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Chapter 1 Introduction 

 

1.1 Polymers and Acrylonitrile-butadiene-styrene (ABS) 

Polymers belong to nature’s most sophisticated molecules and exist since the 

beginning of life in the form of DNA and proteins. Wood, wool, cotton, silk, cellulose, 

starch and natural rubber constitute some examples of natural materials possessing the 

characteristics of polymeric materials. From the earliest days, man has used these 

materials in daily life, for making clothes, decorations, tools and weapons. More recently, 

man created synthetic polymers, which own properties beyond the scope of conventional 

materials such as metals and ceramics. The first synthetic polymer known as Bakelite was 

commercialized in 1910, although the exact structure of this compound was still a 

mystery at that time. It lasted until the 1920s, when Staudinger postulated that both 

natural and synthetic polymers are giant molecules that are composed of long sequences 

of monomer units usually connected to each other by covalent bonds formed during the 

polymerization.1 The various organizations that the monomers can adopt result in a 

tuning of the polymer properties. The current applications of polymers range from bulk 

materials such as adhesives, coatings, foams and packaging materials to textile and 

industrial fibers as well as composites, electronic materials and biomaterials. After World 

War II, the production of polymers has rapidly increased, because of their specific 

properties such as their light weight, easy processability, low cost of manufacturing, 

which make this category of materials extremely attractive. 

Polymers can be classified into three main groups: thermoplastics, thermosets and 

elastomers. Thermoplastics are linear or branched polymers which can be melted upon 

heating. Essentially, the word plastic has been derived from a Greek word ‘plassein’ 

which means ‘to mold’ or ‘to shape’. That is why thermoplastics are often simply 

referred to as plastics. Thermosets are network forming polymers in which the polymeric 

chain motion is greatly restricted by a high degree of crosslinking, resulting in rigid 

materials. Usually thermosets are more brittle than thermoplastics. Elastomers are 
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crosslinked rubbery polymers, which can be elastically deformed when a force is applied, 

and which can (almost) return to their original shape when the force is released.  

Acrylonitrile-butadiene-styrene (ABS) belongs to the class of thermoplastic polymers. 

ABS consists of a physical mixture of a continuous phase of poly(styrene-co-

acrylonitrile) (SAN) partially grafted onto dispersed poly(butadiene) (pBD) rubber 

particles.2 ABS has the useful SAN properties of rigidity and resistance to chemicals and 

solvents, while the elastomeric pBD phase contributes good impact resistance. The 

combination of high toughness and high rigidity is a result of the strong adhesion at the 

interface between the two polymeric phases. A good thermoplastic flow for easy 

processability combined with a high rigidity, a satisfactory heat resistance, a high surface 

gloss, as well as good (notched) impact strength, make ABS one of the most attractive 

and popular engineering plastic. As a result, ABS is suitable for many applications 

ranging from coatings, adhesives or even impact modifiers to automotive applications, 

toys, phones or computers.  

 

1.2 Metal coating and adhesion 

Nowadays, metallized plastic, that is to say a plastic covered by a thin layer of metal, 

is of considerable technological importance. Metallized plastics are used in the decorative 

and automotive industry, EMI-shielding, as well as for electronic applications. Metal 

coatings3 are deposited on polymer substrates in order to bring additional properties like 

reflection, conductivity etc. Different types of metal coatings, e.g. Au, Al, Cu, Cr, Ni, Ag, 

can be applied. Metallized plastic have several advantages over comparable plated metal 

parts, such as a low weight, a good resistance to corrosion, easiness of shaping and 

assembly, controllable electrical conductivity and low costs. 

Among many existing techniques of metal deposition onto polymer surfaces, the main 

focus has been on electrochemical plating, vacuum metallization or vapor deposition and 

indirect metallization. The process of electrochemical plating is sub-divided into 

electroless plating and electroplating. The physical vapor deposition (PVD)4 of copper 
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(Cu) is a type of vacuum metallization process, which was used in the work described in 

this thesis. It constitutes an alternative to electroplating. The PVD process involves the 

transfer of metal atoms in the gaseous phase onto the polymer surface.5 The PVD process 

is more environmentally friendly than electrochemical processes. However, the PVD 

process has several disadvantages. It is relatively expensive and requires the application 

of a high vacuum and high temperature, which may occasionally damage the substrate. 

Furthermore, the rate of metal deposition is slow.  

The interaction between a metal layer and a polymer substrate depends on the type of 

metal and on the functional groups present on the polymer surface. The adhesion between 

a metal coating and the substrate is generally evaluated through the process of detaching 

the coatings from the substrate. Nowadays, two main groups of adhesion tests are in use, 

such as a destructive and non-destructive test.6 The destructive tests, which are most 

readily used, are peel-off and pull-off tests, whereas surface force measurements and 

surface acoustic wave measurements are typically used as non-destructive tests. 

 

1.3 Metal coating on the ABS substrate and surface modifiers 

ABS is one of the most commonly metallized plastics because of its excellent 

toughness, its good dimensional stability, its good processability and chemical resistance 

as well as its low price. Metallized ABS is used in a broad range of applications such as 

picture frames, furnitures, electrical appliances etc.7  

The electroless plating process is often used to enhance the adhesion between an ABS 

substrate and the copper coating. In this specific system, the adhesion between the 

substrate and the metal coating is the result of the combined influence of both physical 

and chemical effects. The oxidation of the elastomeric pBD phase causes a physical 

change in the ABS surface, resulting in an actual mechanical interlocking mechanism in 

the pores of the roughened surface.8 The chemical modification of the ABS surface with 

polar groups, such as carbonyl, carboxyl and sulphate groups, enhances the chemical 

interaction with the metal coating.9 
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Wet chemical treatments of ABS during the electroless plating process with strong 

oxidizing agents are not desirable with respect to environmental and safety issues. As a 

result, dry chemical modifications, like flame or plasma treatments, become interesting 

alternatives, even if they show a poor control over the uniformity and the reproducibility 

of the metal deposition on the polymer substrate. 

