending poly(ethylene glycol) with specific monomers, while the 

incorporation of biocompatible segments into polymers is particularly interesting for drug 

delivery applications. The majority of the work reported on this topic involves the ATRP 

process4-6. A major disadvantage here is that the combination of the ATRP process with 

highly polar or functional monomers up to now is still problematic. When e.g. amphiphilic, 

e.g. carboxylic acid containing blocks are targeted, these macromolecular ATRP agents must 

be chain extended with nonpolar monomers like for instance tertiary butyl acrylate. The 

targeted amphiphilic block copolymer can then only be obtained after a separate hydrolysis 

step, converting the tertiary butyl acrylate monomeric residues into acrylic acid monomeric 

residues. The RAFT process is known to be compatible with a much wider range of 

monomers than ATRP, while reaction conditions similar to those employed in conventional 

free-radical polymerization can be used2;7;8. Some work on chain extension of commercially 

available functional macromolecules, endcapped with a RAFT moiety, has been reported. 

Chong et al.2 reported the formation of block copolymers composed of poly(ethylene glycol) 

and polystyrene via a dithioester-functionalized poly(ethylene glycol). De Brouwer et al.3 

reported the successful synthesis of poly(ethylene-co-butylene)-block-poly(styrene-co-maleic 

anhydride) diblock copolymers via a dithioester-functionalized polyolefin. For the 

manufacturing of block copolymers, controlled radical polymerization with a RAFT agent 

containing a pre-formed macromolecular block has an important advantage compared to 

conventional RAFT polymerization, i.e. mediated with a low molecular weight RAFT agent, 

since the number of polymerization steps towards a block copolymer can be reduced, as was 

already extensively explained in section 2.2 of Chapter two. 
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From an industrial point of view, it would be even more interesting to synthesize this type of 

block copolymers in heterogeneous media, for example via emulsion polymerization. Some 

examples of the use of macromolecular RAFT agents in emulsion/miniemulsion 

polymerization have been reported, but none of these mention the use of commercially 

available macromolecules endcapped with a RAFT moiety9. The reports that are available 

make use of oligomers or polymers such as polystyrene or poly(methyl methacrylate) 

carrying a RAFT moiety10-12. These functionalized oligomers or polymers have been 

synthesized via a solution polymerization mediated with a conventional, low molecular 

weight RAFT agent. However, the molecular weight of the oligomers in these studies usually 

was around 2000 g mol-1, and never exceeded 7000 g mol-1. The goal of these studies, 

however, was primarily to investigate the mechanisms that are involved in retardation of a 

RAFT mediated polymerization, rather than to create new materials. These RAFT agents 

were designed in such a way, that upon addition of a radical and subsequent fragmentation, 

see figure 2.2 in Chapter two, oligomeric radicals were produced, which cannot leave the 

latex particles anymore. This feature is the second major advantage of employing a 

macromolecular RAFT agent for block copolymer production in aqueous dispersions. 

 

This Chapter describes the ability a of bifunctional polyolefin-based S-tert-alkyl-N,N-

alkoxycarbonylmethyldithiocarbamate RAFT agent , i.e. Kraton®-RAFT agent 11b, see figure 

5.1, to control the solution and miniemulsion polymerization of n-butyl acrylate. It should be 

noted that the number-average molecular weights of Kraton®-RAFT agent 11b and of all 

polymers produced with this RAFT agent in this Chapter, are expressed in polystyrene 

equivalents, since no correction parameters are available for the difference in hydrodynamic 

volume between these polymers and polystyrene. 

 

 

5.2 Experimental section 

 

Materials: N-butyl acrylate (n-BA, Aldrich) was purified by passing it through a column of basic 

alumina (Brockmann I, standard grade, 150 mesh, 58Å, Aldrich). Toluene (Biosolve BV), sodium 

dodecyl sulphate (SDS, Fluka), hexadecane (Aldrich), azobis(isobutyronitrile) (AIBN, Merck) and  
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Fig. 5.1: Bifunctional macromolecular Kraton®-RAFT agent 11b*. This RAFT agent is a triblock copolymer 

precursor, and can be converted into a triblock copolymer in one polymerization step. Upon polymerization with 

n-butyl acrylate, the monomer is inserted between the carbon and the sulfur of the C-S bonds marked by an 

arrow. An ABA triblock copolymer is formed, where A are the poly(ethylene-co-butylene) blocks, and B is a 

poly(n-butyl acrylate) block. 

 

potassium peroxodisulfate (KPS, Merck) were used as received. Deionized water was purified over a 

Milli-Q purification system. Kraton®-RAFT agent 11b was synthesized as reported in Chapter three. 

 

Solution polymerization procedure: Kraton®-RAFT agent 11b was dissolved in a mixture of n-

butyl acrylate and toluene, in a stirred three-necked flask equipped with a reflux cooler. This solution 

was purged with argon during 45 minutes. The flask was immersed in an oil bath and heated to 80°C. 

Initiator (AIBN) was dissolved in a small amount of toluene, and was injected with a syringe through a 

septum, when the temperature of the reaction mixture was constant. At regular time intervals 

samples were taken with a syringe for gravimetrical conversion measurements and GPC analysis. 

These samples were quenched with hydroquinone and dried on a hot-plate at 50°C, followed by 

thorough drying in a vacuum oven at 50°C. The exact amounts and concentrations of the various 

compounds employed in these experiments are collected in table 5.1. 

 

Miniemulsion preparation procedure: Kraton®-RAFT agent 11b was dissolved with stirring in a 

mixture of n-butyl acrylate (if applicable), hexadecane and toluene (if applicable), comprising the 

organic phase. Sodium dodecyl sulphate (SDS) was dissolved in water. Procedure a) The organic 

phase was added dropwise to the aqueous phase under vigorous stirring (magnetic stirrer plate). The 

                                            

* Monofunctional hydroxyl terminated poly(ethylene-co-butylene) Kraton® L-1203 ( nM  = 4000 g  

mol-1, PDI = 1.02, determined by MALDI-TOF MS) was used in the synthesis of this compound, see 

Chapter three for synthetic details. Kraton®-RAFT is a bifunctional RAFT agent with two Kraton® 

molecules incorporated ( nM  = 8400 g mol-1, PDI = 1.04, determined by MALDI-TOF MS). 
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pre-emulsion was left to stir vigorously for one hour, after which a sonication probe (400W, Dr. 

Hielscher UP400S) was inserted into the heterogeneous mixture. The pre-emulsion was sonicated with 

an amplitude of 30% of the maximum power, for various time intervals without cooling. 

Procedure b) The organic phase was added dropwise to the aqueous phase under vigorous stirring 

(magnetic stirrer plate). This mixture was pre-sheared with an Ultra-Turrax® T25 Basic at 24000 rpm 

for one minute. After this, the mixture was transferred to a Niro Soavi NS1001L Panda homogenizer 

operated at 300 bar at a shear rate of 3.2x107 s-1. The pre-emulsion was passed through the 

homogenizer continuously for time intervals ranging from 45 minutes to three hours, depending on 

the viscosity of the polymer solutions. Procedure c) The organic phase was added to the aqueous 

phase under vigorous stirring (magnetic stirrer plate). The mixture was sheared with an Ultra-Turrax® 

T25 Basic at 24000 rpm for five minutes. The exact amounts and concentrations of the various 

compounds employed in these experiments are given in tables 5.3, 5.4, 5.6 and 5.7. 

 

Miniemulsion polymerization procedure: After emulsification, the miniemulsion was transferred 

into a jacketed emulsion reactor under argon atmosphere, equipped with a reflux cooler and a 

thermocouple. The miniemulsion was stirred with a magnetic stirrer and heated to 70°C. When the 

miniemulsion reached a constant temperature (70°C), initiator (KPS) dissolved in a small amount of 

water was added, and polymerization was carried out under argon atmosphere. At regular time 

intervals, samples were taken for gravimetric conversion measurements and GPC analyses. These 

samples were quenched with hydroquinone to stop polymerization and dried on a hot-plate at 50°C, 

followed by thorough drying in a vacuum oven at 50°C. 

 

GPC analysis: GPC analysis was carried out using a Waters model 510 pump, a model 410 refractive 

index detector (at 40°C) and a model 486 UV detector (at 254 nm) in series. Injections were done by 

a Waters model WISP 712 autoinjector, using an injection volume of 50µL. The columns used were a 

PLgel guard (5 µm particles) 50x7.5 mm column, followed by two PLgel mixed-C or mixed-D (5 µm 

particles) 300x7.5 mm columns at 40°C in series. Tetrahydrofuran (Biosolve, stabilised with BHT) was 

used as eluent at a flow rate of 1.0 mL min-1. Calibration has been done using polystyrene standards 

(Polymer Laboratories, nM = 580 to 7.1x106 g mol-1). Data acquisition and processing were performed 

using Waters Millennium32 (v3.2 or 4.0) software. Before injection, the samples were filtered over a 

13 mm x 0.2 µm PTFE filter, PP housing (Alltech). 

 

Particle size measurements: Particle diameters were measured on an LS 32 Coulter Counter. For 

this purpose, samples were diluted with deionized water. 
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Cryo-TEM analysis13: The samples were prepared using a Vitrobot® vitrification robot, in which the 

relative humidity is kept close to saturation to prevent water evaporation from the sample 

[www.vitrobot.com]. A 3 µL drop of the solution was placed on a carbon-coated lacy substrate 

supported by a TEM 300 mesh copper grid (Ted Pella). After automatic blotting with filter paper, in 

order to create a thin liquid film over the grid, the grid was rapidly plunged into liquid ethane at its 

melting temperature. This resulted in a vitrified film. The vitrified specimen was then transferred 

under a liquid nitrogen environment to a cryo-holder (model 626, Gatan Inc., Warrendale, PA) into the 

electron microscope, Tecnai 20 - Sphera (FEI), operating at 200 kV with a nominal underfocus of 2-4 

µm. The working temperature was kept below -175 °C, and the images were recorded on a Gatan 794 

MultiScan digital camera and processed with Digital Micrograph 3.6. 

 

MMCCD determination: Fractionation via GPC: GPC fractionation was carried out using a 

Separations model Gyncotek P580 isocratic pump, a Viscotek Dual Detector (DRI and viscometer, but 

only the DRI detector was used) 250 DRI detector, and a Spectra Physics LinearTM UV-VIS detector 

(operated at 254 nm), in series. Injections were done by a Separations model MIDAS autoinjector, 

using an injection volume of 50 µL. The columns used were a PLgel guard (5 µm particles) 50 x 7.5 

mm column, followed by two PLgel mixed-D 5 µm columns, a PLgel Mixed-C 5 µm column and a PLgel 

Mixed-B 10 µm column in series (Polymer Laboratories). Tetrahydrofuran (Biosolve, stabilised with 

BHT) was used as eluent at a flow rate of 1.0 mL min-1. A fraction collector (Millipore) was used to 

collect 47 fractions at equal volume intervals of 9 droplets. A solution of the polymer in THF was 

injected 20 times and the corresponding fractions were collected. All 47 fractions were reinjected on 

the SEC system after fractionation. GPEC analysis of the fractionated samples: GPEC analysis 

was carried out on an Agilent Technologies 1100 series system, using a G1311A quaternary pump, a 

G1313A autosampler, a G1315B UV-DAD detector at 254 nm and a S.E.D.E.R.E France SEDEX 55 

ELSD detector, operated at 2.2 bar and 60°C. All data were processed with HP Chemstation software. 

The column used was a Zorbax Eclipse SDB-C18 4.6 x 150 mm column, using a THF (HPLC grade, 

Biosolve)/water 85:15 to THF gradient in 20 minutes at a flow of 1.0 mL min-1 at 25°C. Samples were 

dissolved in THF (HPLC grade, Biosolve) at a concentration of 10 mg mL-1. Before GPEC analysis, the 

solvent in the samples obtained via GPC fractionation was evaporated to such an extent that 

approximately a tenfold increase of the polymer concentration in the fractions was obtained. The 

injection volume was 10 µL. 

 

Viscosity measurements: The viscosity of various Kraton®-RAFT agent 11b solutions in toluene 

was determined as a function of shear rate (s-1) on an AR 1000-N rheometer from TA Instruments. 
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Solubility measurements: The solubility of Kraton®-RAFT agent 11b in n-butyl acrylate was 

determined by preparing solutions with varying Kraton®-RAFT concentration in n-butyl acrylate at 

50°C. These solutions were cooled to 0°C, and the cloud point was determined visually. 

 

Maron titrations: Surface tensions of the miniemulsions were measured with a Krüss Digital-

Tensiometer K10T, equipped with a PL10 plate. For this purpose, 10.0g of the miniemulsion/latex to 

be analyzed was diluted in steps of 0.5mL with a 0.014 mol L-1 SDS solution in deionized water. After 

each step, the surface tension was measured. 

 

 

5.3 Solution polymerization 

 

In this section, the ability of the macromolecular bifunctional Kraton®-RAFT agent 11b, 

depicted in figure 5.1, to control the solution polymerization of n-butyl acrylate is discussed. 

The experimental details of the solution polymerizations are summarized in table 5.1. The 

targeted number-average molecular weight of the resulting block copolymers can be 

calculated via equation 5-1, see also equation 2-3 in section 2.1.1 of Chapter two. No 

correction for the initiator derived chains was performed, since due to the very low initiator 

concentration and the relatively short reaction times, the number of initiator-derived chains 

was found to be negligible. The term x is the fractional conversion, FWmon and FWRAFT are the 

molecular weights of respectively the monomer and the macromolecular RAFT agent, while 

[M]0 and [RAFT]0 are the starting concentrations of monomer and RAFT agent, respectively. 

 

[ ]
[ ]0

mon0
RAFTn

RAFT
xFWM

FWM
⋅⋅

+=                                            5-1 

 

The number-average molecular weight of experiment SOL-1 is plotted against conversion in 

figure 5.2. From the linear increase of the number-average molecular weight of samples 

taken from experiment SOL-1, expressed in polystyrene equivalents, with monomer 

conversion, it can be derived that the polymerization was controlled, although the 

experimental number-average molecular weight was found to be higher than the targeted  
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Table 5.1 Upper table: Recipe details of the solution polymerizations mediated with Kraton®-RAFT agent 11b. 

The solution polymerizations were carried out at 80°C for three hours Lower table:  Molecular characteristics of 

the block copolymers obtained in solution. For the calculation of the experimental number-average molecular 

weights in experiments SOL-1 and SOL-2, the unreacted Kraton®-RAFT agent 11b was not taken into account. 

The experimental number-average molecular weights were obtained via peak deconvolution of the GPC 

chromatograms depicted in figure 5.3. 

 

compound amount/concentration 

n-butyl acrylate 10.0g 

toluene 10.0g 

Kraton®-RAFT agent 11b 1.9 and 3.8 x 10-2 mol L-1 

AIBN 1.9 x 10-3 mol L-1 

 

expt 
[Kraton®-RAFT] 

(mol L-1) 

nM  exp  

(g mol-1) 

nM  calc 

(g mol-1) n

w

M
M

 
conv. 

(%) 

SOL-1 1.9 x 10-2 40000 27700 1.14 98 

SOL-2 3.8 x 10-2 21900 17700 1.18 96 

 

number-average molecular weight, calculated with equation 5-1. Note that the reported 

number-average molecular weights were obtained via peak deconvolution of the GPC traces 

depicted in figure 5.3. It should be noted that due to the peak deconvolution, the 

polydispersity of the resulting polymer is underestimated. The most important reason for the 

discrepancy between the calculated and experimental number-average molecular weights is 

that the number-average molecular weights for the poly(ethylene-co-butylene)-block-poly(n-

butyl acrylate)-block-poly(ethylene-co-butylene) triblock copolymer are expressed in 

polystyrene equivalents, since no correction parameters are available for the difference in 

hydrodynamic volume between such block copolymers of gradually changing composition 

and polystyrene, which was used to calibrate the GPC. This leads to an overestimation of the 

number-average molecular weight of the block copolymer, which is clearly demonstrated by 

the GPC analysis of Kraton®-RAFT agent 11b before polymerization (see figure 5.1). When 

the number-average molecular weight of compound 11b is expressed in polystyrene 

equivalents, a number-average molecular weight of 15000 g mol-1 is found, while the real  

 

 



Triblock copolymer synthesis with a macromolecular bifunctional RAFT agent 

- 137 - 

5000

15000

25000

35000

45000

0 20 40 60 80 100

Conversion (%)

M
n 

(g
 m

ol
-1
)

1

1,1

1,2

1,3

1,4

1,5

PD
I

 
Fig. 5.2: Experimentally determined number-average molecular weight (●, left axis), targeted number-average 

molecular weight calculated with equation 5-1 (−−− , left axis) and polydispersity index (∆, right axis) for samples 

taken from experiment SOL-1. 

 

number-average molecular weight of Kraton®-RAFT agent 11b is 8400 g mol-1*. Also the 

molecular weight of a Kraton® polymer itself is significantly overestimated when determined 

with GPC, since this results in a value of 7500 g mol-1, while the true molecular weight of a 

Kraton® block is approximately 4000 g mol-1**. It can be derived from figure 5.2, that the 

observed difference between the experimental and calculated molecular weight is more or 

less constant around approximately 7000 g mol-1, and that this difference thus may be 

attributed to the overestimation of the experimental number-average molecular weights of 

Kraton®-RAFT agent 11b and the block copolymers produced with this compound. 

 

Figure 5.2 also demonstrates that the slopes of the experimental and calculated number-

average molecular weight are approximately identical. This indicates that all initial Kraton®-

RAFT agent 11b was consumed during the polymerization. Figure 5.3 depicts the normalized 

GPC chromatograms of samples taken from experiment SOL-1. However, a few anomalies 

can be observed here. The first anomaly in the GPC traces is that significant low molecular 

weight tailing of the main peak (D in the lower plot of figure 5.3) can be observed.  

                                            
* determined by MALDI-TOF MS (see section 3.8 of Chapter three). 
** determined via MALDI-TOF MS analysis and indicated by the manufacturer. 
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Fig. 5.3: Upper left plot: Normalized GPC chromatograms of samples taken from experiment SOL-1 (DRI 

signal). A gradually growing block copolymer can be observed. Upper right plot: Normalized GPC 

chromatograms of samples taken from experiment SOL-1 (UV trace). Kraton®-RAFT agent 11b ( ----- - ----- - ----- ). 

13% monomer conversion ( -----  -----  ----- ). 50% monomer conversion ( - - - - - -  ). 98% monomer conversion  

( ---------- ). Lower plot:  Overlay of the normalized DRI ( -----  -----  ----- ) and UV ( ---------- ) traces of the GPC 

chromatogram of the final sample taken from experiment SOL-1, showing three anomalies. 

 

A second observed anomaly is the presence of peak A in the DRI trace, while it is absent in 

the UV trace (see lower plot of figure 5.3). It can be observed in the upper left plot, that 

peak A is the peak of Kraton®-RAFT agent 11b, and thus the DRI trace indicates that not all 

initial RAFT agent has been consumed during the polymerization. However, the fact that the 

slopes of the experimental and calculated number-average molecular weights are identical 

(see figure 5.2), and the UV trace in figure 5.3 indicate that all initial RAFT agent was 

consumed, since the RAFT agent is UV active, but cannot be observed in the UV 

chromatogram. The third anomaly is the presence of peak B, which elutes between peaks A 

and C. It should be noted that the small difference in retention time between the UV and 

DRI traces, observed in peak D is due to the fact that the UV and DRI detector are arranged 

in series in our GPC chromatograph. However, the time difference between peaks B and C is 

too large to be attributed to the sequential arrangement of the detectors, indicating that 

peak B and C are different compounds.  
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In order to elucidate these anomalies, and to determine the reason for the low molecular 

weight tailing of peak D, a two-dimensional molecular weight and chemical composition 

determination (MMCCD) was performed on the final polymer obtained in experiment SOL-1. 

To achieve this, the polymer obtained from this experiment was fractionated with GPC into 

47 fractions. Each fraction was reinjected into the GPC to obtain the relative concentrations. 

After this, Gradient Polymer Elution Chromatography (GPEC) was employed to determine the 

relative amounts of Kraton® polymer and poly(n-butyl acrylate) in each fraction. To 

overcome the problem that concentration detection of an ELSD detector is not linear, the 

relative concentrations obtained from the DRI detector of the GPC chromatograph were 

employed. For the UV plots, the relative concentrations obtained from the UV detector of the 

GPC chromatograph were used. To construct the GPEC-GPC plots equation 5-2 was used for 

the DRI-ELSD plot: 

 

∑
=

=

⋅⋅=
47fraction

1fraction
normalizedGPCnormalizedGPECGPC_relDRIGPECGPC )t(I)t(Ic)t,t(I                   5-2 

 

For the UV-UV plot, equation 5-3 was employed: 

 

∑
=

=

⋅⋅=
47fraction

1fraction
normalizedGPCnormalizedGPECGPC_relUVGPECGPC )t(I)t(Ic)t,t(I                   5-3 

 

where I(tGPC,tGPEC) indicates the overall peak intensity at a certain retention time in GPC and 

GPEC, crelDRI_GPC and crelUV_GPC indicate the relative concentrations of the respective fraction 

obtained from the DRI and UV traces of the GPC chromatograms. I(tGPEC)normalized and 

I(tGPC)normalized are the respective normalized intensities obtained from GPC and GPEC for each 

fraction. 

 

In figure 5.4, the three-dimensional GPEC-GPC plots are depicted, together with the two-

dimensional GPEC-GPC contour plots and the respective original GPC chromatograms. Since 

equations 5-2 and 5-3 were employed to normalize the 3D GPEC-GPC plots, the original GPC 

chromatogram (DRI or UV trace), depicted in figure 5.4 above the contour plots, is 

reconstructed upon summation of the data of the plots in the GPEC dimension.  



Chapter five 

- 140 - 

The most striking feature that can be observed in these MMCCD plots is that peak D in figure 

5.3 actually contains two different compounds D and E (figure 5.4), with an overlapping 

molecular weight distribution, but with a significantly different chemical composition. It can 

be clearly seen that compound E contains more Kraton® polymer than compound D, which is 

richer in poly(n-butyl acrylate). This can be understood when it is assumed that peak E 

contains the desired Kraton®-b-p(n-BA)-b-Kraton® triblock copolymers, while peak D 

contains Kraton®-p(n-BA) diblock copolymers. It can be readily seen that a Kraton®-b-p(n-

BA)-b-Kraton® triblock copolymer and a Kraton®-p(n-BA) diblock copolymer with the same 

molecular weight should contain a different amount of Kraton®: the triblock copolymer is 

richer in Kraton® polymer, while the diblock copolymer is richer in p(n-BA). In table 5.2 the 

relative amounts of each compound, calculated by integration of the peaks in the three-

dimensional DRI-ELSD MMCCD plot, are depicted. Table 5.2 shows that around 20% of the 

formed polymer is diblock copolymer, while nearly 70% of the formed polymer is the desired 

triblock copolymer. The formation of a certain amount of diblock copolymer during 

experiment SOL-1 is remarkably similar to the formation of a second, low molecular weight 

distribution during an n-butyl acrylate polymerization mediated with bifunctional butyl-RAFT 

agent 11a, which was observed with MALDI-TOF MS analysis, and which was discussed in 

section 4.5 of Chapter four. Since butyl-RAFT agent 11a and Kraton®-RAFT agent 11b are 

very similar in structure, the only difference being the low and high molecular weight end 

groups, it is highly likely that for both RAFT agents it is the same mechanism which causes 

the formation of a second, lower molecular weight distribution. It was discussed in section 

4.5 of Chapter four that the compounds in the second, low molecular weight distribution 

could not be identified, but that it was assumed that expelled radical 28 (figure 4.19 of 

Chapter four) could be terminated during the polymerization. This mechanism is depicted 

again in figure 5.5 for growing Kraton®-RAFT agent 29. A major difference compared to the 

results discussed in section 4.5 of Chapter four is that upon addition of a radical to growing 

Kraton®-RAFT agent 29, expelled radical 30 is formed, which is a diblock copolymer radical. 

If such a radical is terminated during the polymerization, it will remain at the same position 

on the molecular weight axis of the MMCCD plot, but shift to the p(n-BA) side on the 

chemical composition axis. From that point on, its molecular weight can grow at half the rate 

of that of compound 29, since only one RAFT moiety is left in the chain. This is confirmed by 
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Fig. 5.4: Upper plots: 3D (left) and contour (right) plots of the GPEC-GPC separation of the final polymer 

obtained from experiment SOL-1 (DRI-ELSD traces). The plot above the contour plot depicts the original GPC 

chromatogram (DRI trace). Lower plots: 3D (left) and contour (right) plots of the GPEC-GPC separation of the 

final polymer obtained from experiment SOL-1 (UV-UV traces). The plot above the contour plot depicts the 

original GPC chromatogram (UV trace). The times that are indicated in the 3D plots are the retention times. 
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Table 5.2: Compounds present in the final product resulting from experiment SOL-1 and their relative amounts. 

 

compound identification 
relative amounts 

(%wt) 

A di(Kraton®) carbonate 5.9 

B 21* + 32 - 

C Kraton® chloroformate 16b* 4.6 

D Kraton®-b-p(n-BA) diblock copolymer 19.6 

E Kraton®-b-p(n-BA)-b-Kraton® triblock copolymer 69.8 

 

a comparison of the slopes of the lines that correlate the molecular weight with the chemical 

composition for peak D and peak E (white lines in the contour plot of the DRI-ELSD MMCCD 

plot). It is clear that the chemical composition of the compounds in peak D changes at a 

lower rate than that of the compounds in peak E, which agrees with the assumption that the 

compounds in peak E are triblock copolymers, while the compounds in peak D are diblock 

copolymers. It should be noted that compound 31, which is the dormant monofunctional 

RAFT agent formed upon addition of a radical to compound 29, and subsequent 

fragmentation of radical 30, also forms a diblock copolymer upon polymerization. However, 

since the molecular weight of this compound increases at only half the rate of that of 

growing triblock copolymer 29, compound 31 cannot reach similar molecular weights as 

triblock copolymer 29, although it can clearly be observed from figure 5.4 that diblock 

copolymer was formed with a similar molecular weight as triblock copolymer 29. The most 

likely way by which diblock copolymers with such high molecular weights can be formed, is 

by termination of radical 30 with formation of compound 32. However, as was discussed in 

section 4.5 of Chapter four, the mechanism which is responsible for such a termination 

reaction, has not yet been elucidated. Figure 5.4 also elucidates the second anomaly which 

was reported above: the presence of unreacted Kraton®-RAFT agent 11b in the DRI trace, 

but not in the UV trace. Separate GPC-GPEC analysis of Kraton®-RAFT agent 11b showed 

that this compound elutes at exactly the position where compound A elutes. 

                                            
* see figure 3.6 of Chapter three 
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Figure 5.5: Possible mechanism for the formation of diblock copolymers during experiment SOL-1 

 

However, the fact that at the position where compound A should appear in the UV trace no 

product can be detected, clearly proves that all initial Kraton®-RAFT agent 11b, which is UV-

active, indeed has been consumed during the polymerization, and that compound A is not 

Kraton®-RAFT agent 11b, but another product with a similar molecular weight and 

composition. Compound A can be identified as di(Kraton®) carbonate, which has been 

formed during the synthesis of Kraton® chloroformate 16b by addition of two Kraton® 

molecules to one phosgene molecule. It was discussed in section 3.4.2 of Chapter three that 

some carbonate formation was expected, due to the low excess of phosgene that was 

employed in the synthesis. Compound C (figure 5.4) can be identified as Kraton® 

chloroformate 16b, which was not completely consumed during the synthesis of the RAFT 

agent. It is worth noting that although Kraton® chloroformate 16b on the one hand, and 
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di(Kraton®) carbonate and Kraton®-RAFT agent 11b on the other hand have a similar overall 

chemical composition, these compounds elute at different GPEC retention times. This can be 

attributed to the molecular weight effect: the molecular weight of di(Kraton®) carbonate and 

Kraton®-RAFT agent 11b is approximately twice that of Kraton® chloroformate 16b. It is 

known in GPEC analysis that compounds with the same chemical composition, but a different 

molecular weight, elute at different retention times. It should be noted from table 5.3 that 

the relative amounts of compounds A and C are only very small, compared to the amounts 

of di- and triblock copolymer that have been formed during the polymerization. 

 

One anomaly remains to be solved: the presence of peak B at a retention time between A 

and C. It can be observed in the UV-UV plot in figure 5.4 that the amount of Kraton® in 

compound B is relatively high, and that it contains at least one RAFT moiety, since it is UV 

active. It was discussed in section 3.5.1 of Chapter three, that during the synthesis of 

Kraton®-RAFT agent 11b also addition of a single Kraton® chloroformate molecule to 

dithiocarbamate 15 occurs to form compound 21 (see figure 3.6 of Chapter three). This 

monofunctional RAFT agent can also grow during the polymerization, but will reach only 

moderate molecular weights, since its molecular weight increases only at half the rate of that 

of Kraton®-RAFT agent 11b. It is therefore assumed that peak B consists of monofunctional, 

dormant RAFT agents 21 and 32, which both have a similar molecular weight, and are 

present only in very small quantities. 

 

It will be evident from the previous discussion that triblock copolymer synthesis from this 

RAFT agent in one polymerization step in solution is very well possible, although some 

diblock copolymer formation could not be avoided. However, it should be noted that this 

polymerization reaction was not optimized. It was discussed in Chapter four that the radical 

flux is an important parameter in this polymerization, since the radical flux highly influences 

a possible termination reaction of radical 30 as described above. In view of the discussion in 

section 4.5 of Chapter four, it is evident that especially the radical flux is important in the 

optimization of a polymerization mediated with Kraton®-RAFT agent 11b. Once it was 

established that Kraton®-RAFT agent 11b was well capable of mediating a controlled 

polymerization in solution, Kraton®-RAFT agent 11b was applied in miniemulsion to 

synthesize triblock copolymers. This is discussed in the next section. 
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5.4 Miniemulsion polymerization 

 

5.4.1 Introduction 

 

In section 5.1 of this Chapter, examples of block copolymerization from oligomeric RAFT 

agents in miniemulsion have been mentioned9-12. These reports all have in common that 

relatively short oligomers are used, and that these RAFT-functionalized oligomers were chain 

extended with the same monomer they were composed from or with a monomer in which 

the RAFT-carrying oligomer was excellently soluble. This was due to the fact that these RAFT 

agents were primarily employed to study the mechanisms involved in retardation of a RAFT 

polymerization in miniemulsion, rather than to actually synthesize block copolymers for 

application purposes. Since in this work it is the objective to synthesize triblock copolymers 

of poly(ethylene-co-butylene) and poly(n-butyl acrylate), Kraton®-RAFT agent 11b must be 

dissolved in n-butyl acrylate. However, as could be expected from the differences in polarity 

between the macromolecular RAFT agent and this monomer, solubility problems arose here. 

 

In a first series of experiments, the solubility of Kraton®-RAFT agent 11b in n-butyl acrylate 

in various ratios was studied (see figure 5.6), and we found that a mixture of Kraton®-RAFT 

agent 11b and n-butyl acrylate exhibits UCST (Upper Critical Solution Temperature) 

behavior. The upper critical temperature was found to be 34°C at 13%wt Kraton®-RAFT 

agent 11b in n-butyl acrylate. At 20%wt Kraton®-RAFT in n-butyl acrylate, which is the ratio 

that is required for the poly(n-butyl acrylate) block to have a mass of 32000 g mol-1 after 

polymerization to ∼100% conversion, calculated via equation 5-1, the critical solution 

temperature was found to be 28°C. Above this temperature, the transparency of the solution 

showed that the polymer was completely dissolved, while below this temperature the 

mixture was opaque, indicating that Kraton®-RAFT agent 11b had precipitated from the 

solution. This feature implies that the miniemulsion must be prepared at a temperature 

above 28°C in order to avoid precipitation of the RAFT agent inside the monomer droplets. 

Employing a higher RAFT agent concentration, no UCST behavior would be observed at room 

temperature, but decreasing the monomer to RAFT ratio would lead to shorter poly(n-butyl  
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Fig. 5.6: Temperature-composition diagram for Kraton®-RAFT agent 11b solutions in n-butyl acrylate, displaying 

a phase behavior with an upper critical solution temperature (UCST). 

 

acrylate) blocks. This is undesirable for this work, since for good interfacial adhesion a 

certain minimum block length is required (see section 1.5 of Chapter one). The miniemulsion 

polymerization of n-butyl acrylate mediated with Kraton®-RAFT agent 11b was subjected to 

a thorough investigation, and some parameters of the process were varied: first the 

influence of the amount of the surfactant and the miniemulsion preparation procedure on the 

colloidal stability of the latex as well as the degree of control over the polymerization was 

investigated. The resulting latices were studied with cryo-TEM, after which the influence of 

the addition of organic co-solvents to improve the solubility of Kraton®-RAFT in n-butyl 

acrylate was examined. These parameters are discussed in the following sections. 

 

5.4.2 Influence of the surfactant concentration and 

the miniemulsion preparation procedure 

 

A series of experiments was performed in which sodium dodecyl sulphate (SDS) was applied 

to stabilize the miniemulsion. In Chapter four, it was reported that under the given reaction 

conditions, the critical micelle concentration (CMC), which is 8.0 x 10-3 mol L-1 for an SDS 

solution in water14, has slightly decreased in an butyl-RAFT/n-butyl acrylate miniemulsion  

 

homogeneous mixture

phase-separated 

mixture 
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Table 5.3: Upper table: Recipe details of the miniemulsion polymerizations with varying SDS concentration. 

The miniemulsion polymerizations were carried out at 70°C for three hours. Lower table: Details on the 

preparation of the miniemulsions, and molecular characteristics of obtained polymers. 

 

compound amount/concentration* 

organic phase 

n-butyl acrylate 8.0g 

hexadecane 2%wt with respect to n-butyl acrylate 

Kraton®-RAFT agent 11b 2.5 x 10-4 mol L-1
organic phase 

aqueous phase 

SDS 4.6 x 10-3 – 10 x 10-3 mol L-1
water 

water 30.0g 

KPS 3.0 x 10-3 mol L-1
water 

 

expt 
miniemulsion prepa- 

ration procedure 

[SDS] 

(mol L-1
water) 

nD  

(nm) n

w

D
D

 
conv. 

(%) 
control 

MEPSC-1 sonication 4.6 x 10-3 131 1.03 79 no 

MEPSC-2 sonication 10 x 10-3 73 / 150 1.04 / 1.07 80 no 

MEPSC-3 high-pressure homogenization 4.6 x 10-3 - - - - 

MEPSC-4 high-pressure homogenization 10 x 10-3 110 1.05 
not  

determined** 
no 

MEPSC-5 rotor-stator system 10 x 10-3 102 / 1300 1.04 / 1.56 67 partial 

 

stabilized with SDS. As this is expected to be the case as well when Kraton®-RAFT is used 

instead of butyl-RAFT, the SDS concentration was varied between 4.6 x 10-3 and 10 x 10-3 

mol L-1. The recipe details are collected in table 5.3. 

 

                                            
* In the experiments where high-pressure homogenization was used to prepare the miniemulsion, a 

fivefold amount of the various compounds was used. 
** Conversion determination in the case of miniemulsion preparation via high-pressure homogenization 

is not accurate due to the uncertainty concerning the amount of water in the samples: when 

transferring the pre-emulsion to the homogenizer, the pre-emulsion is diluted with water. 
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Fig. 5.7: Main plot: Normalized molecular weight distribution of experiment MEPSC-1 before (- - - - - ) and after 

(----------) polymerization (DRI signal). Kraton®-RAFT agent 11b has not shifted to higher molecular weight, and 

polymer with very high molecular weight has been formed. Inset:  Normalized molecular weight distribution of 

experiment MEPSC-1 before (- - - - - ) and after (----------) polymerization (UV-signal). The UV signal proves that the 

very high molecular weight polymer that had been formed was uncontrolled polymer, since it is UV inactive and 

thus does not carry the RAFT moiety. Note that for simplicity reasons the peak of Kraton® chloroformate 16b 

which elutes at 15.7 minutes (peak C in figure 5.3) is not shown in this plot. 

 

In experiments MEPSC-1 and MEPSC-2 (see table 5.3), the miniemulsion was prepared by 

sonication, after which both miniemulsions were colloidally stable. The polymerization was 

initiated with a water-soluble initiator (KPS), and during polymerization, no macrophase 

separation, i.e. no formation of a yellow layer, was observed. After polymerization colloidally 

stable latices were obtained. From GPC analysis, however, the macromolecular RAFT agent 

was found unreacted, together with high molecular weight, uncontrolled poly(n-butyl 

acrylate). The GPC trace of this product is shown in figure 5.7. 

 

Maron titrations on the miniemulsions before polymerization revealed that the surfactant 

concentration in experiment MEPSC-2 was above the critical micelle concentration, while the 

concentration of SDS was below CMC in experiment MEPSC-1. After polymerization of 

miniemulsion MEPSC-2, a bimodal particle size distribution was observed, indicating that 

secondary nucleation had occurred. If the surfactant concentration is below the CMC value, 

as in experiment MEPSC-1, no micellar secondary nucleation is expected, although 

conversion 14 12 10 8

Kraton®-RAFT agent 11b
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homogeneous secondary nucleation can take place. If, however, only a small part of the 

original monomer/Kraton®-RAFT agent 11b droplets are nucleated, the remaining part of the 

monomer/Kraton®-RAFT agent 11b droplets may act as a monomer reservoir, and again the 

Kraton®-RAFT agent 11b in these droplets is expected to precipitate when monomer is 

depleted from these droplets and form a coagulum. Inefficient droplet nucleation of ionically 

stabilized miniemulsions has been reported in the past15, but in these studies still controlled 

polymer formation was observed, although control was not very good. As can be concluded 

from the experiments reported in Chapter four, in this work droplet nucleation of anionically 

stabilized miniemulsions containing a low molecular weight RAFT agent, was very efficient. 

Moreover, all the above reported latices stabilized with SDS were colloidally stable after 

polymerization, and no coagulation was observed, indicating that inefficient droplet 

nucleation is not the reason behind the lack of control over polymerization. If, on the other 

hand, the surfactant concentration is above the CMC, as in experiment MEPSC-2, micellar 

secondary nucleation can be expected, as there are micelles present in the system which can 

be initiated by radicals. Particles will thus be created that do not contain the RAFT agent, as 

the RAFT agent is only present in the first generation of monomer droplets, i.e. those 

created by sonication. Obviously, if these particles without RAFT agent continue to grow, the 

polymerization inside these particles will be uncontrolled. The particles generated by 

secondary nucleation will be fed by monomer diffusing from the original monomer/Kraton®-

RAFT droplets, which thus will act as monomer reservoir. Kraton®-RAFT agent 11b present 

in the monomer droplets is not capable of being transported through the aqueous phase, 

due to the long hydrophobic polyolefin chains, and thus is expected to precipitate when 

monomer is depleted from these droplets and form a coagulum. However, even when 

secondary nucleation occurs, droplet initiation still would take place, and some controlled 

block copolymer would be formed, as was clearly not the case here in experiment MEPSC-2. 

 

In experiments MEPSC-3 and MEPSC-4, the same recipes as in the experiments MEPSC-1 

and MEPSC-2 were used (see table 5.3), but the miniemulsion was prepared via high 

pressure homogenization, in order to investigate the influence of the miniemulsion 

preparation procedure on the performance of the RAFT agent. In a first step, the pre-

emulsion was pre-sheared with a rotor-stator device, generating a pre-emulsion with droplet 

size varying between 1–10 µm. In a second step, the pre-emulsion was homogenized with a 
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high-pressure homogenizer. However, during homogenization of experiment MEPSC-3, 

substantial precipitation of Kraton®-RAFT agent 11b inside the homogenizer took place. 

Moreover, in this miniemulsion, macrophase separation, i.e. the formation of a yellow 

organic layer, occurred upon heating the miniemulsion to the reaction temperature (70°C), 

which obviously could not be polymerized. In experiment MEPSC-4, no precipitation of 

Kraton®-RAFT in the homogenizer took place, and this miniemulsion remained colloidally 

stable during polymerization, initiated with KPS. After polymerization of miniemulsion 

MEPSC-4, a similar result as in the miniemulsion prepared by sonication (MEPSC-1), was 

obtained. The GPC trace again indicated that Kraton®-RAFT agent 11b had not reacted, and 

uncontrolled poly(n-butyl acrylate) had been formed. Experiment MEPSC-4 was repeated, 

thereby varying homogenization times from 45 minutes to three hours, but no difference 

could be observed in the final polymer product. Because in experiment MEPSC-4 the SDS 

concentration was above CMC, some secondary nucleation was expected. However, it was 

stated above, that secondary nucleation is a side reaction, and droplet nucleation should still 

take place, and thus the formation of some controlled polymer is expected. Here also, 

however, after polymerization only uncontrolled poly(n-butyl acrylate) was found. 

 

In experiment MEPSC-5 (see table 5.3), the miniemulsion was prepared by applying only 

high shear with a rotor-stator device. Here, large particles were expected, and a relatively 

high amount of surfactant was used to keep the miniemulsion colloidally stable. After 

applying high shear for five minutes, the miniemulsion was colloidally stable, and was 

polymerized with a water-soluble initiator. The resulting latex was colloidally stable, but had 

a bimodal particle size distribution with small particles around 100 nm, and large particles 

around 1.3 µm, indicating that secondary nucleation occurred here. However, GPC analysis 

showed that a part of the Kraton®-RAFT agent 11b had reacted now, and thus that there 

was partial control of the polymerization. As can be seen from the GPC traces depicted in 

figure 5.8, control was not good, since not all Kraton®-RAFT agent 11b had been consumed, 

and also uncontrolled polymer had been formed. The main reason for the incomplete 

consumption of the RAFT probably is the fact that in Kraton®-RAFT agent 11b the RAFT 

moieties are situated in the middle of the polymer chain, making them less accessible for 

monomer and radicals. This factor has a negative influence on the time constant for transfer 

to the RAFT agent, and thus not all RAFT agent is consumed during the polymerization. 
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Fig. 5.8: Main plot: Normalized GPC traces of samples taken from experiment MEPSC-5 (DRI signal). A growing 

block copolymer (retention time 14-12min) can be observed together with the formation of uncontrolled poly(n-

butyl acrylate) (retention time 12-9min). Inset:  GPC traces of samples taken from experiment MEPSC-5 (UV 

signal). The shift of the UV signal proves that the polymer that elutes between 14 and 12 minutes is controlled, 

and the polymer between 12 and 9 minutes is not controlled since it is not UV active. Note that for simplicity 

reasons the peak of Kraton® chloroformate 16b which elutes at 15.7 minutes (peak C in figure 5.3) is not shown 

in this plot. 

 

The formation of uncontrolled polymer can be explained by the high amount of surfactant, 

which was above the critical micelle concentration. Secondary nucleation has taken place 

here, as can also be noticed from the bimodal particle size distribution, and in this second 

generation of particles no RAFT agent is present to mediate the polymerization. 