In industry, relatively sufficient adhesion between a copper coating and the ABS 

substrate is generally obtained. Nevertheless, adhesion failure, e.g. delamination, remains 

a critical issue. Therefore, in the present study, a well-defined polymer material, referred 

to as a block copolymer, is used to overrule the uncontrolled effects responsible for the 

delamination occasionally observed. Thereby, block copolymers were used as surface 

modifiers on the ABS substrate in order to favour the interactions with the copper 

coating. The choice of the block copolymer was triggered by the targeted chemical 

interactions between the polar groups like hydroxyl, carbonyl or carboxylic acid 

moieties10 and metal atoms. 

 

1.4 Block copolymers as Adhesion Promoting Linkers 

Block copolymers are of great interest and are used for many applications, like 

adhesion promoters, surfactants, compatibilizers for polymer blends, surface modifiers, 

pigment stabilizers, etc. These specially-designed materials require a controlled way of 

polymerization. Nowadays, several synthesis strategies are used, like cationic and anionic 

polymerizations, and the most recently developed living radical polymerization (LRP).11-

13  

Block copolymers investigated in the present study consist of a SAN block and of a 

polar block. These targeted block copolymers are used as adhesive promoting linkers 

between an ABS substrate and a copper coating. The SAN block entangles with the SAN 

phase of the ABS substrate in order to favor an optimal adhesion. This is only possible if 

the AN content in the SAN block of the block copolymer and in the SAN phase of the 

ABS substrate do not differ too much, since their miscibility on a molecular scale is 
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required for the entanglement formation.14 Furthermore, the molecular weight of the SAN 

block should be roughly a factor 7-8 higher than the average molar mass between the 

entanglements15 which is typically 10 kg/mol.16 Polar blocks such as a poly(styrene-alt-

maleic anhydride) (SMAh) or a poly(4-vinylpyridine) (P4VP) block, contain the polar 

moieties (MAh or 4VP) which might enhance the interaction with the copper coating.17,18 

The simplest approach for the application of a block copolymer onto a substrate would be 

via solvent casting from a non-selective solvent, in which both blocks are soluble.19 

However, since the ABS substrate consists of a continuous SAN phase, there is a clear 

influence of such a solvent on its surface. Therefore, the block copolymer should be 

applied in a solvent-free manner in order to avoid any damage of the surface and any 

interference with the adhesion process. That is why the use of water-borne block 

copolymer becomes an interesting option. There is indeed no influence of water on the 

ABS surface, at least not for a short time period. For industrial applications, in order to 

completely avoid the influence of solvent, 2K-injection moulding might be a suitable 

technique to apply an additional layer of the block copolymers on the ABS substrate. 

This can be an interesting point for the further study.  

 

1.5 Outline and aim of the thesis 

The work presented in this thesis intends to lead to control the interactions between 

the ABS substrate and a copper coating by using carefully designed block copolymers as 

adhesion promoting linkers. In order to obtain an optimum compatibility between a block 

copolymer and the ABS substrate, this block copolymer has to contain a SAN block with 

a 20 wt% AN content and a molecular weight of 70-80 kg/mol.  

The most convenient way of preparing block copolymers is via living radical 

polymerization (LRP). There are three main LRP techniques which have been used 

during last decades, e.g. NMP, ATRP, RAFT (see Chapter 2). However, with respect to 

SMAh containing block copolymers, reversible addition-fragmentation chain transfer 

(RAFT)-mediated polymerization appeared to be the most suitable LRP technique and 

was thus used for the synthesis of block copolymers. It is important to point out that only 
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polymers with the RAFT-groups at the polymer chain end can be chain extended into 

block copolymers.  

Initially, well-defined poly(styrene-co-acrylonitrile) (SAN) and poly(styrene-alt-

maleic anhydride) (SMAh) copolymers, as well as poly(4-vinyl pyridine) (P4VP) 

homopolymer of controlled molar mass, were synthesized in the presence of a chain 

transfer agent (CTA) via RAFT-mediated polymerization. MALDI-TOF-MS was used to 

confirm the presence of RAFT end groups attached to the SAN, SMAh and P4VP 

polymer chains. The syntheses, molar masses and end-functionalities of these polymers 

are presented in Chapter 3. These RAFT-functional polymers are promising starting 

blocks for chain extensions leading to block copolymers.  

Chapter 4 is dedicated to the study of the living character of the RAFT-functional 

SAN polymer. Note that RAFT-functional polymer indicates that this segment is the 

starting block. The SAN block was used as a macro-CTA and further chain extended 

either with styrene (STY) or with an equimolar mixture of STY and maleic anhydride 

(MAh). The effects of the type of RAFT-functional groups attached to the SAN polymer, 

of the reaction temperature and of the molar mass of the RAFT-functional SAN polymer 

were investigated. The results obtained demonstrated that it is possible to tune the 

experimental conditions in order to obtain an optimal efficiency of the SAN-b-SMAh 

block copolymer synthesis mediated by a SAN starting block. Nevertheless, in this case, 

block copolymers containing a high molar mass SAN block were not obtained.  

The controlled block copolymerization in solution using RAFT-functional SMAh and 

P4VP polymers is presented in Chapter 5. Note that the RAFT-functional polymer again 

indicates that this segment is the starting block and it is used as a macro-CTA. GPEC 

analysis confirmed the successful synthesis of block copolymers, i.e. SMAh-b-SAN and 

P4VP-b-SAN. 

The efficiency of the control of RAFT-mediated emulsion polymerizations by using 

these RAFT-functional SMAh and P4VP polymers is discussed in Chapter 6. 

Chapter 7 deals with the results of the adhesion tests performed. The interaction 

between SAN and SMAh, i.e. model samples, and the copper coating was initially 
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investigated. A non-destructive test, that is to say scanning force spectroscopy, and a 

destructive one, such as a macroscopic pull-off test, were performed on the nanoscopic 

and on the macroscopic scale, respectively. Both tests indicated to a stronger adhesion 

between the copper and the SMAh model sample than between the copper and the SAN 

model sample. Based on these results, targeted block copolymers i.e. SMAh-b-SAN and 

P4VP-b-SAN were subsequently evaluated as interface-active compounds able to 

enhance the adhesion between the ABS substrate and a copper coating. The obtained 

results demonstrate that both targeted block copolymers tested possess the ability to 

improve the adhesion between the ABS and the copper coating. 
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Chapter 2  

 

Homopolymers, Copolymers and 

Block copolymers: Synthesis and 

Characterization- Theory 

 

Abstract: This chapter provides an introduction to the polymers discussed in this 

study. To start with poly(styrene) (PSTY) and to continue in a direction of thermoplastics 

such as acrylonitrile-butadiene-styrene (ABS) followed by the link to well-defined 

polymers such as copolymers and block copolymers. The theory related to STY 

copolymers, such as poly(styrene-co-acrylonitrile) (SAN) and poly(styrene-alt-maleic 

anhydride) (SMAh) is briefly reported. These copolymers and theirs block copolymers 

are synthesized in this study. An overview how to synthesize polymers and block 

copolymers in general by using living radical polymerization is also given. RAFT-

mediated polymerization itself as well as its mechanism is discussed. Finally, the 

characterization techniques of the copolymers, and more importantly block copolymers, 

are discussed in terms of molar masses and chemical compositions. The proof of block 

copolymer formation by using characterization techniques is also presented.  
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2.1 How to improve properties of PSTY? 

Styrene (STY) and its derivatives have been the subject of more scientific research 

and publications than any other monomer type, due to its availability, low cost and ability 

to be studied in inexpensive equipment. STY is a vinyl type of monomer which has a 

high electron-density at the double bond and can readily undergo polymerization. The 

electronic structure of vinylpyridine is similar to that of STY, which leads to comparable 

polymerization behavior of these two monomers.1 Pyridine-containing polymers have 

attracted interest in recent years since they can be used as water-soluble polymers and as 

coordinating agents for transition metals. Poly(4-vinyl pyridine) (P4VP) is a weak base 

due to the presence of the unprotonated N-atom on the pyridine ring.2 However, the α-H 

of P4VP can provide a proton, due to the resonance stabilization of the pyridine ring, 

acting as an acid. As a result, P4VP can show both acidic and basic properties.3  

STY can be polymerized via free radical polymerization (FRP), cationic, anionic and 

coordinative mechanisms. However, FRP is the industrially preferred polymerization 

technique because the monomer purification is not required.4 Poly(styrene) (PSTY) is a 

polymer with limited flexibility, which has a glass transition temperature (Tg) slightly 

over 100 °C. The polymer is a clear glass at room temperature. It becomes a viscous 

liquid above the Tg, which can easily be realized by extrusion or injection-molding 

techniques. STY monomer can react with other monomers in order to produce 

copolymers with improved mechanical and physical properties as compared to pure 

PSTY. Copolymerization of STY and butadiene (BD) is mainly carried out in order to 

obtain rubbery materials with improved flexibility as compared to PSTY materials. 

Copolymerization of STY with comonomers such as acrylonitrile (AN) or maleic 

anhydride (MAh) produces plastics with improved solvent resistance and heat resistance, 

respectively. STY and MAh react readily to produce thermoplastic SMAh resins of 

generally two categories. SMA resins with a low MAh content (< 25 wt %) and of high 

molar mass are produced for molding or extrusion applications, whereas those with a 

high MAh content (25-50 wt %) and of low molar mass are produced as chemically 
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reactive resins, e.g. with epoxy systems and adhesives. SAN copolymers with AN 

contents between 20 and 35 wt % are transparent plastics having better mechanical and 

chemical resistance properties than PSTY. Beside this, SAN copolymers have excellent 

gloss, followed by good hardness, rigidity, dimensional stability as well as load-bearing 

strength. Furthermore, the practical use of SAN is strongly increased for its rubber-

toughened version i.e. acrylonitrile-butadiene-styrene (ABS). The simultaneous 

combination of high toughness (related to the poly(butadiene) (pBD) part) and high 

rigidity (related to the SAN part) is linked to the strong adhesion at the interface between 

the two polymeric phases, resulting in an attractive and popular engineering plastic ABS. 

Considerable variation of AN and pBD content leads to many different grades of ABS 

which is suitable for many applications ranging from knobs, mirror housings, decorative 

trims as well as kitchen appliances, sewing machines, hair dryers etc. Generally, blending 

with other polymers such as poly(vinyl chloride) (PVC), poly(carbonate) (PC)8 and nylon 

materials is widely used to further improve the properties of ABS and to broaden its 

application range. However, the compatibilization of the multiphase ABS blends is 

critical and depends on the SAN or pBD content of ABS.5,7-9 The addition of the 

modifiers or compatibilizers related to the SAN and/or pBD part of ABS can provide 

stability6 of this multiphase polymer system.  In this case, the modifiers or 

compatibilizers such as homopolymers,5 copolymers7 as well as block8 and graft 

copolymers improve the interfacial adhesion in the multiphase polymer systems. That is 

why the desirable properties of the final product can be obtained. These polymers can be 

pre-made and then added to the multiphase polymer system, or they can be generated in-

situ during the blending process. For example, an amine-functional SAN was used as a 

reactive compatibilizer for PC/ABS blends to improve morphological stability of this 

blend at elevated temperatures.9 Block copolymers or graft copolymers used as 

compatibilizers are composed of at least two different blocks that are miscible with the 

respective phases of the polymer system, whose compatibility is controlled by their 

chemical composition and structure. In our study, block copolymers are used as surface 

modifiers on the ABS substrate to promote stronger adhesive interactions with a copper 

coating and to overrule the uncontrolled effects responsible for the delamination 
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occasionally observed between pure ABS and the copper coating (see Section 1.3). These 

block copolymers are composed of a SAN block with a controlled chain composition and 

a chain length which is supposed to interact with the ABS substrate via entanglement 

formation with the  SAN phase and of a polar block that interacts/reacts with the copper 

coating (see Chapter 7). 