 

From the previous discussion an important conclusion may be drawn. It is very peculiar that 

in the experiments where sonication or high-pressure homogenization was employed to 

prepare the miniemulsion (MEPSC-1 to MEPSC-4), only uncontrolled poly(n-butyl acrylate) 

and no controlled block copolymer at all was found after the polymerization. It was made 

clear above that even if secondary (micellar or homogeneous) nucleation would be an issue, 

some controlled block copolymer could be expected. The fact that polymerization was 

partially controlled in experiment MEPSC-5 where only a rotor-stator device was employed to 

prepare the miniemulsion, leads to the important conclusion that apparently the 

conversion

15 14 13 12 11 10

 

Kraton®-RAFT agent 11b
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miniemulsion preparation procedure has a tremendous influence on the performance 

towards control of the miniemulsion polymerization. 

 

In order to study the lack of control over polymerization in the experiments where sonication 

or high-pressure homogenization was employed to prepare the miniemulsion, latex samples 

as well as samples of the miniemulsion before polymerization of experiment MEPSC-1 were 

studied with cryo-transmission electron microscopy (cryo-TEM). In this work, cryo-TEM is 

employed, because poly(n-butyl acrylate) and poly(ethylene-co-butylene) are both polymers 

with a low glass transition temperature. The internal morphology of latex particles containing 

these polymers, or block copolymers composed of these polymers, would not withstand the 

drying or the staining and the fixation steps required in conventional transmission electron 

microscopy. To prepare the latex samples for cryo-TEM analysis, the latex samples were 

applied to a microscopy grid in such a way that a very thin aqueous film was plunged into 

liquid ethane, close to its melting point, where the film rapidly vitrified without crystallization. 

The grid with the vitrified film was then transferred to the microscope, and examined at 

liquid nitrogen temperature. The structures which in this way were captured in the vitrified 

film, were thus observed without dehydration, and were so quickly vitrified that normally no 

important reorganization could have occurred. 

 

In figures 5.9 and 5.10, cryo-TEM pictures of experiment MEPSC-1, before (figure 5.9) and 

after (figure 5.10) polymerization are depicted. The large, light grey particles are vitrified 

water droplets containing the darker latex particles. Figure 5.9 reveal the presence of two 

types of particles in the miniemulsion before polymerization: sharply bordered particles ( nD  

= 20nm) and large, vaguely bordered particles ( nD  = 300nm). Clearly the vaguely bordered 

particles are dominant, while the sharply bordered particles are sparse. On the cryo-TEM 

pictures depicted in figure 5.10, i.e. after polymerization of the miniemulsion, these same 

two types of particles can be discerned, although the ratio and the size of the particles has 

changed: the vaguely bordered particles ( nD  = 350 nm) and the sharply-bordered latex 

particles ( nD  = 100 nm) are present in a 2:3 ratio. The vaguely bordered particles tend to 

coagulate here, while in the sample before polymerization the vaguely bordered particles 

were isolated. The existence of such vaguely bordered particles in a latex has been reported 
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                                      (a)                                                                                     (b) 

Fig. 5.9: Cryo-TEM pictures of miniemulsion MEPSC-1, prepared by sonication BEFORE polymerization. Inside the 

light grey vitrified water droplets, sharply bordered miniemulsion droplets can be observed ( nD  = 20 nm, white 

thick arrow) together with vaguely bordered, lens-shaped particles ( nD  = 300 nm, black thick arrow). The black 

particles (white dashed arrow) are ice crystals. (a) Bar = 200 nm. (b) Bar = 100 nm. 

 

    
                                      (a)                                                                                     (b) 
Fig. 5.10: Cryo-TEM pictures of miniemulsion MEPSC-1 AFTER polymerization. Inside the light grey vitrified 

water droplets, sharply bordered latex particles can be observed ( nD  = 100 nm, white thick arrow) together with 

vaguely bordered, lens-shaped particles ( nD  = 350 nm, black thick arrow). The black particles (white dashed 

arrow) are ice crystals. (a) Bar = 200 nm. (b) Bar = 100 nm. 
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Table 5.4: Properties and assumed composition of the two types of particles observed in the cryo-TEM pictures 

of experiment MEPSC-1 before and after polymerization. 

 

before polymerization (figure 5.9) after polymerization (figure 5.10) 

particle type 
abundance* 

nD  

(nm) 
composition abundance* nD  

(nm) 
composition 

lens-shaped 

particles 
dominant 300 

n-BA 

hexadecane 

Kraton®-RAFT agent 11b 

fair - 350 
hexadecane 

Kraton®-RAFT agent 11b 

sharply bordered  

particles 
sparse 20 

n-BA 

hexadecane 
fair + 100 

p(n-BA) 

hexadecane 

 

in the past by Almgren et al.16 for emulsions of fine oil droplets with lecithin as emulsifier, 

and were designated UFOs, unidentified fatty objects. These authors conducted a thorough 

study on these UFOs, and from the variation of the contrast they concluded that these 

objects were lens shaped, and oriented face on, presumably at the water/air interface. They 

suggested that oil droplets without emulsifier would form such lenses at the air/water 

interface. 

 

The existence of two types of particles after the polymerization (see figure 5.10), strongly 

suggests that microphase separation has occurred in the latex particles, either during the 

polymerization, or during the miniemulsion preparation. In table 5.4, the properties and the 

most likely composition of each type of particle are summarized. Since the latex was 

polymerized above 28°C, which is the critical solution temperature for a mixture of Kraton®-

RAFT agent 11b in n-butyl acrylate in a 20:80 ratio, microphase separation during the 

polymerization seems unlikely, and therefore is assumed to have occurred during the 

miniemulsion preparation.  

 

Microphase separation during the miniemulsion preparation can be explained by looking in 

detail how particle break-up takes place in the three homogenization procedures17 that have 

                                            
* The denotations dominant > fair + > fair – > sparse indicate a decreasing relative abundance of the 

specific particle type. 
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been used in this work. When sonication is used to produce a miniemulsion, the sonifier 

produces ultrasound waves that cause the molecules to oscillate around their main position 

as the waves propagate. During the compression cycle, the average distance between the 

molecules decreases, while during rarefaction the intermolecular distance increases. The fast 

increase in intermolecular distance results in a negative pressure that may cause the 

formation of voids or cavities (cavitation bubbles) that may grow in size. In the succeeding 

compression cycle of the wave, the bubbles are forced to contract and may even disappear 

totally18. The shock waves produced on the total collapse of the bubbles, i.e. when the 

bubbles implode, cause the break-up of the surrounding monomer droplets. If high-pressure 

homogenization is employed to generate a miniemulsion, homogenization is mainly due to 

shear forces, with some contribution from cavitation and impact forces. In a high-pressure 

homogenizer, the pre-emulsion stream is split into precisely defined microchannels, where 

the streams are accelerated to approximately 300 m s-1. The pre-emulsion streams are 

turned at right angles upon each other, while at the same time the liquid undergoes a 

pressure drop. Thus shear, impact and cavitation forces are concentrated on a small area in 

a very small volume of sample in any given time, causing the break-up of the dispersed 

phase. Rotor-stator systems rely on turbulence to produce the miniemulsion. The minimum 

droplet size that can be achieved with this type of equipment depends on the size of the 

smallest turbulent eddy formed, which in turn depends on the geometry of the rotor-stator 

system and the rotation speed. If small monomer droplet size is used as the criterion for 

homogenization efficiency, the high-pressure homogenizers are the most efficient devices, 

followed by the sonifiers. Rotor-stator systems are the least effective homogenization 

devices19. This implies that the forces involved in homogenization increase in the order: 

rotor-stator devices < sonifiers < high-pressure homogenizers. 

 

Because of the very large forces involved in particle break-up, it is assumed that during 

emulsification some water may be forced into the latex particles, and there lead to 

precipitation of Kraton®-RAFT agent 11b. A study showed that the solubility of this RAFT 

agent in n-butyl acrylate changed drastically upon the addition of minute amounts of water 

to a Kraton®-RAFT agent 11b/n-butyl acrylate solution: Kraton®-RAFT agent 11b 

immediately precipitated from the solution and could not be redissolved again by raising the 
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H2O

 

 

 

 

Fig. 5.11: Collapse of the poly(ethylene-co-butylene) blocks of Kraton®-RAFT agent 11b upon entry of water 

into the latex particles. The ovals represent the two RAFT moieties of Kraton®-RAFT agent 11b. 

 

temperature, as is the case when no water is present. This is exactly the behavior that a 

Kraton®-RAFT agent 11b molecule inside a monomer droplet will exhibit, if some water is 

forced into the particle during the homogenization process.  

 

This effect adequately explains why in experiments MEPSC-1 to MEPSC-4 no controlled 

polymer was found after polymerization. Upon entry of water in the particles, the 

poly(ethylene-co-butylene) side chains of Kraton®-RAFT agent 11b collapse (see figure 

5.11). The collapsed Kraton®-RAFT agent 11b is not soluble anymore in the monomer in the 

latex particle, and precipitates. The large particles that can be observed in figure 5.9 are 

therefore most likely the miniemulsion droplets containing the collapsed Kraton®-RAFT agent 

11b. Once the polymerization has been initiated, the probability for radicals to enter the 

small, sharply bordered particles [see figure 5.9 (b)] is much larger than for radical entry in 

the lens-shaped particles, since the total surface area of the sharply bordered particles with 

an average particle diameter of 20 nm is much larger than that of the lens-shaped particles. 

During the polymerization, monomer diffuses from the large miniemulsion droplets to the 

very small, sharply bordered particles, where the polymerization continues. The sharply 

bordered particles grow during polymerization, and uncontrolled polymer is formed inside 

these particles, because no RAFT agent is present. After polymerization, the uncontrolled 
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poly(n-butyl acrylate) thus resides in the sharply bordered particles, while the unreacted 

Kraton®-RAFT agent 11b remains in the lens-shaped particles. This mechanism explains the 

sparseness and the size of the sharply bordered particles in the miniemulsion before 

polymerization (see figure 5.9), while after polymerization, more and larger latex particles 

are present in the latex than lens-shaped particles, which is in accord with the miniemulsion 

recipe. Even if some radicals enter the lens-shaped particles during the polymerization, still 

only uncontrolled polymer would be formed in these particles, since the Kraton®-RAFT agent 

11b is in a collapsed state. Because the RAFT moieties of this RAFT agent are situated in the 

middle of the chain (see figure 5.1), they are thus inaccessible for monomer and radicals, 

and cannot mediate a controlled polymerization. It will be obvious that according to this 

mechanism, no controlled polymer at all can be formed. 

 

Entry of water in the particles due to the homogenization process can also explain why there 

was partial control when the miniemulsion was prepared only by shearing, instead of 

sonication or high-pressure homogenization. Applying high shear involves smaller forces than 

sonication or high-pressure homogenization, as can be readily seen from the particle sizes of 

the resulting latices. In experiment MEPSC-5 less water was forced into the particles, and 

Kraton®-RAFT agent 11b remained dissolved in the particles, and thus could mediate 

controlled polymerization. The uncontrolled polymer in this experiment can entirely be 

attributed to secondary (micellar) nucleation, because the surfactant concentration was 

above the CMC. 

 

Depending on the desired objective, two possible routes could be studied then. If the size of 

the latex particles would be of less importance, experiment MEPSC-5 could be repeated with 

a lower surfactant concentration, and triblock copolymer synthesis in an aqueous dispersion 

would be possible, albeit resulting in large latex particles. In this work, however, it was the 

objective to produce a latex with a small particle size, and thus the procedure applied in 

experiment MEPSC-5 would not be suitable. We have therefore not further studied this 

procedure, but instead we have studied the use of co-solvents, to improve the solubility of 

Kraton®-RAFT agent 11b in n-butyl acrylate. The use of co-solvents is discussed in the next 

section. 
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5.4.3 Addition of co-solvents 

 

In a next attempt to circumvent the previously reported solubility problems, and to gain 

control over a true miniemulsion polymerization, i.e. with a desired final particle size 

between 100 nm and 150 nm, toluene was employed as a co-solvent for Kraton®-RAFT 

agent 11b. It will be evident, however, that the amount of organic co-solvent should be kept 

as low as possible in order not to loose all the intrinsic advantages of an emulsion 

polymerization. If too much co-solvent is required for the process to work in miniemulsion, 

solution polymerization will perform better in achieving good control over macromolecular 

architecture. Moreover, for industrial applications, the solvent should be removed from the 

latex after polymerization. On the other hand, artificial emulsification of a polymer in water is 

not possible if too little solvent is employed, and the viscosity of the polymer/co-solvent 

mixture is too high. Burton and O’Farrell have determined an upper viscosity limit for artificial 

emulsification of polymers at a viscosity of 10 Pa.s20. However, this upper limit was 

determined for one specific viscosimeter operated at specific measurement conditions, and is 

thus questionable for other viscosimeters and measurement conditions. Moreover, this 

viscosity limit is dependent on the viscoelasticity of the polymer to be emulsified. In order to 

study the influence of a co-solvent on the miniemulsion polymerization of n-butyl acrylate, 

mediated with Kraton®-RAFT agent 11b, two approaches have been employed. 

 

First approach 

 

The first approach involved two steps: in a first step, Kraton®-RAFT agent 11b was dissolved 

in toluene together with hexadecane, and this organic phase was artificially emulsified. In a 

second step, the resulting miniemulsion was swollen overnight with n-butyl acrylate and 

polymerized. To determine the amount of toluene required for proper emulsification of 

Kraton®-RAFT agent 11b, we have measured the viscosity of this RAFT agent dissolved in 

various amounts of toluene at various temperatures, and subsequently determined the 

average particle size after emulsification of the Kraton®-RAFT agent 11b/toluene mixtures. 

These results are summarized in table 5.5. In this work, we have studied the emulsification 

of Kraton®-RAFT agent 11b solutions containing 0%wt, 10%wt, 20%wt and 50%wt toluene. 
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Table 5.5: Upper table: Recipe details of the miniemulsions prepared with addition of a co-solvent. The 

miniemulsion polymerizations were carried out at 70°C for three hours. Lower table: Viscosity under shear of 

the solutions of Kraton®-RAFT agent 11b in toluene, in function of the added amount of solvent and 

temperature. The viscosity of the Kraton®-RAFT/toluene solutions was measured before addition of hexadecane 

and subsequent emulsification. Details on the miniemulsion preparation procedure and results. 

 

compound amount/concentration* 

organic phase 

Kraton®-RAFT agent 11b 2.50g 

toluene 0 – 50 %wtorganic phase 

aqueous phase 

SDS 3.6 x 10-3 mol L-1
water 

water 47.50g 

KPS 3.0 x 10-3 mol L-1
water 

 

expt 
Kraton®-RAFT:toluene 

(wt:wt) 

η20°C

(Pa.s)

η40°C

(Pa.s)

η60°C

(Pa.s)

miniemulsion 

prepa- 

ration procedure 

nD  

(nm) n

w

D
D

 

MEPSOL-1 100:0 51.79 11.46 3.62 - - - 

MEPSOL-2 90:10 sonication - - 

MEPSOL-3 90:10 
7.71 2.31 1.00 high-pressure  

homogenization 
- - 

MEPSOL-4 80:20 sonication 2400 1.17 

MEPSOL-5 80:20 
1.86 0.75 0.40 high-pressure  

homogenization 
3040 1.39 

MEPSOL-6 50:50 sonication 376  1.54 

MEPSOL-7 50:50 
0.14 - - high-pressure  

homogenization 
387  1.56 

 

Both sonication and high-pressure homogenization, the latter preceded by pre-shearing with 

a rotor-stator device, were used to create the miniemulsions. The surfactant concentration 

                                            
* In the experiments where high-pressure homogenization was used to prepare the miniemulsion, the 

amounts of the various compounds were tripled. 
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was kept low in order to avoid secondary nucleation during polymerization of the 

miniemulsions, after they have been swollen with n-butyl acrylate. 

 

Experiment MEPSOL-1 shows that artificial emulsification of Kraton®-RAFT agent 11b 

without adding a co-solvent is expected to be nearly impossible, except at higher 

temperatures. In experiments MEPSOL-2 and MEPSOL-3 (see table 5.5), a 90:10 (wt:wt) 

ratio of Kraton®-RAFT agent 11b to toluene was used. Although both the organic and the 

aqueous phase were pre-heated to 40°C to decrease viscosity, after addition of the organic 

phase the creation of a pre-emulsion by stirring proved to be cumbersome. The pre-emulsion 

was sonicated, respectively homogenized, but no colloidally stable miniemulsions were 

obtained, of which a particle size could be measured. Clearly the viscosity of these mixtures 

was still too high for proper emulsification. Repeating the emulsification at 60°C did not yield 

better results. In experiments MEPSOL-4 and MEPSOL-5 (see table 5.5) an 80:20 (wt:wt) 

ratio of Kraton®-RAFT agent 11b to toluene was used. Although proper emulsification was 

possible here when mixing the organic and the aqueous phase at 40°C, both sonication and 

high-pressure homogenization resulted in large, broad particles, even if the temperature was 

raised to 60°C. When the ratio of Kraton®-RAFT agent 11b to toluene was changed to 50:50 

(wt:wt), as in experiments MEPSOL-6 and MEPSOL-7 (see table 5.5), the particle size could 

be reduced to around 380 nm, although the particle size distribution was rather broad. Both 

sonication and high-pressure homogenization resulted in similar particle size distributions. 

 

Due to the problems experienced when emulsifying Kraton®-RAFT/toluene solutions with low 

amounts of toluene, only those miniemulsions with a 50:50 (wt:wt) ratio of Kraton®-RAFT 

agent 11b to toluene were swollen with n-butyl acrylate and polymerized (see table 5.6). 

During polymerization, all latices remained colloidally stable, and GPC analysis revealed 

nearly identical GPC traces for experiment MEPSOL-8 and MEPSOL-9 (see figure 5.12). 

Although the polymerization was controlled here, the molecular weight distribution was 

extremely broad, but no uncontrolled polymer has been formed, which is evident from the 

comparison of the DRI and UV signal of the GPC trace of experiment MEPSOL-8, depicted in 

figure 5.12. GPC also reveals that not all initial Kraton®-RAFT agent 11b has been consumed 

during the polymerization. The main reason for the broad molecular weight distribution 
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Table 5.6: Upper table: Recipe details of the miniemulsion polymerizations with addition of a co-solvent. The 

miniemulsion polymerizations were carried out at 70°C during three hours. Lower table: Molecular 

characteristics of the obtained polymers. 

 

compound amount/concentration 

seed latex 30.0g 

n-butyl acrylate* 2.0g 

KPS 3.0 x 10-3 mol L-1
water 

 

seed latex final latex 

expt name 

MEPSC-5 

nD  

(nm) 

nD  

(nm) n

w

D
D

 
conv. 

(%) 
control 

MEPSOL-8 MEPSOL-5 376 378 1.55 89% Partial 

MEPSOL-9 MEPSOL-6 387 385 1.58 90% Partial 

 

obtained in experiment MEPSOL-8 should be sought in the broad particle size distribution of 

the seed latex, i.e. the miniemulsion before swelling with n-butyl acrylate. Upon addition of 

n-butyl acrylate, subsequent overnight swelling and during the polymerization, monomer 

diffusion can take place from the small to the large particles, due to Ostwald ripening. 

Together with the fact that the molecules of Kraton®-RAFT agent 11b cannot diffuse 

through the aqueous phase, this results in a broad range of monomer to Kraton®-RAFT 

agent 11b ratios in the particles. From equation 5.1, it can be derived that in such a case 

controlled polymer with a broad molecular weight distribution will be formed. The fact that 

not all Kraton®-RAFT agent 11b was consumed during the polymerization, was also noticed 

in experiment MEPSOL-5, i.e. the experiment where only high shear was employed to 

produce a miniemulsion, and can be attributed to the fact that the RAFT moieties are 

situated in the middle of the Kraton®-RAFT agent 11b chain, as was discussed before (see 

figure 5.1), and that possibly not all miniemulsion droplets were initiated during the 

polymerization. In experiment MEPSOL-8 and MEPSOL-9, clearly the viscosity of the organic 

phase was still too high to allow the production of small particles, with a small particle size 

distribution. 

                                            
* The miniemulsions were swollen overnight with n-butyl acrylate at 60°C. 
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Fig. 5.12: Main plot: Normalized GPC chromatograms of samples taken from experiment MEPSOL-8 (DRI 

signal). A growing block copolymer (retention time 14.5-10 min) can be observed, albeit with an extremely broad 

molecular weight distribution. Also not all initial Kraton®-RAFT agent 11b has been consumed during the 

polymerization. Inset 1:  Normalized GPC chromatograms of samples taken from experiment MEPSOL-8 (UV 

signal). The UV signal (enlarged in inset 2) shows that all formed polymer was controlled. The peak at a 

retention time of 9 minutes is a ghost peak. Note that for simplicity reasons the peak of Kraton® chloroformate 

16b which elutes at 15.7 minutes (peak C in figure 5.3) is not shown in this plot. 

 

Although the viscosity can be reduced by employing an even larger amount of toluene, still a 

long time interval (overnight) is required to swell the latex particles with monomer. In order 

to avoid the overnight time interval, we have opted to employ a second approach, which is 

discussed below. 

 

Second approach 

 

The second approach mentioned above, involved the use of a mixture of monomer and co-

solvent to dissolve and emulsify Kraton®-RAFT agent 11b, see table 5.7.  

 

In experiment MEPSOL-10, Kraton®-RAFT agent 11b was first dissolved in a 50:50 (wt:wt) 

mixture of toluene and n-butyl acrylate, together with hexadecane as the hydrophobe, 

resulting in an organic phase with a 20:80 (wt:wt) Kraton®-RAFT agent 11b to organic 

solvent (toluene and n-butyl acrylate) ratio. The viscosity of the organic phase thus was 
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Table 5.7: Upper table: Recipe details of the miniemulsion prepared by emulsification of Kraton®-RAFT agent 

11b with a mixture of toluene and n-butyl acrylate. The polymerization was carried out at 70 for three hours. 

Lower table: Molecular characteristics of the obtained block copolymers. 

 

compound amount/concentration 

organic phase 

Kraton®-RAFT agent 11b 2.0g 

n-butyl acrylate 4.0g 

toluene 4.0g 

aqueous phase 

SDS 4.6 x 10-3 mol L-1
water 

water 30.0g 

KPS 3.0 x 10-3 mol L-1
water 

 

expt 

Kraton®-RAFT: 

tol:n-BA  

(wt:wt:wt) 

miniemulsion 

preparation 

nM  exp 

(g mol-1) 

nM  calc 

(g mol-1) n

w

M
M

 
nD  

(nm) n

w

D
D

 
conv.

(%) 

MEPSOL-10 20:40:40 Sonication 45800 22100 1.38 142 1.06 86 

 

lower than that of the organic phase in experiments MEPSOL-8 and MEPSOL-9. Addition of 

the organic phase to the aqueous phase containing the surfactant and subsequent 

emulsification by sonication resulted in a colloidally stable miniemulsion. This approach 

allowed the production of a miniemulsion with a small particle size and a narrow particle size 

distribution, while after polymerization the amount of toluene in the latex particles was the 

same as in experiments MEPSOL-8 and MEPSOL-9, which is 50%wt. In experiment MEPSOL-

10, no overnight swelling was required. Instead, the miniemulsion was polymerized 

immediately after emulsification, and thus monomer diffusion from the small to the large 

latex particles could be neglected. After polymerization with a water-soluble initiator (KPS), 

the obtained latex was colloidally stable and had a monomodal particle size distribution with 

a particle size around 142 nm. GPC analysis of samples taken from experiment MEPSOL-10 

showed that the experimental number average molecular weight increased linearly with 

conversion, and thus polymerization was controlled (see figure 5.13). The experimental  
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Fig. 5.13: Experimentally determined number-average molecular weight (●, left axis), targeted number-average 

molecular weight calculated with equation 5-1 without correction for initiator-derived chains (−−− , left axis) and 

polydispersity index (∆, right axis) for samples taken from miniemulsion polymerization MEPSOL-10. 

 

number-average molecular weight, however, was substantially higher than the targeted 

number-average molecular weight calculated with equation 5-1. No correction was made for 

the initiator-derived chains, because due to the low initiator concentration and the short 

reaction times, the amount of initiator-derived chains was found to be negligible. Similar to 

the solution polymerization experiments discussed in section 5.3, the most important reason 

for the discrepancy between the calculated and experimental number-average molecular 

weights is that the number-average molecular weights for the poly(ethylene-co-butylene)-

block-poly(n-butyl acrylate)-block-poly(ethylene-co-butylene) triblock copolymer are 

expressed in polystyrene equivalents, since no correction parameters are available for the 

difference in hydrodynamic volume between such block copolymers of gradually changing 

composition and polystyrene, which was used to calibrate the GPC. It was discussed in 

section 5.3 that this leads to an overestimation of the number-average molecular weight of 

the block copolymer resulting from experiment MEPSOL-10. It can be derived from figure 

5.13, that the observed difference between the experimental and calculated number-average 

molecular weight is more or less constant around approximately 10000 g mol-1. This 

difference may be attributed to the overestimation of the experimental number-average 

molecular weights of Kraton®-RAFT agent 11b and the block copolymers produced with this 

compound. 
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Fig. 5.14: Upper left plot: Normalized GPC chromatograms of samples taken from experiment MEPSOL-10 

(DRI signal). A gradually growing block copolymer can be observed. Upper right plot: Normalized GPC 

chromatograms of samples taken from experiment MEPSOL-10 (UV trace). Kraton®-RAFT agent 11b  

( ----- - ----- - ----- ). 12% monomer conversion ( -----  -----  ----- ). 50% monomer conversion ( - - - - - -  ). 86% monomer 

conversion ( ---------- ). Lower plot:  Overlay of the normalized DRI ( -----  -----  ----- ) and UV ( ---------- ) traces of the GPC 

chromatogram of the final sample taken from experiment MEPSOL-10, showing the same three anomalies as 

discussed in section 5.3. The peak denotations are the same as used in figure 5.3. 

 

Figure 5.13 also shows that the slopes of the experimental and calculated molecular weight 

are approximately parallel. This indicates that all initial Kraton®-RAFT agent 11b was 

consumed during the polymerization. Figure 5.14 depicts the normalized GPC 

chromatograms of samples taken from experiment MEPSOL-10. However, the same three 

anomalies that were observed in the solution polymerization experiments, and that were 

discussed in section 5.3, can be observed here: low molecular weight tailing of the main 

product peak; the apparent incomplete consumption of the initial RAFT agent from the DRI 

trace, while the UV trace indicates the complete consumption of the initial RAFT agent; and 

the presence of a peak between that of unreacted Kraton® chloroformate 16b and that of 

the Kraton®-RAFT agent 11b/di(Kraton®) carbonate. Although no full MMCCD analysis of the 

polymer produced in experiment MEPSOL-10 was performed, it may safely be assumed that 
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the reasons for these discrepancies are the same as reported in section 5.3 for the solution 

polymerization experiments. It should be noted that the difference between the elution times 

of peak D+E in the DRI and the UV trace is larger here (see figure 5.14) than it was in 

experiment SOL-1 (see figure 5.3). This can be attributed to the occurrence of the 

Trommsdorff effect21;22, which is a well-known feature in emulsion polymerization23. This was 

extensively discussed in section 4.4.3 of Chapter four. 

 

After the polymerization, a sample of experiment MEPSOL-10 was studied with cryo-TEM in 

order to determine the latex morphology. In figure 5.15, two cryo-TEM pictures taken from 

experiment MEPSOL-10 after polymerization are depicted. These pictures still reveal the 

presence of the two types of particles discussed in section 5.4.2, i.e. lens-shaped, vaguely 

bordered particles and sharply bordered particles. However, contrary to the cryo-TEM 

pictures depicted in figure 5.10 here the sharply bordered particles were dominant, while the 

lens-shaped particles were sparse (see table 5.8), indicating that almost no microphase 

separation occurred in experiment MEPSOL-10, although it could not be prevented entirely. 

The fact that nearly only sharply bordered particles were formed agrees with the fact that 

the polymerization was controlled in this experiment. 

 

Once the principle, that controlled polymerization from macromolecular RAFT agents in 

miniemulsion is possible, had been demonstrated, no further work on this topic has been 

done. The addition of a co-solvent in miniemulsion polymerization is only viable in academic 

research, but for applications it is undesirable. Moreover, by using a co-solvent in 

miniemulsion polymerization, some of the intrinsic advantages of (mini)emulsion 

polymerization are lost. The formed block copolymer is not applicable directly from the latex, 

as the excess of solvent must be removed first. In this chapter only the homopolymerization 

of n-butyl acrylate, mediated with Kraton®-RAFT agent 11b, was reported, although it is one 

of the objectives of this thesis to chain extend Kraton®-RAFT agent 11b with a mixture of n-

butyl acrylate and a polar monomer such as (meth)acrylic acid, in order to produce an 

alternating polar-nonpolar block copolymer. However, mixtures of n-butyl acrylate and polar 

monomers are expected to be even worse solvents for Kraton®-RAFT agent 11b than n-

butyl acrylate alone, and this has not been further studied here. To succeed in polymerizing 
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                                      (a)                                                                                     (b) 
Fig. 5.15: Cryo-TEM pictures of miniemulsion MEPSOL-10 AFTER polymerization. Inside the light grey vitrified 

water droplets, sharply bordered latex particles can be observed (dominant, nD  = 100 nm, white thick arrow) 

together with vaguely bordered, lens-shaped particles (sparse, nD  = 350 nm, black thick arrow). The black 

particles (white dashed arrow) are ice crystals. (a) Bar = 200 nm. (b) Bar = 200 nm. 

 

 

 

Table 5.8: Properties and assumed composition of the two types of particles observed in the cryo-TEM pictures 

of experiment MEPSOL-10 before and after polymerization. 

 

after polymerization (figure 5.13) 

particle type 
abundance* nD

(nm)
composition 

lens-shaped 

particles 
sparse 350 

hexadecane 

Kraton®-RAFT agent 11b 

sharply bordered 

particles 
dominant 100 

Kraton®-b-p(n-BA)-b-Kraton® triblock copolymer 

hexadecane 

 

                                            
* The denotations dominant > fair + > fair – > sparse indicate a decreasing relative abundance of the 

specific particle type. 
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Kraton®-RAFT agent 11b with a mixture of n-butyl acrylate and e.g. (meth)acrylic acid, even 

larger amounts of co-solvent would be required to gain control over the miniemulsion 

polymerization, if control can be gained at all. 

 

 

5.5 Conclusions 

 

It has been demonstrated that triblock copolymer production in solution from a bifunctional 

polyolefin-based RAFT agent, i.e. Kraton®-RAFT agent 11b, is very well possible, although 

some diblock copolymer formation could not be prevented. The application of Kraton®-RAFT 

agent 11b in miniemulsion polymerization, however, is far from straightforward. Although no 

problems such as latex destabilization were observed, there was no sign of control over the 

polymerization, when the miniemulsions were prepared by sonication or high-pressure 

homogenization. When the miniemulsion was prepared with only high shear, e.g. by 

employing a rotor-stator device, the polymerization was partially controlled, although large 

particles (> 1 µm) were obtained, due to the smaller shear rates involved in this method for 

artificial emulsification. A cryo-TEM study on the miniemulsions prepared by sonication, and 

on the latices after polymerization, revealed that the culprit behind the lack of control must 

be sought in microphase separation of Kraton®-RAFT agent 11b from the droplets. This 

microphase separation could be attributed to water, entering the particles during the 

miniemulsion preparation, and there causing precipitation of Kraton®-RAFT agent 11b. 

However, it was shown that a true controlled miniemulsion polymerization, with a particle 

size around 150 nm, mediated by Kraton®-RAFT agent 11b, is possible if an organic co-

solvent is added to prevent precipitation of Kraton®-RAFT agent 11b from the latex 

particles. Summarizing, two strategies can be employed for the application of Kraton®-RAFT 

agent 11b in aqueous dispersions. Miniemulsion preparation by high shear alone allows 

block copolymer synthesis from Kraton®-RAFT agent 11b without addition of a co-solvent, 

but results in large latex particles (> 1 µm). Addition of a co-solvent, and subsequent 

miniemulsion preparation by sonication, allows block copolymer synthesis from Kraton®-

RAFT agent 11b, resulting in small latex particles (~150 nm). The disadvantage here is the 

presence of an organic solvent in the latex particles, which must be removed before 
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application as e.g. a pressure-sensitive adhesive. It is expected that by incorporating 

different types of macromolecules in the RAFT agent, and by subsequent tuning of the 

solubility of the macromolecule and the monomer to each other, these problems could be 

circumvented. However, this strategy has not been followed in this work. 
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Chapter six 

Multiblock copolymer synthesis 

 

 

…via multifunctional S-tert-alkyl-N,N-alkoxycarbonyl- 

methyldithiocarbamates in solution and emulsion 

 

 

Abstract 

 

This Chapter is dedicated to the synthesis of alternating polar-nonpolar multiblock 

copolymers in solution and in emulsion. Multifunctional low molecular weight poly(decyl-

RAFT) agent 12a was chain extended to an alternating multiblock copolymer in solution, 

in two sequential radical polymerization steps, but the agreement between the 

experimental and the calculated number-average molecular weight was poor, while the 

resulting multiblock copolymer had a polydispersity index of around 2. This could be 

attributed to a reduction of the number of RAFT functions per chain, caused by the 

addition-fragmentation step that is the core of the RAFT mechanism. Next, 

multifunctional macromolecular poly(Kraton®-RAFT) agent 12b was chain extended in 

solution to an alternating polar-nonpolar multiblock copolymer in one polymerization 

step, although also in this case, the agreement between the experimental and the 

calculated number-average molecular weight was poor for the same reason. Then, 

poly(decyl-RAFT) agent 12a was chain extended in two sequential radical polymerization 

steps to an alternating polar-nonpolar multiblock copolymer in an aqueous dispersion. 

Here a good agreement between the experimental and calculated number-average 

molecular weight was observed, although the final multiblock copolymer had a 

polydispersity index of around 4. Reduction of the number of RAFT moieties per chain 

was of less importance in the miniemulsion polymerization experiments, due to the lower 

radical flux that was employed compared to the solution polymerization experiments. 



Chapter six 

- 172 - 

6.1 Introduction 

 

In section 2.2 of Chapter two, an overview on how the RAFT process can be employed to 

synthesize block copolymers was presented. It was demonstrated that of the four possible 

routes towards (multi)block copolymers1-10, multifunctional (macromolecular) RAFT agents 

provide the fastest route towards multiblock copolymers. A multifunctional low molecular 

weight RAFT agent requires merely two polymerization steps to be converted into an 

alternating multiblock copolymer, while a macromolecular multifunctional RAFT agent 

requires only one polymerization step to achieve this purpose. However, only one report on 

this topic is available in literature10: recently, the use of a multifunctional trithiocarbonate to 

produce segmented polystyrene in solution was reported. However, this report does not 

mention the application of multifunctional RAFT agents in the production of multiblock 

copolymers in heterogeneous media. The current Chapter presents some preliminary results 

on the ability of multifunctional S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamate RAFT 

agents 12a and 12b to control the solution and miniemulsion polymerization of acrylic 

monomers. These RAFT agents are depicted in figure 6.1. Poly(decyl-RAFT) agent 12a was 

studied both in solution and miniemulsion polymerization. It should be noted that in the 

remaining part of this thesis, the term segmented block copolymer will be employed to 

indicate the polymer which is formed in the first polymerization step, mediated with 

poly(decyl-RAFT) agent 12a, since in this block copolymer all blocks have the same 

composition. The term alternating multiblock copolymer will be employed to indicate the 

polymer which is formed in the second polymerization step when employing poly(decyl-

RAFT) agent 12a. Poly(Kraton®-RAFT) agent 12b has only been studied in solution 

polymerization, because in Chapter five it was shown that the application of the bifunctional 

Kraton®-RAFT agent 11b in aqueous dispersions was cumbersome, due to solubility 

problems of the polyolefin block in the applied monomer. Poly(Kraton®-RAFT) 12b contained 

similar blocks as Kraton®-RAFT agent 11b, and thus similar problems would be met when 

applying this compound in an aqueous dispersion. Since only one polymerization step is 

required when employing poly(Kraton®-RAFT) agent 12b, the term alternating multiblock 

copolymer will be employed in section 6.3.2 of this Chapter to indicate the block copolymer 

formed from poly(Kraton®-RAFT) agent 12b. It should be noted that the number-average  
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Fig. 6.1: Multifunctional RAFT agent with low molecular weight spacer 12a and multifunctional RAFT agent with 

high molecular weight spacer 12b. Poly(decyl-RAFT) agent 12a has been studied in solution and miniemulsion 

polymerization, while poly(Kraton®-RAFT) agent 12b has been studied only in solution polymerization. Upon 

polymerization with n-butyl acrylate, the monomer is inserted between the carbon and the sulfur of the C-S 

bonds marked by an arrow. 

 

molecular weights of poly(decyl-RAFT) agent 12a and poly(Kraton®-RAFT) agent 12b and of 

all polymers produced with these RAFT agents in this Chapter, are expressed in polystyrene 

equivalents, since no correction parameters are available for the difference in hydrodynamic 

volume between these polymers and polystyrene, which was used to calibrate the GPC. 

 

 

6.2 Experimental section 

 

Materials: N-butyl acrylate (BA, Aldrich), methacrylic acid (MAA, Aldrich) and iso-octyl acrylate (i-OA, 

UCB Chemicals) were purified by passing them over a column of basic alumina (Brockmann I, 

standard grade, 150 mesh, 58Å, Aldrich). Sodium dodecyl sulphate (SDS, Fluka), hexadecane 

(Aldrich), azobis(isobutyronitrile) (AIBN, Merck) and potassium peroxodisulfate (KPS, Merck) were 
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used as received. Deionized water was purified over a Milli-Q purification system. Poly(decyl-RAFT) 

agent 12a and poly(Kraton®-RAFT) agent 12b were synthesized as reported in Chapter three. 

 

Solution polymerization procedure: Step 1: Poly(decyl-RAFT) agent 12a or poly(Kraton®-RAFT) 

agent 12b was dissolved in a 50:50 (wt:wt) solution of monomer and toluene in a stirred three-

necked round-bottom flask. This mixture was purged with argon during 45 minutes. The mixture was 

immersed in an oil bath and heated to 80°C. Initiator was dissolved in a small amount of toluene, and 

was injected with a syringe through a septum, when the temperature of the reaction mixture was 

constant at 80°C. At regular time intervals, samples were taken with a syringe for gravimetrical 

conversion determination and GPC analyses. These samples were quenched with hydroquinone and 

dried on a hot-plate at 50°C, followed by thorough drying in a vacuum oven at 50°C. The exact 

amounts and concentrations of the various compounds employed in these experiments can be found 

in tables 6.1 and 6.3. Step 2: In the experiments where poly(decyl-RAFT) agent 12a was employed 

in step 1, the second block was produced by adding a second batch of monomer and toluene, after 

the first polymerization step was complete. Then the procedure reported in step one was repeated, 

starting with purging the solution with argon. The exact amounts and concentrations of the various 

compounds employed in these experiments are summarized in table 6.2. 

 

Miniemulsion preparation procedure: Poly(decyl-RAFT) agent 12a was dissolved with stirring in a 

mixture of monomer and hexadecane, comprising the organic phase. Surfactant (SDS) was dissolved 

in water. The organic phase was added dropwise to the aqueous phase under vigorous stirring 

(magnetic stirrer plate). The flask was left to stir vigorously for one hour, after which a sonication 

probe (400W, Dr. Hielscher UP400S) was inserted into the heterogeneous mixture. The pre-emulsion 

was sonicated at an amplitude of 30% of the maximum power for 30 minutes at room temperature. 

The exact amounts and concentrations of the various compounds employed in these experiments are 

collected in tables 6.4 and 6.5. 

 

Miniemulsion polymerization procedure: Step 1: After emulsification, the miniemulsion was 

transferred into a jacketed emulsion reactor under argon atmosphere, equipped with a reflux cooler 

and a thermocouple. The miniemulsion was stirred with a magnetic stirrer and heated to 70°C. When 

the temperature was constant at 70°C, initiator (KPS) dissolved in a small amount of water was 

added, and polymerization was carried out under argon atmosphere. At regular time intervals, 

samples were taken for gravimetric conversion measurement and GPC analyses. These samples were 

quenched with hydroquinone to stop polymerization and dried on a hot-plate at 50°C, followed by 

thorough drying in a vacuum oven at 50°C. Step 2: The latex produced in step 1 was left to cool, and 

was diluted with deionized water. This latex was swollen overnight with a fresh amount of monomer 
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at room temperature. Then the procedure reported above for step 1 was repeated, starting with 

purging the swollen seed latex with argon.  

 

GPC analysis: GPC analysis was carried out using a Waters model 510 pump, a model 410 refractive 

index detector (at 40°C) and a model 486 UV detector (at 254 nm) in series. Injections were done by 

a Waters model WISP 712 autoinjector, using an injection volume of 50µL. The columns used were a 

PLgel guard (5 µm particles) 50x7.5 mm column, followed by two PLgel mixed-C or mixed-D (5 µm 

particles) 300x7.5 mm columns at 40°C in series. Tetrahydrofuran (Biosolve, stabilised with BHT) was 

used as eluent at a flow rate of 1.0 mL min-1. Calibration has been done using polystyrene standards 

(Polymer Laboratories, nM = 580 to 7.1x106 g mol-1). Data acquisition and processing were performed 

using Waters Millennium32 (v3.2 or 4.0) software. Before injection, the samples were filtered over a 

13 mm x 0.2 µm PTFE filter, PP housing (Alltech). 

 

Particle size measurements: particle diameters were measured on an LS 32 Coulter Counter. For 

this purpose, samples were diluted with deionized water. 

 

 

6.3 Multiblock copolymer synthesis in solution 

 

6.3.1 Low molecular weight multifunctional RAFT agents 

 

First step: synthesis of a segmented block copolymer 

 

It was discussed in the introduction to this Chapter, that poly(decyl-RAFT) agent 12a 

requires two radical polymerization steps in order to be converted into an alternating polar-

nonpolar multiblock copolymer. In a first series of experiments, the ability of poly(decyl-

RAFT) agent 12a to control the homopolymerization of n-butyl acrylate and the 

copolymerization of n-butyl acrylate with methacrylic acid has been studied. By 

copolymerizing n-butyl acrylate and methacrylic acid with this RAFT agent, a segmented 

block copolymer containing multiple and virtually identical polar blocks is produced. The 

recipe details and results of these experiments are summarized in table 6.1. 
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Table 6.1: Upper table: Recipe details of the multiblock copolymer synthesis in solution starting from 

poly(decyl-RAFT) agent 12b. The polymerization was carried out at 80°C for three hours. Lower table: 

Molecular characteristics of the segmented block copolymers obtained after the first polymerization step in 

solution. In experiment SOLMB-2, the high molecular weight fraction of poly(decyl-RAFT) agent 12a, isolated 

with preparative GPC, was employed. All experimental number-average molecular weights are expressed in 

polystyrene equivalents. 

 

compound amount/concentration 

monomer (BA + MAA) 10.0g 

toluene 10.0g 

poly(decyl-RAFT) 12a 3.0 or 7.0 x 10-3 mol L-1
 

AIBN 3.3 x 10-3 mol L-1 

 

step 1 

expt 

[RAFT agent]*  

(mol L-1) 
monomer 

nM  exp  

(g mol-1) 

nM  calc 

(g mol-1) n

w

M
M

 
conv. 