 

2.2 A classification of copolymers 

A copolymer consists of two or more different types of monomer repeating units and 

generally has properties that differ from those of the homopolymers of either monomers. 

The relative incorporation of each monomer into a copolymer upon copolymerization is 

dependent on the reactivity ratios. The overall composition of the copolymer formed can 

be predicted by reaction kinetics using different copolymerization models. The most 

often used model10 is the terminal (Mayo-Lewis) model.11 However, the reported data 

generated by this model deviate from the experimental results,12 and a better agreement is 

obtained using a penultimate model, e.g. in case of the reported data for SMAh.13  

Classification of copolymers is based on the arrangement of the monomer repeating 

units along the polymer chain. Statistical copolymers have a sequential distribution of the 

monomer repeating units which follow statistical laws. Random copolymers are a special 

type of statistical copolymers in which the distribution of monomer repeating units is 

truly random. Alternating copolymers consist of only two types of repeating unit which 

are alternatingly arranged along the polymer chain, e.g. copolymer of STY and MAh.  

Poly(styrene-co-acrylonitrile) (SAN) copolymers are typically prepared by 

conventional radical copolymerization. The main drawback of conventionally 

copolymerized SAN is that the molar mass distribution and the end-functionality are 

poorly controlled. The copolymerization of STY and AN was best described by the 

penultimate unit mode, as reported in 1982 by Hill et al.14 and shows a significant 

penultimate effect for both monomers.15 In a radical copolymerization, the reactivity 

ratios of STY and AN differ, and the composition of the generated SAN copolymer can 
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thus deviate from the composition of the monomer at that moment. However, STY and 

AN monomers have reactivity ratios below unity. An azeotropic feed composition exists 

at the composition of STY and AN equal to 63:37 (mol/mol). At this azeotropic 

composition the overall composition of the copolymer and the distribution of the STY 

and AN units along the copolymer chain are controlled by the kinetics of the propagation 

steps. Specifically at this azeotropic composition, composition drift does not occur, and 

the copolymer composition is the same as the composition of the monomer feed.  

The reactivity ratios of STY and maleic anhydride (MAh) monomers are close to 0. 

The reactivity of MAh with STY radicals is very high, significantly higher than for STY 

alone or for copolymerization of STY and AN. MAh itself does not homopolymerize.16 

The copolymerization of STY, as an electron donating monomer, and MAh, as a strong 

electron accepting polar monomer, has a strong tendency to form an alternating 

copolymer.17 Poly(styrene-alt-maleic anhydride) (SMAh) copolymers are usually 

prepared by solution polymerization, which allows careful control of the reaction.  

Block copolymers are linear copolymers which consist of long sequences or blocks of 

constant composition, e.g. where one block may consist of repeating unit A and another 

block of repeating unit B to form a di-block copolymer (A-B) or a tri-block copolymer 

(A-B-A or B-A-B). It is also possible that one block is a copolymer containing two 

repeating units such as, e.g. STY and AN, and then the second block can be a copolymer 

such as STY-alt- MAh or a homopolymer, e.g. P4VP. Note that a mixture of SAN 

(having ca. 80 wt% STY) and SMAh (having ca. 50 wt% STY) copolymers will result in 

phase separation on a macroscopic scale during blending. The STY contents of these 

copolymers are differing enough, suggesting that SAN and SMAh cannot mix on a 

molecular scale due to their incompatibility.18 However, the SAN-b-SMAh block 

copolymer synthesized in this study contains SAN and SMAh blocks that are covalently 

linked together. Thereby, certainly for low molar mass blocks, phase separation on a 

macroscopic scale may be prevented. A block copolymer has unique physical and 

mechanical properties and specific morphologies as compared to the simple polymer 

mixture. Furthermore, the targeted block copolymer synthesized in this study has to phase 

separate on a microscopic scale19 in order to provide a good interaction with both the 
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ABS substrate and the metal coating. Block copolymer synthesis was started in 1956 by 

discovering living anionic polymerization20 and later was also achieved by carrying out 

living cationic polymerization21 or applying different techniques of living radical 

polymerization (see Section 2.4). 

 

2.3 Why to go from free radical polymerization to living 

polymerization?  

Free radical polymerization (FRP) is one of the most widely used industrial processes 

for the commercial production of high molecular weight polymers.22 It can either be 

performed in a homogeneous system, such as bulk or solution polymerization, or in a 

heterogeneous system such as emulsion polymerization.23 A large range of monomer 

types can be polymerized. Tolerances to impurities such as water, traces of oxygen and 

stabilizers, are high. The generation of a radical in a FRP usually takes place by the 

hemolytic dissociation of a thermally unstable compound (azo-compound, peroxide, etc.). 

FRP is a chain reaction, which means that chains are continuously formed, propagate and 

are terminated via a radical-radical reaction by combination or by disproportionation. As 

a result, FRP has limitations with respect to the degree of control over molar mass (Mn), 

molar mass distribution (MMD) and architecture. 