(%) 

MAA inc. 

(%wt) 

SOLMB-1 
12a 

(7.0 x 10-3) 
BA 22600 53100 2.15 84 - 

SOLMB-2 
12a/HMW 

(3.0 x 10-3) 
BA 80800 120200 2.21 79 - 

SOLMB-3 
12a 

(7.0 x 10-3) 

BA : MAA 

90:10 (wt:wt) 
35400 51900 2.13 78 9.7 

 

In order to study the multiblock copolymer synthesis using poly(decyl-RAFT agent) 12a, this 

RAFT agent, synthesized as described in Chapter three, was used as such in experiments 

SOLMB-1 and SOLMB-3, but not in experiment SOLMB-2 (see further). The number-average 

molecular weight of RAFT agent 12a was 1800 g mol-1 with a polydispersity of 1.80, 

calculated with GPC and expressed in polystyrene equivalents. It can be calculated easily 

using the molecular weight of the repeating unit of poly(decyl-RAFT) agent 12a, which is 

599.90 g mol-1, and realizing that every repeating unit contains two RAFT moieties (see 

figure 6.1), that RAFT agent 12a contains on average six RAFT moieties. With a RAFT agent 

containing six RAFT moieties, a heptablock copolymer can be produced in two polymerization  

 

                                            
* The RAFT agent concentration is the concentration of the multifunctional RAFT agent, and not the 

concentration of the individual RAFT moieties. 
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Fig. 6.2: Multiblock copolymer synthesis employing a hexafunctional RAFT agent. For simplicity reasons, the 

leaving group A is designated L in this picture. In the first polymerization step, i.e. step (a), a segmented triblock 

copolymer, composed of monomer B is formed, with all three blocks having the same composition. In the second 

polymerization step, i.e. step (b), an alternating heptablock copolymer is formed. Also for simplicity reasons the 

subscripts m and n are employed to indicate that all A blocks and all B blocks have approximately the same chain 

length, although this notation is not strictly valid. 

 

steps. This is depicted in figure 6.2. In the first polymerization step, a segmented triblock 

copolymer is formed, while in the second polymerization step, an alternating heptablock 

copolymer is produced, provided that the number of RAFT moieties per chain remains 

constant during the polymerization. It should be noted that after the two polymerization 

steps all poly(A) and poly(B) blocks contain a fragment of the original multifunctional RAFT 

agent after polymerization (see figure 6.2). Strictly speaking the multiblock copolymer that is 

produced in such a way is a block copolymer containing twelve blocks, separated by 

fragments of poly(decyl-RAFT) agent 12a. For simplicity reasons, however, the fragments 

Z
S

S AmBn L BnAm S

S
Z

S
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S
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S

S AmBn L BnAm S

S



Chapter six 

- 178 - 

remaining from the RAFT agent in the poly(A) and poly(B) blocks were not considered in the 

calculation of the number of blocks, and thus such a block copolymer containing twelve 

blocks can be regarded as an alternating heptablock copolymer (see figure 6.2). 

 

The targeted number-average molecular weight of the resulting multiblock copolymers can 

be calculated via equation 6-1, see also equation 2-3 in section 2.1.1 of Chapter two. Due to 

the low radical concentration and the short reaction times that were employed, no correction 

was made for the initiator-derived chains. 

 

[ ]
[ ]0

mon0
RAFTn

RAFT
xFWM

FWM
⋅⋅

+=                                            6-1 

 

The term x is the fractional conversion, FWmon and FWRAFT are the molecular weights of 

respectively the monomer and the macromolecular RAFT agent, while [M]0 and [RAFT]0 are 

the starting concentrations of monomer and multifunctional RAFT agent, respectively. The 

calculation of the targeted number-average molecular weight of a polymer produced from a 

multifunctional RAFT agent was performed assuming that one poly(decyl-RAFT) agent 12a 

chain contained only one RAFT moiety. It can be readily seen from equation 6-1 that such an 

assumption is valid, because the total number of chains is equal to the total number of 

multifunctional RAFT agent molecules, regardless of the number of RAFT functions that are 

present in each chain, provided that the number of initiator-derived chains is negligible, and 

that the number of RAFT functions per chain does not change during the polymerization. The 

total number of RAFT functions only determines the molecular weight of each segment (see 

figure 6.2), but because all RAFT functions are linearly connected to each other, the total 

number-average molecular weight of the multiblock copolymer is equal to the sum of the 

number-average molecular weights of each segment, again provided that the number of 

RAFT moieties per chain does not change during the polymerization. If for instance a 

multifunctional RAFT agent containing six RAFT moieties is employed, three segmented 

blocks are created in the first polymerization step [step (a) in figure 6.2], each with a 

molecular weight that is on average one third of that of the multiblock copolymer. 
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Fig. 6.3: Experimentally determined number-average molecular weight (●, left axis), targeted number-average 

molecular weight calculated with equation 6-1 without correction for initiator-derived chains (−−− , left axis) and 

polydispersity index (∆, right axis) for samples taken from experiment SOLMB-1. 

 

In experiment SOLMB-1, poly(decyl-RAFT) agent 12a was polymerized with n-butyl acrylate. 

In figure 6.3, the evolution of the number-average molecular weight and the polydispersity 

index of this experiment with monomer conversion are depicted. The linear increase of the 

number-average molecular weight, expressed in polystyrene equivalents, with conversion 

indicates that the polymerization had living characteristics, although the experimental 

number-average molecular weight was substantially lower than the targeted number-

average molecular weight calculated with equation 6-1, and thus control over the 

polymerization was rather poor. No correction was made for the initiator-derived chains. 

Because in experiment SOLMB-1 each RAFT molecule contained on average six RAFT 

moieties, the RAFT to initiator ratio was around 13:1. This ratio was calculated with the 

amount of RAFT functions per chain, and from the concentrations of the multifunctional 

RAFT agent and the initiator. Together with the short reaction times, the high RAFT to 

initiator ratio allowed neglect of the initiator-derived chains. In figure 6.4, the normalized 

GPC chromatograms (DRI and UV traces) of experiment SOLMB-1 show that the molecular 

weight distribution has shifted to a shorter retention time, i.e. to a higher molecular weight 

during the polymerization, and that all initial poly(decyl-RAFT) agent 12a has been 

consumed. In Chapters four and five, it was shown that S-tert-alkyl-N,N-alkoxycarbonyl 
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Fig. 6.4: Normalized GPC chromatograms of samples taken from experiment SOLMB-1 (DRI signal). A gradually 

growing multiblock copolymer can be observed. Inset:  Normalized GPC chromatograms of samples taken from 

experiment SOLMB-1 (UV-signal). The UV trace indicates that all monomer was incorporated into the RAFT 

growing RAFT agent. The UV trace also shows some low molecular weight tailing. Poly(decyl-RAFT) agent 12a  

( -----  -----  ----- ). 10% monomer conversion ( - - - - - -  ). 84% monomer conversion (---------- ). 

 

methyldithiocarbamates are highly active RAFT agents, and that they were consumed within 

the first few percentages of monomer conversion. Therefore, it may be assumed that when 

employing a multifunctional RAFT agent, such as poly(decyl-RAFT) agent 12a, all RAFT 

functions participate in the polymerization reaction. Figure 6.4 also reveals that the obtained 

segmented block copolymer has a relatively broad polydispersity. The reasons for this will be 

discussed further below in this section. The fact that the formed polymer is visible in the UV 

trace of the GPC chromatograms (see inset in figure 6.4) indicates that all monomer has 

been incorporated into the RAFT agent. It should be noted that at the high retention time 

side of the molecular weight distribution of poly(decyl-RAFT) agent 12a, the low molecular 

weight oligomers appear as separate peaks. This explains the irregular peak shape of 

poly(decyl-RAFT) agent 12a in figure 6.4. 

 

For experiment SOLMB-2, the high molecular weight fraction of RAFT agent 12a was 

isolated and collected with preparative GPC, resulting in a poly(decyl-RAFT) agent with a 

number-average molecular weight of 3700 g mol-1 and a polydispersity of 1.59, calculated 

with GPC and expressed in polystyrene equivalents. Using the molecular weight of the 

18 16 14 12 10 8
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repeating unit of this RAFT agent which is 599.90 g mol-1, it can be calculated that the high 

molecular weight fraction of poly(decyl-RAFT) agent 12a contains on average approximately 

12 RAFT moieties. From figure 6.2, it can be derived that such a RAFT agent can be 

employed for the production of a segmented hexablock copolymer in one polymerization 

step, and for the synthesis of an alternating multiblock copolymer containing 13 blocks in 

two polymerization steps. However, in experiment SOLMB-2, the experimentally determined 

number-average molecular weight, expressed in polystyrene equivalents, also was 

substantially lower than the targeted number-average molecular weight, calculated with 

equation 6-1 (see table 6.1). No correction was made for the initiator-derived chains. The 

ratio of RAFT to initiator in experiment SOLMB-2 was 10:1 (calculated in a similar fashion as 

in experiment SOLMB-1), since each RAFT agent here contained 12 RAFT moieties, and thus 

the amount of initiator-derived chains could be neglected. 

 

In order to determine the number of poly(n-butyl acrylate) blocks incorporated in the 

segmented block copolymers, produced in experiments SOLMB-1 and SOLMB-2, both 

polymers were subjected to basic hydrolysis. The hydrolysis reaction is depicted in figure 6.5. 

For experiment SOLMB-2, this yielded poly(n-butyl acrylate) with a number-average molecu-

lar weight of 43300 g mol-1, and a polydispersity of 1.50. For such large block NMR cannot 

unambiguously prove that all the RAFT moieties were destroyed during hydrolysis. However, 

hydrolysis of poly(decyl-RAFT) agent 12a under the same reaction conditions was shown to 

be complete with NMR and GPC. The number of poly(n-butyl acrylate) blocks incorporated 

into the multifunctional RAFT agent can be roughly calculated employing equation 6-2: 

 

nM  (segmented block copolymer) = x * nM  (hydrolysis product)                6-2 

 

80800 = x * 43300                                                6-3 

 

Although strictly speaking the molecular weight of compound 33 (see figure 6.5) should be 

taken into account in order to obtain a correct calculation, this was not done here, because 

the number-average molecular weight of the segmented block copolymer is expressed in 

polystyrene equivalents, and thus is not accurate. Equation 6-3 shows that x is  
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Fig. 6.5: Hydrolysis of the segmented block copolymers resulting from experiments SOLMB-1 and SOLMB-2. The 

polymer is hydrolyzed at 90°C for 48 hours with triethylamine. 

 

approximately 2, and that thus in experiment SOLMB-2 a segmented diblock copolymer had 

been formed, although theoretically a segmented triblock copolymer was expected (see 

figure 6.2). Similar calculations on the hydrolysis results of the segmented block copolymer 

obtained in experiment SOLMB-1 yielded that also here a segmented diblock copolymer had 

been formed, although a segmented triblock copolymer was expected (see figure 6.2). 

 

Two reasons may be invoked for the fact that the experimental number-average molecular 

weight of the resulting multiblock copolymer was much lower than the targeted number-

average molecular weight, calculated via equation 6-1, and the fact that the number of 

blocks was lower than the targeted number of blocks. In the first place, the number-average 

molecular weight of poly(decyl-RAFT) agent 12a and of the segmented block copolymers 

produced with this RAFT agent could not be determined accurately, due to the lack of the 

appropriate correction parameters for the difference in hydrodynamic volume between such 

a growing multiblock copolymer and polystyrene, which was employed to calibrate the GPC.  

The second reason can be found by looking in closer detail at the RAFT mechanism, applied 

to a multifunctional RAFT agent. This is depicted in figure 6.6. A given radical R* can react 

with any of the C=S double bonds in multifunctional RAFT agent 34. In this example, the 

radical adds to the C=S4 bond of compound 34 according to pathway A, and fragmentation 
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occurs, forming expelled radical 35 and dormant trifunctional RAFT agent 36. Expelled 

radical 35 is the key compound in explaining the reasons for the discrepancy between the 

experimental and calculated number-average molecular weights and the discrepancy 

between the experimental and calculated number of blocks of the segmented block 

copolymers. This radical is responsible for a reduction of the number of RAFT moieties per 

chain, which happens via two different mechanisms: 

 

• Expelled radical 35 can add to monomer and propagate according to pathway B, or 

add to a C=S double bond. Depending on the location of this double bond in the 

multifunctional RAFT agent, various dormant RAFT species can be formed. One 

possibility, i.e. pathway C in figure 6.6, involves the addition of the expelled radical 

35 to dormant RAFT agent 36 at the C=S4 double bond, thereby reforming 

hexafunctional RAFT agent 34, and expelled radical R*. However, this is only one of 

the possible pathways for radical 35. A second possibility, depicted as pathway D in 

figure 6.12 is, that radical 35 adds to another C=S double bond in compound 36. 

The example of addition to double bond C=S5 is given, leading to the formation of 

dormant, pentafunctional RAFT agent 37, together with an expelled radical 38. A 

third option is addition of expelled radical 35 to any of the RAFT moieties in 

hexafunctional RAFT agent 34. In the example given in figure 6.6, radical 35 adds to 

double bond C=S6 of compound 34, and tetrafunctional, dormant RAFT agent 39 is 

formed, together with radical 40. Each expelled radical that has been formed, can 

react according to this mechanism with any C=S double bond, in any of the dormant 

RAFT agents. 

 

• In section 4.5 of Chapter four, it was reported that radical 35 can also be terminated, 

although the mechanism which is responsible for such a termination could not be 

elucidated. 

 

The fact that radical 35 can add to a random RAFT function in a random chain, together 

with the fact that radical 35 may be terminated, implies that via both mechanisms, the 

number of RAFT moieties per chain can be reduced during a polymerization mediated with a 

multifunctional RAFT agent (see figure 6.6). A decrease in the number of RAFT moieties per 
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chain implies an increase in the total number of chains, since the total number of RAFT 

functions in the system remains constant. According to equation 6-1, which calculates the 

number-average molecular weight by dividing the total amount of polymer by the total 

number of chains, this implies that the final multiblock copolymer will have a lower number-

average molecular weight than the targeted number-average molecular weight, which was 

calculated assuming that the number of RAFT functions per chains remains constant during 

the polymerization. It should be noted that via the mechanism depicted in figure 6.6 not only 

a reduction of the number of RAFT moieties per chain can occur, but also an increase. 

However, for entropic reasons, an increase in the number of RAFT moieties per chain is less 

likely, since this would imply a decrease of the total number of chains, and thus a decrease 

of the entropy.  

 

A second consequence of the fact that the number of RAFT moieties per chain is not 

constant during the polymerization is that the resulting multiblock copolymer has a 

distribution of the number of blocks, rather than a fixed number of blocks for all chains. 

Although the use of a multifunctional RAFT agent has the advantage that multiblock 

copolymers can be synthesized in two polymerization steps, it also has the disadvantage that 

a broad distribution of the number of blocks per chain is obtained. It should be noted, 

however, that in all the previously reported experiments, a relatively high radical flux, 

compared to the number of chains has been employed. It will be evident that the two 

mechanisms that are responsible for a reduction of the number of RAFT moieties per chain, 

are highly influenced by the radical flux that is employed. It is expected that these 

mechanisms would be of less importance when a lower radical flux is employed, although 

this was not studied for the solution polymerization experiments reported in this Chapter. 

 

In experiment SOLMB-3, the copolymerization of n-butyl acrylate and methacrylic acid was 

studied, mediated with poly(decyl-RAFT) agent 12a with a number-average molecular 

weight of 1800 g mol-1, expressed in polystyrene equivalents, and a polydispersity index of 

1.80. Here also, the experimental number-average molecular weight of the resulting 

segmented block copolymer, expressed in polystyrene equivalents, was substantially lower 

than the number-average molecular weight calculated with equation 6-1 (see table 6.1) 
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Fig. 6.6: Mechanism accounting for the reduction of the number of RAFT moieties per chain. 

Hexafunctional RAFT agent 34 is used as an example. 

A Addition of a polymeric, initiator derived radical to hexafunctional RAFT agent 34 at the C=S4 double 

bond. Formation of radical 35 and trifunctional dormant RAFT species 36. Note that addition of the 

radical to the hexafunctional RAFT agent can occur at any given C=S double bond. 

B Propagation of the expelled radical 35. 

C Back reaction of propagating radical 35 with dormant trifunctional RAFT agent 36, at the C=S4 double 

bond. Hexafunctional RAFT agent 34 is reformed, but as propagation occurred in step B, Pn has grown. 

D Back reaction of propagating radical 35 with dormant species 36, at a different C=S double bond than 

the one where fragmentation occurred in step A, namely at the C=S5 double bond. Compound 37 is 

formed, which is a pentafunctional RAFT agent, together with expelled radical 38. 

E Reaction of propagating radical 35 with hexafunctional RAFT agent 34 at the C=S6 double bond. 

Tetrafunctional RAFT agent 39 is formed, together with propagating radical 40. Note that addition of 

the radical to the hexafunctional RAFT agent can occur at any given C=S double bond. 

Each of the expelled radicals can in its turn react with any of the dormant RAFT agents depicted. According to 

this mechanism, thus a reduction of the number of RAFT moieties per chain can occur. Via this mechanism, the 

total number of chains increases, and thus, according to equation 6-1, the number-average molecular weight 



Chapter six 

- 186 - 

decreases. Note that radical 35 may also be terminated, as was discussed in section 4.5 of Chapter four, 

although the mechanism for such a termination reaction could not be elucidated. 

 

assuming that the number of RAFT functions per chain remains constant during the 

polymerization. Due to the high RAFT to initiator ratio (12:1, calculated as reported for 

experiment SOLMB-1) and the short reaction times, the amount of initiator-derived chains 

could be neglected. Basic hydrolysis of the resulting polymer demonstrated that here also a 

segmented diblock copolymer had been formed, although a segmented triblock copolymer 

was expected (see figure 6.2). The resulting polymer was also analyzed with GPEC, in order 

to determine the amount of methacrylic acid that has been incorporated in the polymer. This 

could be calculated with the GPEC calibration curve derived in section 4.3.2 of Chapter four 

for poly(n-butyl acrylate-co-methacrylic acid) copolymers (equation 4-3), and the amount of 

incorporated methacrylic acid in the multiblock copolymer was found to be 9.7%wt. 

 

Second step: synthesis of an alternating multiblock copolymer 

 

In a next reaction step, i.e. experiment SOLMB-4, the segmented poly(n-butyl acrylate-co-

methacrylic acid) block copolymer resulting from experiment SOLMB-3, was chain extended 

with iso-octyl acrylate, to form an alternating polar-nonpolar multiblock copolymer. In this 

experiment, the crude reaction mixture resulting from experiment SOLMB-3 was employed, 

rather than the purified polymer, because when later on this reaction is performed in an 

aqueous dispersion, intermediate purification of the RAFT functionalized segmented block 

copolymer is also not possible. Table 6.2 and figure 6.7 show that chain extension indeed 

occurred, although the experimental number-average molecular weight of the resulting 

alternating polar-nonpolar multiblock copolymer, expressed in polystyrene equivalents, is 

substantially lower than the targeted number-average molecular weight, calculated with 

equation 6-1 and assuming that the number of RAFT moieties per chain remains constant 

during the polymerization. Also the polydispersity of the resulting alternating multiblock 

copolymer is rather broad. In figure 6.7, the normalized GPC chromatograms (DRI and UV 

traces) of the entire two-step reaction towards an alternating polar-nonpolar multiblock 

copolymer in solution, starting from poly(decyl-RAFT) agent 12a, are depicted. After the 

second polymerization step with iso-octyl acrylate, the segmented poly(n-butyl acrylate-co- 
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Table 6.2: Upper table: Recipe details of the second polymerization step (expt SOLMB-4) of the multiblock 

copolymer synthesis in solution starting from segmented poly(n-butyl acrylate-co-methacrylic acid), produced in 

experiment SOLMB-3. The polymerization was carried out at 80°C for three hours. Lower table: Molecular 

characteristics of the multiblock copolymers obtained via solution polymerization. All experimental number-

average molecular weights are expressed in polystyrene equivalents. 

 

compound amount/concentration 

crude reaction mixture of 

experiment SOLMB-3 
10.0g 

iso-octyl acrylate 5.0g 

toluene 5.0g 

AIBN 3.5 x 10-3 mol L-1 

 

seed solution multiblock copolymer 
step 2 

expt name 
nM   

(g mol-1) 

nM  exp 

(g mol-1) 

nM  calc 

(g mol-1) n

w

M
M

 
conv. 

(%) 

SOLMB-4 SOLMB-3 35400 43700 66600 2.61 96 

 

methacrylic acid) synthesized in experiment SOLMB-3 has shifted to a shorter retention time, 

i.e. to a higher molecular weight, indicating that block copolymerization occurred. From the 

UV signal of the GPC analysis of this polymerization, depicted in the inset of figure 6.7, it is 

clear that a significant amount of low molecular weight polymer was formed, which is 

responsible for the relatively broad molecular weight distribution that was obtained in 

experiment SOLMB-4. The formation of low molecular weight polymer can be attributed to a 

reduction of the number of RAFT functions per chain which was described in detail above in 

section 6.3.1 and figure 6.6. 

 

From the previous discussion, it will be clear that, although it is possible to produce 

alternating polar-nonpolar multiblock copolymers in solution with RAFT agent 12a, and 

although the polymerization reactions showed living characteristics, control over the 

polymerization was very poor. However, it was stated in the introduction to this Chapter, 

that the results reported in this section are only the first results on this topic. Also it was 

discussed that a relatively high radical flux was employed in all the reported experiments. It 
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Fig. 6.7: Main plot: Evolution of the molecular weight distribution in the synthesis of an alternating polar-

nonpolar multiblock copolymer from poly(decyl-RAFT) agent 12a (DRI signal). Poly(decyl-RAFT) agent 12a  

(-----  ----- ). Step 1: synthesis of the polar block: segmented p(BA-co-MAA) 90:10 wt:wt (SOLMB-3, - - - - ). Step 2: 

synthesis of an alternating p(BA-co-MAA)-block-p(i-OA) polar-nonpolar multiblock copolymer in solution  

(SOLMB-4, ---------- ). Inset:  Evolution of the molecular weight distribution in the synthesis of an alternating polar-

nonpolar multiblock copolymer from poly(decyl-RAFT) agent 12a (UV signal). The UV trace indicates that 

monomer was incorporated in the segmented block copolymer synthesized in experiment SOLMB-3 during the 

polymerization, since the polymer is visible in the UV-trace. It also shows substantial low molecular weight tailing. 

 

should be noted, however, that in this work no optimization of the polymerization reaction 

has been done and better control over the macromolecular architecture can be expected, 

once the optimal reaction conditions have been established. In view of the previous 

discussion, the main focus in optimizing the reaction conditions should lie on the radical flux 

that is applied. 

 

 

6.3.2 Macromolecular multifunctional RAFT agents 

 

In a next experiment, macromolecular poly(Kraton®-RAFT) agent 12b was employed for 

multiblock copolymer synthesis in solution. It was discussed in section 2.2 of Chapter two,  

 

18 16 14 12 10 8
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Table 6.3: Upper table: Recipe details of multiblock copolymer synthesis in solution starting from poly(Kraton®-

RAFT) agent 12b. The polymerization was carried out at 80°C for three hours. Lower table: Molecular 

characteristics of the multiblock copolymer obtained after the solution polymerization. All number-average 

molecular weights are expressed in polystyrene equivalents. 

 

compound amount/concentration 

n-butyl acrylate 9.0g 

methacrylic acid 1.0g 

toluene 10.0g 

poly(Kraton®-RAFT) 12b 8.3 x 10-3 mol L-1
 

AIBN 3.0 x 10-3 mol L-1 

 

expt 
nM  exp  

(g mol-1) 

nM  calc 

(g mol-1) n

w

M
M

 
conversion 

(%) 

MAA inc. 

(%wt) 

SOLMB-5 35000 90000 1.73 88 9.4 

 

and in the introduction to this Chapter, that with this RAFT agent only one radical 

polymerization step is required to obtain an alternating multiblock copolymer. The 

experimental details of this polymerization are collected in table 6.3. 

 

In Chapter three, it was reported that the number-average molecular weight of 

poly(Kraton®-RAFT) agent 12b is 21600 g mol-1 with a polydispersity of 1.28. This number 

was calculated with GPC analysis, and is expressed in polystyrene equivalents. It should be 

noted, however, that a calculation of the number-average molecular weight of a polymer 

containing Kraton® blocks from GPC analysis in polystyrene equivalents leads to a large 

overestimation of the true number-average molecular weight of the polymer, since GPC 

overestimates the number-average molecular weight of the Kraton® block, expressed in 

polystyrene equivalents. It was remarked in Chapter five that from SEC, a number-average 

molecular weight of 7500 g mol-1 is found for a Kraton® polymer, when expressed in 

polystyrene equivalents, while the true number-average molecular weight of this compound, 

calculated with MALDI-TOF analysis and indicated by the manufacturer, is approximately 

4000 g mol-1. For a multifunctional RAFT agent such as poly(Kraton®-RAFT agent) 12b, the 

deviation from the true number-average molecular weight is expected to be at least as large,  
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Kraton-block-An-block-Kraton-block-An-block-Kraton-block-An 

B-A-B-A-B-A alternating hexablock copolymer 

 

Fig. 6.8: Multiblock copolymer synthesis employing a pentafunctional poly(Kraton®-RAFT) agent. For simplicity 

reasons, the leaving group A is designated L in this picture. During the polymerization step (a), an alternating 

hexablock copolymer is formed. 

 

since multiple Kraton® blocks are incorporated into this RAFT agent. Such a deviation 

evidently hampers the calculation of the number of RAFT moieties contained in the RAFT 

agent significantly. Although the accuracy of the calculation is questionable, a value of 7500 

g mol-1 is used as the number-average molecular weight of Kraton® in the calculation of the 

number of RAFT moieties in poly(Kraton®-RAFT) agent 12b. Using the molecular weight of 

the repeating unit of poly(Kraton®-RAFT) agent 12b, which is taken as 7500 g mol-1, and 

realizing that there are two RAFT moieties per repeating unit, see figure 6.1, it can be 

derived that RAFT agent 12b contains on average six RAFT moieties. With this RAFT agent, 

an alternating polar-nonpolar hexablock copolymer can be produced in one polymerization 

step, provided that the number of RAFT moieties per chain remains constant. This is 

depicted in figure 6.8. Strictly speaking the multiblock copolymer that is produced in such a 

way is a block copolymer containing nine blocks (see figure 6.8), separated by the fragments 

of poly(Kraton®-RAFT) agent 12b. For simplicity reasons, however, the fragments remaining 

from the RAFT agent in the poly(A) block were not considered in the calculation of the 

number of blocks, and thus such a block copolymer containing nine blocks can be regarded 

as an alternating hexablock copolymer. 
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Fig. 6.9: Experimentally determined number-average molecular weight (●, left axis), targeted number-average 

molecular weight calculated with equation 6-1 without correction for initiator-derived chains (−−− , left axis), and 

polydispersity index (∆, right axis) for samples taken from experiment SOLMB-5. 

 

In figure 6.9, the evolution of the number average molecular weight in experiment SOLMB-5 

with monomer conversion is plotted, as well as its polydispersity index. It can be readily seen 

that the polymerization had living characteristics, since the number-average molecular 

weight increased linearly with conversion. However, the experimental number-average 

molecular weight of the resulting alternating polar-nonpolar multiblock copolymer, expressed 

in polystyrene equivalents deviated substantially from the targeted number-average 

molecular weight, calculated with equation 6-1, indicating that control over the 

polymerization was rather poor. The targeted number-average molecular weight was 

calculated assuming that the number of RAFT moieties per chain remains constant. Due to 

the high molar RAFT agent to initiator ratio (16:1, calculated as reported for experiment 

SOLMB-1) and the short reaction times employed, no correction was made for the initiator-

derived chains. 

 

In figure 6.10, the normalized GPC chromatograms (DRI and UV traces) of experiment 

SOLMB-5 are depicted. It can be observed that although the poly(Kraton®-RAFT) agent 

shifted to a shorter retention time, i.e. to a higher molecular weight, the molecular weight 

distribution broadened right from the onset of the reaction. The UV trace depicted in the  
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Fig. 6.10: Normalized GPC chromatograms of samples taken from experiment SOLMB-5 (DRI signal). A gradually 

growing multiblock copolymer can be observed. Inset:  Normalized GPC chromatograms of samples taken from 

experiment SOLMB-5 (UV-signal). The UV signal proves that the formed polymer truly is a block copolymer. 

Poly(Kraton®-RAFT) 12b (-----  -----  ----- ). 54% monomer conversion (- - - - - - ). 88% monomer conversion (---------- ). 

The low molecular weight shoulder at a retention time of 15.6 minutes is unreacted Kraton® polymer. 

 

inset of figure 6.9 however, clearly demonstrates that the monomer was incorporated into 

the UV active RAFT agent. The small shoulder that is noticed in the GPC chromatograms at a 

retention time of approximately 15.7 minutes is unreacted Kraton® bischloroformate. It was 

discussed in Chapter three, that it is very difficult to purify a macromolecular RAFT agent, 

and that poly(Kraton®-RAFT) agent 12b would be used in polymerization without removal of 

unreacted Kraton® bischloroformate molecules. 

 

An estimation of the number of blocks contained in the multiblock copolymer, formed in 

experiment SOLMB-5, was performed by subjecting the multiblock copolymer to basic 

hydrolysis. GPC analysis of the polymer resulting from experiment SOLMB-5 showed poly(n-

butyl acrylate-co-methacrylic acid) with a number-average molecular weight of 26000 g  

mol-1, expressed in polystyrene equivalents, and a polydispersity of 1.41, together with the 

original Kraton® blocks. This number-average molecular weight, however, was calculated 

with peak deconvolution, because due to the small difference in molecular weight, the two 

hydrolysis products, i.e. the Kraton® blocks and poly(n-butyl acrylate-co-methacrylic acid), 

were not well separated: Kraton® polymer appeared as a shoulder of the poly(n-butyl 

16 14 12 10 8
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acrylate-co-methacrylic acid) peak. The number-average molecular weight of the poly(n-

butyl acrylate-co-methacrylic acid) blocks of 26000 g mol-1 mentioned above thus is not very 

accurate, the more because size exclusion chromatography is unable to provide a correct 

number-average molecular weight both for a Kraton® polymer and for a poly(n-butyl 

acrylate-co-methacrylic acid) copolymer. For all these reasons, an accurate calculation of the 

number of blocks of the multiblock copolymer is very difficult. The number of blocks 

incorporated in the multiblock copolymer is calculated as employing equation 6-4: 

 

nM  (multiblock copolymer) = x * nM  [p(BA-co-MAA)] + y * nM  (Kraton®)         6-4 

 

35000 = x * 26000 + y * 7500                                        6-5 

 

From equation 6-5, x and y can thus be calculated to be 1, indicating that the multiblock 

copolymer formed in experiment SOLMB-5 is a diblock copolymer, containing one Kraton® 

block and one poly(n-butyl acrylate-co-methacrylic acid) block. The total number of blocks 

thus is significantly lower than the number of blocks estimated from the number-average 

molecular weight of poly(Kraton®-RAFT) agent 12b, which was six. The hydrolysis product 

was also subjected to GPEC analysis, in order to determine the amount of methacrylic acid 

that had been incorporated into the multiblock copolymer. Employing the calibration curve 

derived in section 4.3.2 of Chapter four (equation 4-3), the amount of incorporated 

methacrylic acid was shown to be 9.4%wt. 

 

Similar to the solution polymerization experiments employing poly(decyl-RAFT) agent 12a to 

mediate the polymerization, two reasons may be invoked for the large discrepancy between 

the experimentally found and theoretically predicted number of blocks, and also for the 

deviation of the experimental number-average molecular weight of the multiblock copolymer 

from the targeted number-average molecular weight, calculated with equation 6-1. The first 

reason is that the number-average molecular weights of poly(Kraton®-RAFT) agent 12b and 

the polymers synthesized with this RAFT agent cannot be calculated accurately with GPC 

analysis, since no correction parameters are available for the difference in hydrodynamic 

volume between these polymers and polystyrene. The second reason is the reduction of the 

number of RAFT moieties per chain, which was discussed extensively in section 6.3.1 and 
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figure 6.6, and which leads to an increase of the number of chains, and thus to a decrease 

of the number-average molecular weight. A decrease of the number of RAFT functions per 

chain also can explain the broad molecular weight distribution obtained in experiment 

SOLMB-5. It should be noted, however, that in this work a relatively high radical flux was 

employed, and that no optimization of the polymerization was performed. This can explain 

the low final number of blocks present in the multiblock copolymer. Proper optimization of 

the polymerization reaction, more specifically the radical flux, should enable the synthesis of 

a multiblock copolymer with a higher number of blocks incorporated. 

 

 

6.4 Multiblock copolymer synthesis in emulsion 

 

First step: synthesis of a segmented block copolymer 

 

In a next series of experiments, poly(decyl-RAFT) agent 12a was applied to control the 

miniemulsion homo- and copolymerization of n-butyl acrylate and methacrylic acid. In the 

first polymerization step a segmented block copolymer, consisting of only poly(n-butyl 

acrylate) or poly(n-butyl acrylate-co-methacrylic acid) was formed in the latex particles. The 

latices resulting from these experiments were used as seed latices in the second 

polymerization step, in which the segmented polymers were chain extended with iso-octyl 

acrylate, to form alternating multiblock copolymers (see figure 6.2). The experimental details 

of the first polymerization step are provided in table 6.4. During and after the polymerization 

both miniemulsions/latices were colloidally stable. It should be noted that in all miniemulsion 

polymerizations, a radical flux was employed that was approximately ten times lower than 

that employed in the solution polymerization experiments. This is due to the fact that the 

initiator concentration was lower, and that at the applied temperature (70°C) the radical flux 

generated with KPS is lower than the radical flux generated with AIBN at the reaction 

temperature that is employed in the solution polymerizations (80°C). However, this also 

implies that in this work, the performance of poly(decyl-RAFT) agent 12a in solution and 

miniemulsion polymerization cannot be compared directly. In order to study the multiblock  
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Table 6.4: Upper table: Recipe details of the miniemulsion homo- and copolymerizations of n-butyl acrylate 

and methacrylic acid, mediated with the high MW fraction of multifunctional poly(decyl-RAFT) agent 12a, isolated 

with preparative GPC. The miniemulsion polymerizations were carried out at 70°C for three hours. In experiment 

MEPMB-2, the pH of the miniemulsion was lowered to 2.5, to enhance methacrylic acid incorporation, and to 

avoid secondary nucleation in the second polymerization step, as was reported in section 4.3.3 of Chapter four. 

Lower table: Molecular characteristics of the segmented block copolymers obtained after the miniemulsion 

polymerizations. All experimental number-average molecular weights are expressed in polystyrene equivalents. 

 

compound amount/concentration 

organic phase 

monomer (BA + MAA) 8.0g (20%wtlatex) 

hexadecane 2%wt with respect to monomer 

poly(decyl-RAFT) 12a 

high MW fraction 
8.0x10-3  mol L-1

organic phase
 

aqueous phase 

water 30.0g 

SDS 2.3 x 10-3 mol L-1
water 

KPS 2.5 x 10-3 mol L-1
water 

 

step 1  

expt 
monomer 

nM  exp 

(g mol-1) 

nM  calc

(g mol-1) n

w

M
M

 
conv. 

(%) 

nD  

(nm) n

w

D
D

 
MAA inc. 

(%wt) 

MEPMB-1 BA 97000 99500 3.10 85 207 1.03 - 

MEPMB-2 
BA:MAA  

90:10 (wt:wt) 
91700 98600 3.88 86 208 1.03 9.6 

 

copolymer synthesis of poly(decyl-RAFT agent) 12a in miniemulsion, the high molecular 

weight fraction of poly(decyl-RAFT) agent 12a, isolated and collected with preparative GPC, 

was employed. It was discussed in section 6.3.1, that this RAFT agent, with a number-

average molecular weight of 3700 g mol-1, expressed in polystyrene equivalents, and a 

polydispersity of 1.59, contains on average 12 RAFT moieties per molecule, and that it can 

be employed for the production of a segmented hexablock copolymer in one polymerization 

step, while an alternating multiblock copolymer containing 13 blocks can be produced in two 

polymerization steps (see figure 6.2), on the condition that the number of RAFT moieties per 

chain remains constant. 
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Fig. 6.11: Experimentally determined number-average molecular weight (●, left axis), targeted number-average 

molecular weight calculated with equation 6-1 without correction for initiator-derived chains (−−− , left axis), and 

polydispersity index (∆, right axis) for samples taken from miniemulsion polymerization MEPMB-1. 

 

In figure 6.11, the experimental number-average molecular weight, expressed in polystyrene 

equivalents, and the polydispersity index of samples taken from experiment MEPMB-1, are 

plotted against monomer conversion. The linear increase of the number-average molecular 

weight with monomer conversion demonstrates that the polymerization was of the living 

type. Contrary to the results obtained in section 6.3.1, in which the multiblock copolymer 

synthesis from poly(decyl-RAFT) 12a in solution was discussed, here the experimental 

number-average molecular weight of the growing multiblock copolymer was in good 

agreement with the targeted number-average molecular weight, calculated with equation 6-

1, and thus control was rather good. The targeted number-average molecular weight was 

calculated assuming that the number of RAFT functions per chain remains constant during 

the polymerization. No correction was made for the initiator-derived chains. Because in 

experiment MEPMB-1 each RAFT molecule contained on average 12 RAFT moieties, the 

molar RAFT to initiator ratio was around 11:1. This ratio was calculated with the number of 

RAFT moieties per chain and the concentrations of the RAFT agent and the initiator. 

Together with the short reaction times, this allowed neglect of the initiator-derived chains. In 

figure 6.12, the normalized GPC chromatograms (DRI and UV traces) of experiment  

MEPMB-1 are depicted. The molecular weight distribution has shifted to a shorter retention 
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Fig. 6.12: Normalized GPC chromatograms of samples taken from experiment MEPMB-1 (DRI signal). A gradually 

growing multiblock copolymer can be observed. Inset:  Normalized GPC chromatograms of samples taken from 

experiment MEPMB-1 (UV-signal). The UV signal proves that the formed polymer truly is a block copolymer. High 

molecular weight fraction of poly(decyl-RAFT) 12a (----- - ----- - -----). 7% monomer conversion (-----  -----  -----). 39% 

monomer conversion (- - - - - - ). 85% monomer conversion (----------). 

 

time, i.e. to a higher molecular weight during the polymerization. Similar to the results 

obtained in solution polymerization (see section 6.3.1), a broad molecular weight distribution 

was found. The reasons for the broad molecular weight distribution will be discussed further 

below. The fact that the segmented block copolymer is visible in the UV trace of the GPC 

chromatogram (inset in figure 6.12) indicates that all monomer was incorporated into the 

RAFT agent. 

 

In order to determine the number of blocks incorporated in the segmented block 

copolymers, the polymer resulting from experiment MEPMB-1 was subjected to basic 

hydrolysis. This yielded polymer with a number-average molecular weight of 18900 g mol-1, 

and a polydispersity of 1.62. The number of blocks incorporated into the multifunctional 

RAFT agent can be calculated as reported in section 6.3.1, employing equation 6-2. This 

calculation shows that in experiment MEPMB-1 a segmented pentablock copolymer has been 

formed, although from the number of RAFT moieties per chain, a segmented hexablock 

copolymer was expected (see figure 6.2). It should be stressed, however, that no accurate 

calculations could be performed here, because the number-average molecular weight of the 

18 16 14 12 10 8
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multiblock copolymer could not be determined accurately by GPC, since no correction 

parameters for the hydrodynamic volume of such a growing multiblock copolymer are 

available. 

 

In experiment MEPMB-2, the copolymerization of n-butyl acrylate and methacrylic acid was 

studied, mediated with the high molar weight fraction of poly(decyl-RAFT) agent 12a. Also 

here the experimental number-average molecular weight, expressed in polystyrene 

equivalents, was in good agreement with the targeted number-average molecular weight 

calculated with equation 6-1 assuming that the number of RAFT moieties per chain remains 

constant during the polymerization. The polydispersity of the resulting segmented multiblock 

copolymer however was rather high (see table 6.4). Due to the high molar RAFT to initiator 

ratio (11:1, calculated as reported for experiment MEPMB-1) and the short reaction times, 

the amount of initiator-derived chains could be neglected. Basic hydrolysis of the resulting 

polymer demonstrated that here also a segmented pentablock copolymer had been formed, 

although a segmented hexablock copolymer was expected (see figure 6.2). The resulting 

polymer was also analyzed with GPEC, in order to determine the amount of methacrylic acid 

that has been incorporated in the polymer via the calibration curve that was determined in 

section 4.3.2 of Chapter four (equation 4-3). With this equation, the methacrylic acid 

incorporation into the chain was calculated to be 9.6%wt. 

 

In experiments MEPMB-1 and MEPMB-2 the experimental number-average molar weights 

agreed much better with the targeted number-average molar weights calculated via equation 

6-1, compared to the solution polymerizations reported in section 6.3.1. Also the number of 

blocks contained in the segmented block copolymer formed in experiments MEPMB-1 and 

MEPMB-2 agreed much better with the targeted number of blocks, compared to the solution 

polymerizations reported in section 6.3.1. This can be attributed to the compartmentalization 

of the radicals in a miniemulsion polymerization, and the significantly lower radical flux 

employed in the miniemulsion polymerization experiments. The two mechanisms for the 

reduction of the number of RAFT functions per chain, discussed in section 6.3.1 and depicted 

in figure 6.6, heavily depend on the radical flux, and thus were of less importance in the 

miniemulsion polymerization experiments. The broad molecular weight distributions that 

were observed in experiments MEPMB-1 and MEPMB-2 can be explained by the formation of 
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some high molecular weight polymer at high monomer conversion, caused by the 

Trommsdorff effect 11;12, which is a well-known feature in emulsion polymerization13. This 

effect was already extensively discussed in section 4.4.3 of Chapter four. The Trommsdorff 

effect is more important when employing a multifunctional RAFT agent than when a 

bifunctional RAFT agent is employed (see section 4.4 of Chapter four), since the obtained 

number-average molecular weights are higher when a multifunctional RAFT agent is 

employed, and thus the gel effect is more likely to occur. 

 

It should be remarked here again, that although the results in miniemulsion polymerization 

are better than those obtained in the solution polymerization experiments, a direct 

comparison of the performance of poly(decyl-RAFT) agent 12a in solution and miniemulsion 

polymerization is not possible, due to the difference in radical flux that was employed. No 

further optimization was performed on the miniemulsion polymerizations mediated with 

poly(decyl-RAFT) agent 12a. It is expected that an optimization of the recipe and the 

reaction conditions will lead to a significant improvement (viz. the number of blocks and the 

molecular weight) in the performance of this RAFT agent. 

 

Second step: synthesis of an alternating multiblock copolymer 

 

In a next reaction step, the chain extension of the segmented multiblock copolymers 

synthesized in section 6.4.1 with iso-octyl acrylate, to form an alternating multiblock 

copolymer, was studied. For this purpose, the latices resulting from experiments MEPMB-1 

and MEPMB-2, reported in section 6.4.1 were employed as seed latices for the 

polymerization of iso-octyl acrylate. The experimental details and results of these seeded 

emulsion polymerizations are summarized in table 6.5. During and after the seeded emulsion 

polymerizations, both systems were colloidally stable. 