Therefore, the demand for so-called living polymerization shows a tremendous 

growth. The concept of living polymerizations was first discovered and described in 1956 

by Szwarc.20 Traditionally, anionic polymerization is the example of a living 

polymerization process, which gives the possibility to synthesize complex 

macromolecular architectures in a controlled way. All chains grow until all monomer is 

consumed. Further addition of a fresh amount of monomer leads to continued chain 

growth. In the case that the second monomer differs from the first one, this will result in 

the formation of block copolymers. These polymerizations are carried out without either 

termination or chain transfer reactions, provided that non-protic solvents are used. The 

molecular weight of the polymer can be predicted by the ratio of monomer to initiator 

and the MMD is narrow, indicating a well-controlled polymerization. Although excellent 
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living character can be obtained, living anionic polymerization is only compatible with a 

limited range of monomers and is therefore not suitable for the statistical 

copolymerization of STY with polar comonomers, such as AN or MAh. The required 

special polymerization conditions, e.g. complete exclusion of moisture and oxygen, are 

also limiting the practical use of this technique. As an alternative, a living radical 

polymerization (LRP) has been developed during the last few decades. The choice of 

monomers for LRP is much broader than for living anionic polymerization techniques, 

while polymerization conditions for LRP are similar to those for FRP. The introduction 

of LRP allows preparation of many new materials with narrow MMDs, well-defined 

architectures and controlled functionalities. Examples are: well-defined coatings, surface 

modifiers, lubricants, additives, pigment dispersants entirely water soluble block 

copolymers, various biomaterials and electronic materials, etc.24 

 

2.4 Living/Controlled Radical Polymerization 

In a living radical polymerization (LRP) all chains are initiated at the beginning and 

grow with the same rate. The termination reaction is absent. However, in reality, the latter 

does occur and can not be completely avoided. Therefore, the term controlled radical 

polymerization was introduced by some authors.24,33 It indicates that even though LRP 

deviates from true living polymerization, because termination reactions occur during the 

polymerization, the architecture is still well-controlled. 

LRP is only possible in the presence of reagents that react with the propagating 

radicals (referred to as active form) by reversible termination or by reversible chain 

transfer, whereby the majority of chains are maintained in a dormant form. Rapid 

equilibrium between the active and dormant forms ensures that all chains have an equal 

chance of growth and will grow at the same time. Under these conditions, the molar mass 

increases linearly with conversion and molar mass distribution can be very narrow. 

During the last few years, three main LRP techniques have been developed and 

extensively used to prepare polymers with well-defined structures, controlled molar 

masses and narrow molar mass distributions. They are nitroxide-mediated radical 
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polymerization (NMP), atom transfer radical polymerization (ATRP) and reversible 

addition-fragmentation chain transfer (RAFT) polymerization. The NMP technique, 

developed in the 1980s,25 is based on the reversible termination by coupling. It has been 

used for the synthesis of narrow MMD homopolymers and block copolymers of STY and 

acrylates.26 However, NMP has several disadvantages. It is a relatively slow 

polymerization and typically requires to be carried out at high temperatures i.e. above 

100 °C. The first ATRP technique was reported in 1995.27 It is based on the reversible 

termination by ligand transfer to a metal complex. ATRP has successfully been applied 

for the polymerization of various monomers,28 e.g. (meth)acrylates and STY. 

Nevertheless, the major disadvantage of the ATRP technique is that it can not be used for 

monomers containing for example protonated acid groups or anhydride.29 In the presence 

of these monomers, the catalyst is deactivated because of interference with the monomer. 

The RAFT technique was first reported in 1998.30,31 This technique is based on reversible 

chain transfer. It is one of the most versatile LRP techniques allowing the polymerization 

of a wide range of monomers.32,33 RAFT-mediated polymerization can be carried out 

under ‘normal’ FRP conditions in both homogeneous and heterogeneous systems.31,34 

RAFT-mediated polymerization appears to be the most suitable LRP technique for the 

synthesis of the polymers targeted in this thesis, especially for the MAh containing 

polymers. Therefore, the RAFT mechanism and its basic requirements will be addressed 

briefly in the next section. 

 

2.4.1 Reversible Addition-Fragmentation Chain Transfer (RAFT)-

mediated polymerization 

RAFT-mediated polymerization is carried out in the presence of thiocarbonyl thio 

compounds (see 1 in Figure 1) referred to as the RAFT agent. The Z group should 

activate the C=S double bond towards radical addition, whereas the R group should be a 

good free radical leaving group, as well as a good reinitiating group. 
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Figure 1. RAFT mechanism 

 

The mechanism of RAFT-mediated polymerization31 is depicted in Figure 1. RAFT-

mediated polymerization is initiated by a source of free radicals. The addition of initiator 

results in the formation of propagation chains. The propagating radicals (Pn
•) are added to 

the RAFT agent (1). The resulting labile intermediate radical (2) fragments into the 

dormant RAFT compound (3) and a new radical (R•). Reaction of this radical with 

monomer forms a new propagating radical (Pm
•). This is referred to as the reinitiation step 

(b). This propagating radical reacts with the polymeric RAFT agent (3) to be transformed 

initiation

initiator I M M

Pn

Pn

M
kp

+ S S R

Z

kadd

k-add

SSPn

Zkadd

k-addS R

Z

SPn + R

1 2 3

M M PmR M
ki

R M

main equilibrium (c)

Pm

M
kp

+ S S Pn

Z

SSPm

Z

S Pn

Z

SPm +

3 4 5

Pn

M
kp

termination

PmPn +
kt

dead polymer

pre-equilibrium (a)

reinitiation (b)



Chapter 2

 

 18 

into a new dormant polymer (5) in the polymerization step referred to as the main 

equilibrium (c). The polymer chain from the polymeric RAFT agent is released as a 

radical capable of further growth, i.e. an active polymeric radical Pn
•. The exchange 

reaction (c) should be rapid compared with propagation (b). Rapid equilibrium between 

the active and propagating radicals (Pn
• and Pm

•) and the dormant RAFT compound (3) 

provides equal probability for all chains to grow with similar rate and uniformity. The 

efficiency of this process (c) determines the living character of the polymerization. Upon 

completion of the polymerization, the vast majority of polymer chains retain the 

thiocarbonyl thio moiety (S(S)C moiety).  

The transformation of RAFT agent (1) into the dormant RAFT compound (3) (chain 

transfer reaction (a) in Figure 1) should be rapid to ensure that all chains start growing at 

the same time. That is why the leaving group of the original RAFT agent, i.e. the R 

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

the polymer chain (Pn). Furthermore, the expelled radical R• should be a good reinitiating 

group. As a result, a narrow molar mass distribution (MMD) should be obtained for the 

synthesized polymer. Note that if the expelled radical R• only slowly adds to monomer, 

then an induction period may occur, resulting in a slow conversion of the transfer agent. 