 

In experiment SEPMB-1, the segmented poly(n-butyl acrylate) block copolymer obtained 

from experiment MEPMB-1, was chain extended with iso-octyl acrylate, to form an 

alternating poly(n-butyl acrylate)-block-poly(iso-octyl acrylate) multiblock copolymer. In 

figure 6.13, the number-average molecular weight, expressed in polystyrene equivalents,  
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Table 6.5: Upper table: Recipe details of the emulsion block copolymerization of the seed latices produced in 

section 6.4.1 with iso-octyl acrylate. The seeded emulsion polymerizations were carried out at 70°C for three 

hours. In experiment SEPMB-1, the segmented poly(n-BA) produced in experiment MEPMB-1 was chain extended 

with iso-octyl acrylate, while in experiment SEPMB-2 the poly(n-BA-co-MAA), produced in experiment MEPMB-2, 

was chain extended with iso-octyl acrylate to form an alternating polar-nonpolar multiblock copolymer. Lower 

table: Molecular characteristics of the alternating multiblock copolymers obtained after the seeded emulsion 

polymerizations. All number-average molecular weights are expressed in polystyrene equivalents. 

 

compound amount/concentration 

seed latex 15g 

iso-octyl acrylate 3.0g 

water 12.0g 

KPS 3.0 x 10-3 mol L-1
water 

 

seed latex* final latex 
step 2 

expt name 
nM  

(g mol-1) 

nD  

(nm) n

w

D

D
 nM  exp 

(g mol-1) 

nM  calc 

(g mol-1) n

w

M
M  

conv. 

(%) 

nD

(nm) n

w

D
D

 

SEPMB-1 MEPMB-1 97000 207 1.03 152200 177800 4.07 90 302 1.03 

SEPMB-2 MEPMB-2 91700 208 1.03 119300 161800 4.43 64 291 1.04 

 

and the polydispersity index of samples taken from this experiment are plotted against 

monomer conversion. Although the linear increase of the number-average molecular weight 

with monomer conversion indicates that the polymerization had living characteristics, and 

that chain extension had taken place, the experimental number-average molecular weight, 

expressed in polystyrene equivalents, was lower than that calculated with equation 6-1, and 

the resulting multiblock copolymer had a very high polydispersity. The targeted number-

average molecular weight was calculated assuming that the number of RAFT functions per 

chain remains constant. No correction for the initiator-derived chains was performed, 

because of the low initiator concentration employed, and the short reaction times. In figure  

 

                                            
* Seed latex MEPMB-1 is a segmented RAFT-functionalized poly(butyl acrylate), synthesized in section 

6.4.1. Seed latex MEPMB-2 is a segmented RAFT-functionalized poly(butyl acrylate-co-methacrylic 

acid) produced in section 6.4.1. 
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Fig. 6.13: Experimentally determined number-average molecular weight (●, left axis), targeted number-average 

molecular weight calculated with equation 6-1 without correction for initiator-derived chains (−−− , left axis), and 

polydispersity index (∆, right axis) for samples taken from miniemulsion polymerization SEPMB-1. 

 

6.14, the normalized GPC chromatograms of the entire two-step multiblock copolymer 

synthesis, i.e. experiment MEPMB-1 and SEPMB-1, are depicted. This figure shows that the 

segmented poly(n-butyl acrylate) block copolymer obtained in experiment SEPMB-1 has 

shifted to a shorter retention time, i.e. to a higher molecular weight during the 

polymerization, but also that at the end of the polymerization some very high molecular 

weight polymer has been formed, which is responsible for the extreme broadening of the 

polydispersity. However, it is clear that this very high molecular weight polymer also 

contained the RAFT moiety, since it is visible in the UV trace of the chromatograms depicted 

in the inset of figure 6.14. Similar to the miniemulsion polymerizations reported above (see 

table 6.4 and figure 6.12), the formation of a high molecular weight shoulder, and the broad 

molecular weight distribution can be attributed to the Trommsdorff effect11;12. The UV trace 

also shows that during the second polymerization step a substantial amount of low molecular 

weight polymer was produced, caused by a reduction of the number of RAFT functions per 

chain, as was discussed in section 6.3.1 and figure 6.6. The reason that some polymer with a 

low molecular weight was produced via the two reported mechanisms only during the second 

polymerization step, and not during the first polymerization step, should probably be sought 

in the high viscosity inside the latex particles. However, this was not further investigated in 

this work. 
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Fig. 6.14: Main plot: Evolution of the molecular weight distribution in the synthesis of a multiblock copolymer 

from poly(decyl-RAFT) agent 12a (DRI signal) in emulsion. High molecular weight fraction of poly(decyl-RAFT) 

agent 12a ( -----  ----- ). Step 1: synthesis segmented poly(n-butyl acrylate) (MEPMB-1, - - - -  ). Step 2: synthesis of 

a multiblock copolymer in emulsion (SEPMB-1, ---------- ). Inset:  Evolution of the molecular weight distribution in 

the synthesis of a multiblock copolymer from poly(decyl-RAFT) agent 12a (UV signal). The UV signal indicates 

that all monomer was incorporated into the segmented block copolymer obtained in experiment SEPMB-1. Also 

significant low molecular weight tailing can be observed. The extremely broad molecular weight distribution 

results from the Trommsdorff effect. 

 

In experiment SEPMB-2, the segmented poly(n-butyl acrylate-co-methacrylic acid) multiblock 

copolymer resulting from experiment MEPMB-2, was chain extended with iso-octyl acrylate, 

to form an alternating polar-nonpolar multiblock copolymer. Here also, the experimental 

number-average molecular weight, expressed in polystyrene equivalents, was lower than 

that calculated with equation 6-1, and the resulting multiblock copolymer had an extremely 

high polydispersity. No correction for the initiator-derived chains was performed, due to the 

low initiator concentration employed, and the short reaction times. In figure 6.15, the 

normalized GPC chromatograms (DRI and UV traces) of the entire two-step alternating polar-

nonpolar multiblock copolymer synthesis in emulsion, i.e. experiment MEPMB-2 and SEPMB-

2, are depicted. The segmented poly(n-butyl acrylate-co-methacrylic acid) block copolymer 

synthesized in experiment MEPMB-2 has shifted to a shorter retention time, i.e. to a higher 

molecular weight during the polymerization. At the end of the polymerization, some very 

high molecular weight polymer has been formed, which is responsible for the extreme 
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Fig. 6.15: Main plot: Evolution of the molecular weight distribution in the synthesis of an alternating polar-

nonpolar multiblock copolymer from poly(decyl-RAFT) agent 12a (DRI signal) in emulsion. High molecular weight 

fraction of poly(decyl-RAFT) agent 12a ( -----  ----- ). Step 1: synthesis of the polar block: segmented poly(n-butyl 

acrylate-co-methacrylic acid) 90:10 wt:wt in emulsion (MEPMB-1, - - - -  ). Step 2: synthesis of an alternating 

polar-nonpolar multiblock copolymer in emulsion (SEPMB-1, ---------- ). Inset:  Evolution of the molecular weight 

distribution in the synthesis of an alternating polar-nonpolar multiblock copolymer from poly(decyl-RAFT) agent 

12a (UV signal). The UV signal indicates that all monomer was incorporated into the segmented block copolymer 

obtained in experiment SEPMB-1. Also significant low molecular weight tailing can be observed. The extremely 

broad molecular weight distribution results from the Trommsdorff effect. 

 

broadening of the polydispersity. A comparison of the DRI and the UV traces of this 

experiment (see figure 6.15) shows that this very high molecular weight also contained the 

RAFT moiety, since it was UV-active. Comparable to experiment SEPMB-1, the UV trace 

shows that during the second polymerization step also some low molecular weight polymer 

was formed, due to a reduction of the number of RAFT functions per chain, as was discussed 

in section 6.3.1 and figure 6.6. 

 

From figure 6.2 it can be seen that during the second polymerization step the B block, 

produced in the first step, is chain extended to an ABA triblock segment, even when a 

reduction of the number of RAFT moieties per chain occurs. The multiblock copolymer can 

only be cleaved at the RAFT moieties, and thus basic hydrolysis of the resulting alternating 

multiblock copolymer will always yield ABA triblock copolymers, since these ABA triblock 

copolymers cannot be hydrolyzed to the separate A and B blocks (see figure 6.2). Basic 
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hydrolysis of the polymer resulting from experiment SEPMB-2 yielded polymer with a 

number-average molecular weight of 46800 g mol-1. The number of ABA triblock segments 

can be calculated by dividing the number-average molecular weight of the resulting 

alternating multiblock copolymer by the number-average molecular weight of the hydrolysis 

product, and was found to be approximately 3. This implies that the multiblock copolymer 

contained three ABA triblock segments, and thus was on average a heptablock copolymer 

(see figure 6.2). The fact that the number of blocks here is significantly lower than the 

calculated number of blocks (13) agrees with the fact that in experiment SEPMB-2 the 

experimental and calculated number-average molecular weights did not correlate well, 

contrary to experiment SEPMB-1. Here, the reduction of the number of RAFT moieties per 

chain which was discussed previously obviously played a role, in spite of the 

compartmentalization and the low radical flux. As was discussed above for experiment 

MEPMB-1, this can most probably be attributed to the high viscosity inside the latex particles. 

However, this was not further investigated in this work. 

 

From the previous discussion it will be clear that, although it is possible to produce 

alternating polar-nonpolar multiblock copolymers with multifunctional RAFT agent 12a, in 

aqueous dispersions, and although the polymerization shows living characteristics, the 

control over the polymerization (viz. the number of blocks and the molecular weight) is still 

very unsatisfactory. It should be noted that in this work no optimization of the 

polymerization reaction has been performed, and an enhanced control over the synthesis of 

multiblock copolymers can be expected once the optimal reaction conditions have been 

established. 

 

 

6.5 Conclusions 

 

Multiblock copolymer synthesis in as little as possible reaction steps is a very challenging, 

topic, but is also far from straightforward. In this chapter, it has been demonstrated that in 

principle multiblock copolymer production in solution from multifunctional poly(decyl-RAFT) 

agent 12a in two radical polymerization steps is possible, although the experimental 
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number-average molecular weights did not correspond with the calculated number-average 

molecular weights, and the polydispersity of the resulting multiblock copolymers was 

relatively broad. This could be attributed to a reduction of the number of RAFT moieties per 

chain, and thus a decrease of the number-average molecular weight. The reduction of the 

number of RAFT functions per chain is caused by the addition-fragmentation step, which is 

the core of the RAFT process. Also it has been shown that multiblock copolymer synthesis in 

one polymerization step, starting from multifunctional macromolecular RAFT agent 

poly(Kraton®-RAFT) 12b is possible, although here also a reduction of the number of RAFT 

functions per chain was observed, and control over the polymerization was very poor. In a 

following series of experiments, poly(decyl-RAFT) agent 12a was applied in miniemulsion, 

and was chain extended in two radical polymerization steps to an alternating polar-nonpolar 

multiblock copolymer. Due to the lower radical flux and the compartmentalization of the 

radicals, a reduction of the number of RAFT functions per chain was shown to be less 

important during the first polymerization step, and the number-average molecular weight 

agreed well with the calculated number-average molecular weight. However, during the 

second polymerization step, the experimental and calculated number-average molecular 

weights did not correlate well anymore, and the final number of blocks was lower than 

expected. Moreover, the final molecular weight distribution was very broad due to the 

Trommsdorff effect. It should be noted that in this Chapter only the concept of multiblock 

copolymer production starting from multifunctional S-tert-alkyl-N,N-alkoxycarbonylalkyldithio-

carbamate RAFT agents in aqueous dispersions has been shown, and no optimization 

whatsoever was performed. It is expected that optimization of the miniemulsion recipe and 

the polymerization conditions will lead to an enhanced control over the polymerization. 

Nevertheless, the new concept of making multiblock copolymers in emulsion in merely two 

radical polymerization steps was clearly demonstrated. 
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Abstract 

 

 

Chapter seven presents some preliminary results on the morphology and the thermal 

properties of the block copolymers of which the synthesis has been described in the 

previous Chapters. SAXS analysis of a p(i-OA)-block-p(n-BA-co-MAA)-block-p(i-OA) 

triblock copolymer indicated that the blocks of this polymer are phase separating blocks. 

SAXS analysis of the alternating p(i-OA)-block-p(n-BA-co-MAA) multiblock copolymer, 

however, indicated that no phase separation occurred here. DSC analysis of these 

polymers showed only one glass transition temperature, indicating that the blocks in both 

polymers did not phase separate in domains larger than approximately 100 nm. TGA 

analysis of the block copolymers showed that these polymers do not degrade up to a 

temperature of approximately 250°C, and that thus the S-alkyl-N,N-alkoxycarbonyl-

methyldithiocarbamate functions in the polymer chain are thermally stable. 
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7.1 Introduction 

 

In the final Chapter of this thesis some preliminary results on the morphology and the 

thermal properties of an alternating polar-nonpolar tri- and multiblock copolymer of which 

the synthesis was discussed in the previous Chapters of this thesis, are given. The block 

copolymer morphology was studied employing Small Angle X-ray Scattering (SAXS). The 

thermal properties of these block copolymers were analyzed with Thermal Gravimetric 

Analysis (TGA) and Differential Scanning Calorimetry (DSC).  

 

 

7.2 Experimental section 

 

SAXS analysis: SAXS analysis was performed on a Rigaku SAXS apparatus with CuKα radiation, 

operated at 40 kV and 30 mA. 

 

TGA analysis: TGA analysis was performed on a Pyris 6 Thermogravic Analyzer, at a scanning rate of 

10°C min-1 between 30°C and 100°C, and at a rate of 5°C min-1 between 100°C and 600°C. 

 

DSC analysis: DSC analysis was performed on a TA Instruments Q100 DSC or Q1000 modulated 

DSC, at a scanning rate of 10°C min-1. 

 

 

7.3 Block copolymer morphology 

 

In Chapter one it was discussed that multiblock copolymers are less likely to phase separate 

via micelle or mesophase formation than di- or triblock copolymers1. Experimental studies 

reported in literature have shown that the critical micelle concentration of a poly(2-vinyl 

pyridine)-block-polystyrene-block-poly(2-vinyl pyridine) triblock copolymer was larger than 

that of a poly(2-vinyl pyridine)-block-polystyrene diblock copolymer with similar molecular 

weight and composition2. Theoretical studies on the geometry of block copolymers at an 
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interface indicate that an increasing number of blocks implies the transition from a dumbbell-

shaped conformation for di- and triblock copolymers to a pancake-shaped conformation for 

multiblock copolymers, i.e. a geometry which implies that multiblock copolymers are less 

likely to form micelles than di- or triblock copolymers3. This implies that in this work, phase 

separation of the blocks via micelle formation can be expected for the triblock copolymers 

produced in Chapter four, while a much less pronounced phase separation of the blocks via 

micelle formation can be expected for the multiblock copolymers synthesized in Chapter six. 

However, the blocks of a multiblock copolymer may phase separate via other mechanisms, 

such as lamellar phase separation. In order to study the phase separation behavior of the 

block copolymers discussed in this thesis, some preliminary results on the small angle X-ray 

scattering (SAXS) analysis of the p(i-OA)-block-p(n-BA-co-MAA)-block-p(i-OA) triblock 

copolymer resulting from experiment SEPB-2 (see section 4.4.3 of Chapter four) and the 

alternating p(i-OA)-block-p(n-BA-co-MAA) multiblock copolymer resulting from experiment 

SEPMB-2 (see section 6.4.2 of Chapter six) are given. SAXS is a very powerful technique to 

determine the size and structure of block copolymer micelles4;5. In figure 7.1, the SAXS plot 

of the p(i-OA)-block-p(n-BA-co-MAA)-block-p(i-OA) triblock copolymer, recorded at room 

temperature, is depicted. The cutoff at low q, evident in all SAXS pictures, is due to the 

beamstop. Some scattering can be observed at q = ~0.26 nm-1, indicating that micelles are 

present in the system, and that phase separation of the blocks has occurred. However, the 

SAXS plot depicted in figure 7.1 also indicates that the domains that have been formed via 

phase separation are rather small (roughly 30 nm). It should be noted that due to the 

variety of microstructures which can be formed by triblock copolymers, and due to the 

relatively poor scattering observed, no accurate quantitative structure analysis can be 

performed here. In figure 7.2, the SAXS plot of the alternating p(i-OA)-block-p(n-BA-co-MAA) 

multiblock copolymer resulting from experiment SEPMB-2 is depicted. No scattering was 

observed in this analysis. However, it is not clear if this is due to the fact that the alternating 

polar-nonpolar p(i-OA)-block-p(n-BA-co-MAA) multiblock copolymers produced in Chapter six 

do not microphase separate, or whether this is due to the fact that the domains formed by 

phase separation are smaller than 5 nm, and thus cannot be detected with SAXS analysis.  
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Fig. 7.1: Left plot: SAXS profile for the p(i-OA)-block-p(n-BA-co-MAA)-block-p(i-OA) triblock copolymer resulting 

from experiment SEPB-2 (see section 4.4.3 of Chapter four). Right plot: Logarithmic SAXS profile for the p(i-

OA)-block-p(n-BA-co-MAA)-block-p(i-OA) triblock copolymer resulting from experiment SEPB-2 (see section 4.4.3 

of Chapter four). 
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Fig. 7.2: Left plot: SAXS profile of the alternating p(i-OA)-block-p(n-BA-co-MAA) multiblock copolymer resulting 

from experiment SEPMB-2 (see section 6.4.2 of Chapter six). Right plot: Logarithmic SAXS profile of the 

alternating p(i-OA)-block-p(n-BA-co-MAA) multiblock copolymer resulting from experiment SEPMB-2 (see section 

6.4.2 of Chapter six). 

 

It should be noted, however, that the block copolymers were analyzed with SAXS in the bulk 

phase, without any treatment to improve the phase separation, such as annealing. This was 

done on purpose in order to see if phase separation of these block copolymers occurs when 

they would be applied to a substrate (e.g. as a PSA) directly from the latex, and no 

treatment to improve phase separation is possible. It should be stressed, however, that the 

results depicted in figures 7.1 and 7.2 are only the first results, and that no firm conclusions 

can be drawn from these results. 
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7.4 Thermal properties 

 

7.4.1 TGA analysis 

 

Since the (multi)block copolymers produced in this thesis contain multiple RAFT moieties in 

the chain, which possibly are susceptible to thermal degradation, a p(i-OA)-block-p(n-BA-co-

MAA)-block-p(i-OA) triblock copolymer of which the synthesis has been described in Chapter 

four, and an alternating p(i-OA)-block-p(n-BA-co-MAA) multiblock copolymer of which the 

synthesis has been described in Chapter six, were subjected to thermal gravimetric analysis 

(TGA). Figure 7.3 (a) shows the TGA scan of the p(i-OA)-block-p(n-BA-co-MAA)-block-p(i-

OA) triblock copolymer resulting from experiment SEPB-2 (see section 4.4.3 of Chapter four). 

Figure 7.3 (b) shows the TGA scan of the alternating p(i-OA)-block-p(n-BA-co-MAA) 

multiblock copolymer resulting from experiment SEPMB-2 (see section 6.4 of Chapter six). It 

can be readily observed that both polymers are stable up to at least 250°C, and that 

significant degradation of the polymer does not occur below 300°C. This implies that the S-

alkyl-N,N-alkoxycarbonylmethyldithiocarbamate moieties that are present in the chain are 

thermally very stable. This evidently opens new perspectives for the processing of such 

RAFT-functionalized block copolymers, since they could for example easily be processed in 

the melt phase, without decomposition of the polymer. 

 

 

7.4.2 DSC analysis 

 

In Chapter one it was discussed that the targeted multiblock copolymers should have a low 

glass transition temperature, and that for this reason acrylic monomers would be used. The 

same two polymers that were analyzed with TGA (section 7.4.1) and SAXS (section 7.3) 

were also studied with differential scanning calorimetry (DSC), in order to determine the 

glass transition temperatures of these block copolymers. However, the SAXS analysis 

discussed in section 7.3 indicates that the p(i-OA)-block-p(n-BA-co-MAA)-block-p(i-OA)  
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Fig. 7.3: TGA analysis of block copolymers obtained in the previous Chapters. (a) A p(i-OA)-block-p(n-BA-co-

MAA)-block-p(i-OA) triblock copolymer resulting from experiment SEPB-2 (see section 4.4.3 of Chapter four). (b) 

An alternating p(i-OA)-block-p(n-BA-co-MAA) multiblock copolymer resulting from experiment MEPMB-2 (see 

section 6.4 of Chapter six). Both polymers remain stable up to 250°C. 

 

triblock copolymer forms only small domains, and that the blocks of the alternating p(i-OA)-

block-p(n-BA-co-MAA) multiblock copolymer do not phase separate at all. Since DSC is a 

rather insensitive technique, the phase separated domains in the polymer must be at least 

100 nm in diameter in order to give rise to a separate glass transition temperature for each 

block. SAXS analysis indicates that this is not the case for our polymers, and that thus only 

one glass transition temperature is expected, which, according to the Fox equation, will be in 

between that of the p(i-OA) block and that of the p(n-BA-co-MAA) block. This equation is 

given below as equation 7-1, and calculates the glass transition temperature of a random 

copolymer as a function of the %wt of each monomer (ω1 and ω2) and the glass transition 

temperatures of the homopolymers formed with these monomers (Tg1 and Tg2, expressed in 

Kelvin). 

 

2g

2

1g

1

g TTT
1 ω

+
ω

=                                                   7-1 

 

It should be stressed, however, that for random copolymers of n-butyl acrylate and 

methacrylic acid the Fox equation is not valid, since this equation does not take into account 

the influence of hydrogen bonding on the glass transition temperature of such a copolymer. 