Finally, the number of growing polymer chains throughout the reaction is constant 

during RAFT-mediated polymerization. The concentration of polymer chains at the 

beginning of the polymerization is equal to the initial concentration of RAFT agent (1) 

referred to as CTA ([CTA]0). Note that a rapid transformation of the RAFT agent (1) into 

dormant polymer chains (3) (see chain transfer reaction (a) in Figure 1) is assumed. The 

concentration of polymer chains at the end of the polymerization is equal to the sum of 

the concentrations of polymer chains at the beginning of the polymerization and of 

polymer chains that are derived from the decomposed initiator. In order to ensure a 

constant number of growing chains throughout the reaction, the contribution from the 

initiator should be negligible compared to the concentration of RAFT agent. Clearly, the 

amount of initiator needs to be considerably smaller than the amount of RAFT agent in 

order to obtain virtually all polymer chains end capped with the RAFT group, up to high 

monomer conversion. Generally, the molar initiator concentration should be a factor 5-10 
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lower than that of the RAFT agent when the goal is to synthesize polymer with a low 

value of the polydispersity index (PDI). However, when this polymer is only an 

intermediate polymer for further reactions step, for example in block copolymer 

synthesis, a considerably lower initiator concentration will need to be used. As a result 

the amount of dead (terminated) polymer chains will be low and a narrow MMD can then 

be obtained.  

As for all living radical polymerizations, the molar mass (Mn) increases linearly with 

conversion and in this specific case, for the RAFT polymerization, the Mn value can be 

calculated by using eq. 2.1:  

Mn,calc =  FWCTA +                    × FWmon × x (2.1)
∑ [mon]0

[CTA]0
Mn,calc =  FWCTA +                    × FWmon × x (2.1)

∑ [mon]0
[CTA]0  

 

where FWCTA represents the molecular weight of the RAFT agent  referred to as CTA. 

FWmon is the average molecular weight of the monomers. x is the monomer conversion.  

∑[mon]0 and [CTA]0 are the initial concentrations of monomers and the CTA, 

respectively. Note that the concentration of initiator is small with respect to [CTA]0. That 

is why the initiator-derived polymer chains produced during the RAFT-mediated 

polymerization are neglected and thus are not accounted in eq. 2.1.  

In summary, the living character of the RAFT-mediated polymerization is indicated31 

by: 

• the narrow MMD, 

• the linear increase of the molar mass (Mn) with conversion, 

• the predicted Mn by the ratio of consumed monomer to transfer agent (see eq. 

2.1) and  

• the ability to produce block copolymers upon addition of the second 

monomer. 
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2.4.2 Block copolymers by RAFT 

Block copolymers with their unique properties, are not only of academic importance 

but also of commercial interest. The applications of block copolymers range from 

surfactants, dispersants, coatings, adhesives as well as materials for microelectronics, 

membranes to biomaterials. It is generally impossible to produce block copolymers by 

FRP. Therefore, LRP is used to synthesize block copolymers of desired chemical 

composition and molar mass, with a narrow MMD. As already mentioned, there are three 

main LRP techniques which have been used during the last decades, i.e. NMP, ATRP, 

RAFT, and usually all of them can be used for the synthesis of block copolymers. 

However, the RAFT technique is used for the polymerization of the broadest range of 

monomer types and it is the LRP technique used for the polymerizations described in this 

thesis.  

The obtained polymer initially polymerized in the presence of RAFT agent, consists 

of polymer chains with the RAFT end group attached to its end. This RAFT-functional 

polymer can further act as a polymeric RAFT agent (referred to as macro-CTA) in the 

presence of the desired monomers. A fresh amount of initiator can be added to reinitiate 

the polymerization, leading to block copolymer formation (see also Section 4.4.1). Note 

that the RAFT-functional polymer is first synthesized and is therefore the starting block 

(referred to as starting block A in Figure 2). The second monomer (M2) is inserted 

between the thiocarbonyl thio (S(S)C) moiety and the the last inserted monomer of the 

first block, i.e. the end of Pn-R in Figure 2, while the RAFT-functionality remains at the 

block copolymer chain end during polymerization. 

The molar mass of the entire block copolymer is predicted by using a slightly 

modified version of eq. 2.1. In the specific case of RAFT-mediated block 

copolymerization, Mn values are calculated with the following equation: 

Mn,calc =  Mn,macro-CTA +                               × FWmon × x (2.2)
∑ [mon]0

[macro-CTA]0
Mn,calc =  Mn,macro-CTA +                               × FWmon × x (2.2)

∑ [mon]0
[macro-CTA]0  
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where Mn,macro-CTA represents the experimentally observed Mn value of the starting 

block, in this case the macro-CTA, which is determined by SEC. The other parameters 

are the same as for eq. 2.1. 

  

 

Figure 2. Block copolymer synthesis via RAFT-mediated polymerization. The RAFT-moiety 
i.e. ZS(S)C remains, at the polymer chain end throughout the polymerization. 