Due to hydrogen bonding, the glass transition of a p(n-BA-co-MAA) copolymer will be higher  
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Fig. 7.4: DSC analysis of block copolymers obtained in the previous Chapters. (a) A p(i-OA)-block-p(n-BA-co-

MAA)-block-p(i-OA) triblock copolymer resulting from experiment SEPB-2 (see section 4.4.3 of Chapter four). (b) 

An alternating p(i-OA)-block-p(n-BA-co-MAA) multiblock copolymer resulting from experiment MEPMB-2 (see 

section 6.4 of Chapter six).  

 

than the value calculated with the Fox equation. The DSC plots of the tri- and multiblock 

copolymer are depicted in figure 7.4. These DSC plots indicate a glass transition temperature 

around -64°C for the p(i-OA)-block-p(n-BA-co-MAA)-block-p(i-OA) triblock copolymer and 

around -57°C for the p(i-OA)-block-p(n-BA-co-MAA) multiblock copolymer. It should be 

noted that the glass transition temperature of the poly(iso-octyl acrylate) block (Tg p(i-OA) =  

-80°C6) is outside the measurement limit of the DSC apparatus. For this reason no firm 

conclusions can be drawn about the number of glass transition temperatures, and thus DSC 

does not show if phase separation of the blocks in the tri- or multiblock copolymer occurred, 

as was already expected from the SAXS results. However, since both the tri- and the 

multiblock copolymers have a glass transition temperature around -60°C, which is too low for 

the p(n-BA-co-MAA) block and too high for the p(i-OA) block, it seems reasonable to assume 

that no phase separation resulting in domains larger than 100 nm had occurred, and that 

thus the observed glass transition temperatures are those of a homogeneous mixture of the 

blocks, rather than those of the separate blocks. The fact that the glass transition 

temperatures of the triblock copolymer and the multiblock copolymer are somewhat different 

may be due to the fact that the blocks in the multiblock copolymer are longer than those in 

the triblock copolymer (see Chapters four and six).  

 

The fact that the alternating polar-nonpolar multiblock copolymers studied in this work 

apparently do not phase separate does not imply that these compounds will not display good 
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adhesive properties, since e.g. non-phase separated random copolymers of polar and 

nonpolar monomers can also exhibit good adhesive properties. However, the adhesive 

properties of the (multi)block copolymers of which the synthesis has been described in 

Chapters four to six, have not been studied in this work. 

 

 

7.5 Conclusions 

 

In order to gain insight into the morphology and thermal properties of the block copolymers 

of which the synthesis has been described in the previous Chapters of this thesis, these block 

copolymers were analyzed with SAXS and DSC. SAXS analysis of a tri- and multiblock 

copolymer indicates that phase separation with formation of only rather small domains 

occurred in the p(i-OA)-block-p(n-BA-co-MAA)-block-p(i-OA) triblock copolymer, but that no 

detectable phase separation occurred in the alternating p(i-OA)-block-p(n-BA-co-MAA) 

multiblock copolymer. DSC analysis indicates that only one phase is present in the triblock 

copolymer as well as in the multiblock copolymer, since only one glass transition 

temperature is observed. However, DSC cannot distinguish domains smaller than 

approximately 100 nm, and thus no conclusions on the block copolymer morphology may be 

drawn from the DSC results and more research is required. TGA analysis of the block 

copolymers revealed that block copolymers containing S-alkyl-N,N-alkoxycarbonylmethyl-

dithiocarbamate groups are thermally stable up to 250°C. 
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Epilogue 

 

General conclusions and recommended future work 

 

Controlled radical polymerization has gained a lot of academic interest over the last decade, 

due to the ease with which the various available techniques, and especially the RAFT 

process, can be applied, compared to other controlled/living polymerization techniques. A 

major market for controlled radical polymerization is situated in the production of block 

copolymers. In this thesis, the concept of block copolymer synthesis employing 

multifunctional RAFT agents was introduced, and was shown to be promising. However, a 

major problem has been met during the course of this work, which may compromise the 

concept of multiblock copolymer synthesis from multifunctional RAFT agents, namely the fact 

that the number of RAFT moieties per chain is reduced during the polymerization.  

 

Two mechanisms were found to be responsible for this. The first mechanism is the formation 

of a second, low molecular weight envelope in the molecular weight distribution during the 

polymerization of acrylic monomers mediated with butyl-RAFT agent 11a and Kraton®-RAFT 

agent 11b, due to termination of the growing bifunctional RAFT agent on one side via an 

unknown mechanism. These observations, which are extensively discussed in Chapters four 

and five, are quite intriguing since no classical free radical process can adequately explain 

the observed phenomena. However, it should be kept in mind that at present there is still a 

lack of knowledge concerning the basic mechanisms of the RAFT process. The observations 

discussed in Chapter four of this thesis might further unravel the mechanisms involved in the 

RAFT process, since the unique feature of this work, namely the fact that a bifunctional RAFT 

agent is used, might allow insight into the occurrence of termination events during a RAFT 

polymerization. This is due to the fact that if a growing bifunctional RAFT agent is terminated 

on one side during the polymerization, it can continue to grow on the other side, contrary to 

a RAFT polymerization mediated with a monofunctional RAFT agent. However, the key step 
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in applying the results presented in this thesis to obtain a better insight in the RAFT process 

is the proper identification of the formed compounds in the low molecular weight envelope. 

This should be an important aspect in possible future work employing the RAFT agents 

described in this thesis.  

 

The second important mechanism for the reduction of the number of RAFT functions per 

chain in a polymerization mediated with a multifunctional RAFT agent is the fact that the 

expelled radicals can add to a random RAFT function in a random multifunctional RAFT 

agent. This mechanism is inherent to the RAFT process, since it involves the addition-

fragmentation step, which is the core of the RAFT process. This implies, however, that no 

simple, straightforward solution for this problem is available. The focus in synthesizing 

multiblock copolymers using multifunctional RAFT agents should therefore lie on optimization 

of the polymerization conditions, and specifically the radical flux. A better understanding of 

the influence of the radical flux on the success of multifunctional RAFT agents could be 

obtained by employing a multifunctional RAFT agent with a fixed number of RAFT moieties 

per chain, rather than a distribution of the number of RAFT moieties per chain as was the 

case in this thesis. Although this was not discussed in this thesis, such RAFT agents can be 

synthesized according to the synthetic route developed in Chapter three, in a maximum of 

three reaction steps. Due to the low, fixed number of RAFT functions in e.g. tetra- or 

hexafunctional RAFT agents it is possible to target low molecular weights and thus to study 

the obtained multiblock copolymers with MALDI-TOF mass spectrometry, in order to clearly 

establish all events taking place in a polymerization mediated with a multifunctional RAFT 

agent. 

 

The general conclusion of this thesis may be that in spite of the above-reported problems, 

we have proven the concept of multiblock copolymer synthesis in an aqueous dispersion. 

This concept opens new doors for the world of adhesives (either pressure-sensitive 

adhesives, directly applicable on the substrate from the latex, or normal adhesives) and 

compatibilizers, which until now have always been produced in solvent-based systems. 

Thanks to the concept proposed in this thesis these compounds could be produced in an 

environmentally friendly water-based system. 
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Summary 

 

 

It has been the objective of the work described in this thesis to apply the concept of 

controlled radical polymerization, and more specifically the RAFT process, to the production 

of alternating polar-nonpolar multiblock copolymers in aqueous dispersions. Such multiblock 

copolymers could for instance be employed to enhance the adhesion of nonpolar to polar 

surfaces, e.g. of rubbers to glass. 

 

First it was shown that macromolecular and low molecular weight multifunctional RAFT 

agents provide the fastest route towards multiblock copolymers, since in theory these RAFT 

agents respectively require only one and two polymerization steps to be converted into an 

alternating polar-nonpolar multiblock copolymer. Then it was shown that the classical RAFT 

moieties and the classical synthetic routes towards RAFT agents cannot be employed for the 

synthesis of (macromolecular) multifunctional RAFT agents. However, one RAFT moiety, i.e. 

the S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamate moiety, was found to be suitable 

for this purpose, although a new synthetic route towards this RAFT agent had to be 

developed. In this novel, extremely versatile method, a bifunctional S-tert-alkyl-N-

methyldithiocarbamate was reacted at low temperature with mono- and bifunctional alkyl 

chloroformates to form various low molecular weight and macromolecular bi- and 

multifunctional S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamate RAFT agents. 

 

Since only a limited number of reports is available on radical polymerization mediated with S-

alkyl-N,N-alkoxycarbonylmethyldithiocarbamate RAFT agents, and since this type of RAFT 

agent had not been applied in (mini)emulsion before this work, a study of the solution and 

miniemulsion polymerization of various acrylic monomers with a bifunctional S-tert-alkyl-N,N-

alkoxycarbonylmethyldithiocarbamate RAFT agent was performed. Good control was 

obtained over the homo- and copolymerization of these monomers both in solution and 
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miniemulsion polymerization. Moreover, in solution as well as in miniemulsion polymerization, 

nearly no retardation was observed, and the latices were colloidally stable during the 

miniemulsion preparation and polymerization. Triblock copolymer synthesis via chain 

extension of the polymers produced in the homo- and copolymerization experiments, was 

also studied, and was shown to be very successful. Although low polydispersities were 

obtained in solution as well as in miniemulsion polymerization, MALDI-TOF MS analysis 

revealed the formation of a second molecular weight distribution during the polymerization, 

with roughly half the molecular weight of the main distribution, when employing a high RAFT 

agent concentration. Unfortunately, we have not been able to identify the compounds that 

are present in the low molecular weight envelope. 

 

Once it was established that S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamate RAFT 

agents are well capable of mediating a controlled solution or miniemulsion polymerization of 

acrylic monomers, the solution and miniemulsion polymerization of n-butyl acrylate mediated 

with a bifunctional macromolecular poly(ethylene-co-butylene)-based RAFT agent was 

studied. With such a RAFT agent, a triblock copolymer can be synthesized in one 

polymerization step. Although in the solution polymerization experiments triblock copolymers 

with well-controlled number-average molecular weights and polydispersities were obtained, 

also some diblock copolymer formation was observed via GPEC. The application of a 

bifunctional macromolecular poly(ethylene-co-butylene)-based RAFT agent in the 

miniemulsion polymerization of n-butyl acrylate, however, proved to be rather difficult. It 

was found that the miniemulsion preparation procedure had a tremendous influence on the 

course of the polymerization, and that the polymerization was controlled only if less efficient 

homogenization methods, leading to relatively large final particle sizes, were used. Cryo-TEM 

analysis of latex samples revealed that microphase separation of the macromolecular RAFT 

agent and the monomer occurred during the miniemulsion preparation, caused by water 

being forced into the particles during the homogenization. It was demonstrated, however, 

that a true miniemulsion polymerization of n-butyl acrylate mediated with a macromolecular 

bifunctional poly(ethylene-co-butylene)-based RAFT agent, with a final particle size of 150 

nm, was possible, if a co-solvent was used to prevent microphase separation. Here triblock 

copolymers with a well-controlled number-average molecular weight and polydispersity were 

formed, although the formation of some diblock copolymer could not be avoided. 
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Due to the phase separation problems met when applying a macromolecular poly(ethylene-

co-butylene)-based RAFT agent to mediate the miniemulsion polymerization of acrylic 

monomers, the route towards alternating multiblock copolymers via multifunctional 

macromolecular polyolefin based RAFT agents in emulsion was not further studied. Instead, 

a multifunctional low molecular weight RAFT agent, which in theory requires two radical 

polymerization steps to be converted into an alternating polar-nonpolar multiblock 

copolymer, was employed. However, in the solution polymerizations mediated with this RAFT 

agent, the agreement between the experimental and the calculated number-average 

molecular weight was poor. This could be attributed to a reduction of the number of RAFT 

functions per chain, caused by the addition-fragmentation step which is the core of the RAFT 

process. The application of a multifunctional low molecular weight RAFT agent to mediate a 

miniemulsion polymerization of acrylic monomers was more successful, since a good 

agreement between the experimental and calculated number-average molecular weight was 

observed. Reduction of the number of RAFT moieties per chain was of less importance in the 

miniemulsion polymerization experiments, due to the lower radical flux that was employed 

compared to the solution polymerization experiments. 

 

Finally, SAXS analysis of the (multi)block copolymers, of which the synthesis has been 

described in Chapters four to six, indicated that phase separation of the blocks occurred in 

the alternating polar-nonpolar triblock copolymers, but not in the alternating polar-nonpolar 

multiblock copolymers. DSC analysis of these polymers showed only one glass transition 

temperature, which confirms the SAXS results. TGA analysis of the block copolymers showed 

that these polymers do not degrade below 250°C, and that thus the S-alkyl-N,N-

alkoxycarbonylmethyldithiocarbamate functions in the polymer chain are thermally stable, 

allowing e.g. melt processing of this type of (multi)block copolymers. 

 

In conclusion, controlled radical polymerization, and more specifically the RAFT process, has 

been shown to be a valuable tool for the synthesis of (multi)block copolymers in an aqueous 

dispersion, although some problems were met that are inherent to the RAFT process. These 

problems, however, can be reduced to a minimum by careful optimization of the 

polymerization conditions, especially if the radical flux is kept very low. 
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Samenvatting 

 

 

Het doel van het onderzoekswerk beschreven in dit proefschrift was het toepassen van het 

concept van de gecontroleerde radicaalpolymerisatie, en meer in het bijzonder van het RAFT 

proces, op de synthese van alternerend polaire-apolaire multiblok copolymeren. Zulke 

multiblok copolymeren kunnen onder andere gebruikt worden om de hechting te verbeteren 

tussen polaire en apolaire oppervlakken, bijvoorbeeld tussen rubber en glas. 

 

Eerst werd aangetoond dat de snelste syntheseroute naar multiblok copolymeren leidt via 

macro- en laagmoleculaire multifunctionele RAFT agentia, aangezien in theorie slechts 

respectievelijk één of twee polymerisatiestappen nodig zijn om deze RAFT agentia om te 

zetten in een alternerend polair-apolair multiblok copolymeer. Daarna werd beredeneerd dat 

geen enkele van de klassieke RAFT functies of routes ter synthese van deze verbindingen 

gebruikt kon worden voor de synthese van (macromoleculaire) multifunctionele RAFT 

agentia. Niettemin werd één specifieke RAFT functie, namelijk de S-tert-alkyl-N,N-alkoxy-

carbonylmethyldithiocarbamaat functie, geschikt bevonden voor dit doel, alhoewel een 

nieuwe syntheseroute naar deze verbindingen ontwikkeld diende te worden. Deze nieuwe, 

extreem veelzijdige methode bestond erin om een bifunctioneel S-tert-alkyl-N-methyldithio-

carbamaat te laten reageren met mono- en bifunctionele chloorformaten bij lage 

temperatuur, waarbij verscheidene bi- and multifunctionele laag- en macromoleculaire S-

tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamaat RAFT agentia gevormd werden. 

 

Aangezien slechts een beperkt aantal publicaties melding maakt van gecontroleerde polyme-

risatie via S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamaat RAFT agentia, en omdat dit 

type RAFT agens vóór dit werk nooit in waterige dispersies werd gebruikt, werd eerst de 

solutie- en miniemulsiepolymerisatie van verscheidene acrylaatmonomeren met een bifunc-

tioneel laagmoleculair S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamaat RAFT agens 
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bestudeerd. De homo- en copolymerisatie van deze monomeren met dit RAFT agens was 

goed gecontroleerd, zowel in solutie- als in miniemulsiepolymerisatie. Bovendien werd zo 

goed als geen retardatie vastgesteld, en was de latex colloïdaal stabiel, zowel tijdens de 

bereiding van de miniemulsie als tijdens de miniemulsiepolymerisatie. Daarna werd de triblok 

copolymeersynthese via de ketenverlenging van de polymeren die geproduceerd werden in 

de homo- en copolymerisatie experimenten bestudeerd, en werd deze zeer succesvol 

bevonden. Alhoewel zowel in solutie- als in miniemulsiepolymerisatie lage polydispersiteiten 

werden bekomen, werd via MALDI-TOF MS analyse de vorming van een tweede 

molecuulgewichtsverdeling vastgesteld met een gemiddeld molecuulgewicht dat ruwweg een 

factor twee lager was dan dat van de hoofdverdeling. Dit verschijnsel trad enkel op bij hoge 

concentraties van het RAFT agens. Het is echter niet gelukt om de verbindingen in deze lage 

molecuulgewichtsverdeling te identificeren. 

 

Nadat aangetoond was dat S-tert-alkyl-N,N-alkoxycarbonylmethyldithiocarbamaat RAFT 

agentia de radicalaire polymerisatie van acrylaatmonomeren goed kunnen controleren, werd 

de solutie- en miniemulsiepolymerisatie van n-butyl acrylaat met een bifunctioneel macro-

moleculair poly(ethyleen-co-butyleen)-gebaseerd RAFT agens bestudeerd. Met een dergelijk 

RAFT agens kan in één polymerisatie-stap een triblok copolymeer gesynthetiseerd worden. 

Hoewel in de solutiepolymerisatie experimenten triblok copolymeren bekomen werden met 

een goed gecontroleerde molecuulgewichtsverdeling en polydispersiteit, werd via GPEC ook 

de vorming van een niet onbelangrijke hoeveelheid diblok copolymeer tijdens de 

polymerisatiereactie vastgesteld. Daarna werd gedemonstreerd dat het gebruik van een 

macromoleculair bifunctioneel poly(ethyleen-co-butyleen)-gebaseerd RAFT agens ter controle 

van een miniemulsiepolymerisatie van n-butyl acrylaat veel moeilijker was. Het werd 

aangetoond dat de procedure ter bereiding van de miniemulsie een enorme invloed had op 

de polymerisatiereaktie. Alleen als minder efficiënte homogenisatiemethodes, die tot een 

relatief grote deeltjesgrootte leiden, werden gebruikt, was de polymerisatie gecontroleerd. 

Cryo-TEM analyse van latexmonsters toonde aan dat microfasenscheiding van het 

macromoleculaire RAFT agens en het monomeer plaatsvond tijdens de homogenisatie, 

veroorzaakt door water dat in de deeltjes gedwongen werd. Het werd echter ook 

aangetoond dat een echte miniemulsiepolymerisatie (met een uiteindelijke deeltjesgrootte 

van 150 nm) van n-butyl acrylaat met een macromoleculair poly(ethyleen-co-butyleen)-
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gebaseerd RAFT agens mogelijk was indien een co-solvent werd gebruikt om 

microfasenscheiding te voorkomen. In dit geval werden triblok copolymeren gevormd met 

een goed gecontroleerd molecuulgewicht en polydispersiteit, alhoewel enige vorming van 

diblok copolymeer niet vermeden kon worden. 

 

Omwille van de fasenscheidingsproblemen die geobserveerd werden bij het gebruiken van 

een macromoleculair poly(ethyleen-co-butyleen)-gebaseerd RAFT agens in de miniemulsie-

polymerisatie van acrylaatmonomeren, werd de route naar alternerende multiblok 

copolymeren via een multifunctioneel macromoleculair polyolefine gebaseerd RAFT agens 

niet verder bestudeerd. In plaats daarvan werd een laagmoleculair multifunctioneel RAFT 

agens gebruikt. Met dit RAFT agens is het in theorie mogelijk om alternerend polaire-apolaire 

multiblok copolymeren te synthetiseren in twee opeenvolgende radicalaire polymerisatie-

reacties. In de solutiepolymerisatie experimenten met dit RAFT agens werd echter een 

slechte overeenkomst tussen het berekende en het experimentele aantalgemiddelde 

molecuulgewicht bekomen. Dit kon worden toegewezen aan een vermindering van het 

aantal RAFT functies per keten tijdens de polymerisatie, veroorzaakt door de additie-

fragmentatie stap, die de kern van het RAFT proces is. Het gebruik van een multifunctioneel 

laagmoleculair RAFT agens ter controle van een miniemulsiepolymerisatie was succesvoller, 

aangezien een goede overeenkomst werd gevonden tussen het berekende en het 

experimentele aantalgemiddelde molecuulgewicht. In vergelijking met de solutie-

polymerisaties was een reductie van het aantal RAFT functies per keten minder aan de orde 

in de miniemulsiepolymerisatie experimenten, aangezien er hier een lagere radicaalflux 

gebruikt werd. 

 

Een SAXS analyse van de (multi)blok copolymeren, waarvan de synthese beschreven werd in 

Hoofdstukken vier tot en met zes, gaf aan dat fasenscheiding van de blokken plaatsvond in 

de alternerend polaire-apolaire triblok copolymeren, maar niet in de alternerend polaire-

apolaire multiblok copolymeren. DSC analyse van deze polymeren toonde aan dat er slechts 

één glastransitietemperatuur was, hetgeen de SAXS resultaten bevestigde. Een analyse van 

de blok copolymeren toonde aan dat deze polymeren niet ontbinden beneden 250°C, en dat 

de S-alkyl-N,N-alkoxycarbonylmethyldithiocarbamaat functies in de polymeerketen thermisch 
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stabiel zijn, hetgeen verwerking van dit type (multi)blok copolymeren in de smelt zou 

toestaan. 

 

Besluitend kunnen we stellen dat gecontroleerde radicaalpolymerisatie, en meer in het 

bijzonder het RAFT proces, een geschikt instrument is voor de synthese van (multi)blok 

copolymeren in waterige dispersies, alhoewel zich enkele problemen voordeden die inherent 

zijn aan het RAFT proces. Deze problemen kunnen echter tot een minimum beperkt worden 

door een grondige optimalisatie van de polymerisatiecondities, met name indien er met een 

erg lage radicaalflux wordt gewerkt. 
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