 

The choice of the starting block is very important. The starting block should be 

chosen on the basis of its relative quality as a leaving group, capable of reinitiating 

further polymerization. It is important that the starting block acts as a better leaving 

group than the block formed in the second step. For example, a block copolymer 

consisting of poly(styrene) (PSTY) and poly(methyl methacrylate) (PMMA) blocks is 

successfully synthesized by first polymerizing MMA. Subsequently, STY has to be added 

to the first block, i.e. PMMA, followed by the addition of fresh initiator to reinitiate 

polymerization. Performing synthesis in this order leads to a well-defined block 

copolymer with narrow MMD. In this specific case, the PMMA block is a better leaving 

group than the PSTY block.  
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2.5 Characterization of polymers: molar mass (M) and molar 

mass distribution (MMD) 

The molar mass (M) and the molar mass distribution (MMD) of polymers are the 

most important characteristics in determining the properties of polymer materials, which 

govern polymer processing, end-use performance and interactions with neighboring 

molecules. A molar mass distribution (MMD) represents the distribution based on the 

number of monomer units in the polymer chain. Besides M and MMD another important 

characteristic for the copolymer is the chemical composition distribution (CCD), also the 

functionality-type distribution for copolymer is important. These distributions are 

conventionally obtained by NMR, IR, titration, pyrolysis, etc. However, these methods 

only provide information on the average functionality, the average sequence length as 

well as the average chemical composition, and cannot provide the independent 

distributions. That is why a combination of different techniques has to be applied, such as 

liquid chromatography (LC) and mass spectrometry (MS). 

 

2.5.1 Size Exclusion Chromatography (SEC) 

Size exclusion chromatography (SEC), also referred to as gel permeation 

chromatography (GPC), is the most widely used method for the determination of M and 

MMD of polymers. The most commonly used concentration detectors are differential 

refractive index (DRI) and ultraviolet (UV). 

The polymer solution is injected into a column. The stationary phase, viz. the column, 

is packed with porous particles of fairly defined pore sizes that are comparable to size of 

the polymer molecules. The SEC mobile phase, i.e. the eluent, is generally the same 

solvent as is used to dissolve the polymer. Furthermore, the eluent should be strong 

enough to prevent any adsorption of the polymer molecules on the stationary phase. As 

the polymer elutes through the column, the molecules that are too large to penetrate into 

the pores of the column, elute first. Smaller molecules can penetrate or diffuse into the 

large pore volumes and elute at a later elution volume (see Figure 3).  
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SEC separates polymers exclusively according to differences in molecular size in 

solution or more precisely, according to differences in their hydrodynamic volume (Vh) 

which is directly related to molar mass (M): 

Vh = [η] × M          (2.3) 

where [η] is the intrinsic viscosity and is related to molar mass according to the Mark-

Houwink (MH)35 equation: 

[η] = K × Ma          (2.4) 

Where K and a are the MH constants, which depend on temperature, solvent, polymer 

and molar mass.  

Since SEC is a relative and not an absolute technique for molar mass determination, 

columns must be calibrated with polymer standards of known M and narrow MMD. 

PSTY and PMMA polymer standards are used for the SEC. The conventional calibration 

method is the most frequently used method for column calibration by using SEC. 

However, the disadvantage of this method is that the obtained MMD are always relative 

to the polymer standards used for calibration. Therefore, the universal calibration method 

is used as a more accurate method to determine MMD for polymer samples whose 

chemistry and architecture may differ considerably from that of the polymer standards. In 

this case, SEC is coupled to an on-line differential viscometer for the direct determination 

of specific viscosity of the eluting polymer fractions. In combination with the 

concentration from the DRI-signal this can be converted into intrinsic viscosity. 

Application of the universal calibration curve then gives more relaible molar mass values 

for the unknown polymer than the standard calibration. However, this calibration method 

is experimentally more difficult to perform compared to conventional calibration, 

whereas the concentration of polymer in the injected sample and standard solutions must 

be accurately known. Besides being used for measuring MMDs, SEC can be used to 

compare relative molar mass differences between samples without column calibration.  
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Figure 3. SEC chromatogram shows the evolution of molar mass, for peak 1 and peak 2. The 
molar mass increases with the decreasing elution time or volum, respectively.  

 

In our study SEC was used to determine M and MMD of SAN and SMAh 

copolymers, as well as of the SAN-b-SMAh and P4VP-b-SAN block copolymers. Since 

these polymers are all STY copolymers, a PSTY calibration curve was used. Note that in 

the case of block copolymers the increase of molar mass relative to the starting block was 

of our main interest Since the SEC technique cannot be used to give any absolute proof of 

the existence of block copolymers, gradient polymer elution chromatography (GPEC) 

was used as an additional technique. 

 

2.5.2 Gradient Polymer Elution Chromatography (GPEC) 

High-performance liquid chromatography (HPLC), also referred to as GPEC,36 has 

been used intensively for selective separation and characterization of block and random 

copolymers.37 Separation of the polymers is based on differences in column interaction 
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(size exclusion and sorption), but also depends on the precipitation and redissolution 

mechanism as the eluent composition changes gradually in time.  

The composition of the mobile phase (eluent) is varied throughout the separation 

providing a continuous increase in solvent strength. The starting eluent is often a non-

solvent for at least part of the injected polymer. Thereby the polymer is precipitated and 

retained on the column. Each polymer redissolves during the solvent gradient at an eluent 

composition that depends on its chemical structure and to some extent on its molar mass. 

Subsequently, when the eluent strength of the mobile phase is sufficiently strong to 

compensate adsorption of the polymer on the column (stationary phase), the polymers are 

eluted in a characteristic solvent/non-solvent composition.  

Detection of the GPEC signal is restricted to only a few detector types, such as UV 

absorption and evaporative light scattering detection (ELSD). Although ELSD is very 

easy to use, quantification is more complicated than with UV due to its non-linear 

response characteristics.38 Furthermore, ELSD response depends on eluent composition 

and polymer type. Like in SEC, the retention axis must be calibrated with standards of 

known composition in order to obtain the final chemical composition distribution.  

In this study, P4VP homopolymers and SAN and SMAh copolymers of a narrow 

molar mass distribution and of known chemical composition distribution, synthesized by 

RAFT-mediated polymerization, were investigated together with well defined standards 

for the GPEC characterization. The overall chemical composition of SAN samples (ca. 

37 mol% of AN) was determined by IR. 

 

2.5.3 Matrix Assisted Laser Desorption/Ionization-Time Of Flight-Mass 

Spectrometry (MALDI-TOF-MS) 

Matrix Assisted Laser Desorption/Ionization-Time Of Flight-Mass Spectrometry 

(MALDI-TOF-MS) is an absolute method used in general to determine the molar mass of 

polymers, and more specifically to characterize copolymers.39 MALDI-TOF-MS is a soft 

ionization technique coupled to a time-of-flight type mass spectrometer, which in 
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principle is unlimited in mass range, although in practice molar mass exceeding ca. 

20x103 g/mol are difficult to characterize. The sample is pre-mixed with a suitable 

matrix, and optionally a salt, to form a homogeneous blend and then is irradiated with a 

short UV (337 nm) or IR laser pulse that energizes the matrix. Transfer of energy from 

the matrix will bring the solid material into the gas phase and result in its ionization. 

Subsequently, the ionized polymers are separated on the basis of mass over charge ratio 

(m/z). The majority of the synthetic polymers require the addition of a salt e.g. K, Na, 

Ag-salt to the polymer-matrix mixture for effective addition of ions to the polymer. 

Although, relatively polar polymers can easily be ionized, even if salts are not added to 

the matrix.40,41 

The time after which a molecule is detected, which is equal to time of flight, is 

proportional to its molar mass (see Figure 4). Note that all masses are detected in a few 

microseconds. The instrument can be operated in the linear and in the reflector mode. 

When the instrument is used in the reflector mode, the path-length for ions is increased 

and high molar mass resolution can thus be achieved.  

 

 

Figure 4. MALDI-TOF-MS spectrum showing the evolution of molar mass which increase 

with the increase of flight time. 
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Analysis of the entire polymer ions with no or little fragmentation reveals information 

on the M and on the MMD. MALDI-TOF-MS spectra also contain information on the 

chain end groups,42,43 for homopolymer. Furthermore, MALDI-TOF-MS can be used to 

estimate the average chemical composition distribution and to determine the chain-length 

distribution of copolymers.43 However, this information is not the direct outcome of the 

analysis and can only be obtained by using e.g. specially developed software.44 With this 

software a full molar mass chemical composition distribution (MMCCD) of the 

copolymer, as well as its end group functionality, can be obtained from only one 

measurement. 

Low molar mass P4VP homopolymers, and SAN and SMAh copolymers synthesized 

by RAFT-mediated polymerization were analyzed by MALDI-TOF-MS in order to 

determine absolute molar masses and identify their end groups. Furthermore, an average 

chemical composition of SAN and of SMAh copolymer chains was also determined by 

using MALDI-TOF-MS. 

 

2.6 Conclusions 

The challenge is to control and alter the polymerization conditions to obtain polymers 

with well-defined molecular structures and desired properties, such as copolymers or 

block copolymers.  

It should be clear from the previous discussion that RAFT-mediated polymerization 

has an advantage to be used for the synthesis of targeted block copolymers which contain 

maleic anhydride moieties. 

In the work described in this thesis, SEC was extensively used to characterize 

copolymers and block copolymers in terms of molar mass and molar mass distribution. In 

order to prove that block copolymers were synthesized, GPEC analysis was utilized 

within this study. MALDI-TOF-MS was investigated as an alternative to determine an 

absolute molar mass for the low molar mass polymers. Moreover, MALDI-TOF-MS was 

used to assign the average chemical composition of copolymers, as well as to identify the 
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end functionality of the obtained polymers. In this specific case, SMAh, SAN and P4VP 

polymers of Mn ≤ 3x103 g/mol were analyzed. 
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Chapter 3  

Synthesis and Characterization of 

starting blocks carrying a RAFT 

group: SAN, SMAh and P4VP 

 

 

Abstract: Reversible addition fragmentation chain transfer (RAFT) mediated 

polymerizations were investigated by using cyano isopropyl dithiobenzoate (CIPDTB) 

and S-dodecyl-S’-(isobutyric acid) trithiocarbonate (DIBTTC) as chain transfer agents 

(CTAs). Initially, styrene (STY) was copolymerized with acrylonitrile (AN) at the 

azeotropic composition (63:37 mol/mol) by using both CTAs. Afterwards, the 

copolymerization of STY and MAh was carried out at close to equimolar amounts of 

these monomers (52:48 mol/mol), again by using both CTAs. The obtained SAN and 

SMAh copolymers of various molar masses were analyzed by size exclusion 

chromatography (SEC). Finally, the polymerization of 4-vinyl pyridine (4VP) was 

mediated by DIBTTC. The proof of the formation of P4VP homopolymer was obtained 

by using Matrix Assisted Laser Desorption/ Ionization-Time Of Flight-Mass 

Spectrometry (MALDI-TOF-MS). Furthermore, MALDI-TOF-MS was used to 

determine the average chemical composition of SAN and of SMAh copolymer chains. 

The end-functionalities of SAN, of SMAh and of P4VP polymers were also identified 

with MALDI-TOF-MS analysis.  
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3.1 Introduction 

Control over the molar mass distribution and over the end-functionalities can be 

obtained by performing living radical polymerizations (LRP).1 During the last decades, 

several LRP techniques have extensively been used, including Nitroxide Mediated 

Polymerization (NMP), Atom Transfer Radical Polymerization (ATRP) and Reversible 

Addition Fragmentation Chain Transfer (RAFT) mediated polymerization.  

All these three techniques i.e. NMP,2 ATRP3 and RAFT,4 have already been 

successfully applied to control the copolymerization of styrene (STY) and acrylonitrile 

(AN) at azeotropic conditions, in order to synthesize SAN copolymer. However, the 

NMP controlled polymerization of STY and AN up to high monomer concentration still 

remains a critical issue.  

The copolymerization of STY and maleic anhydride (MAh) with formation of an 

alternating SMAh copolymer5 has already been discussed by several researchers. The 

synthesis of STY and MAh copolymers by using NMP6,7 resulted in a final product which 

was not alternating because of the relatively high temperature, i.e. 120 °C, required for 

this polymerization. The use of ATRP for the copolymerization of MAh is prohibited, 

because MAh reacts rapidly with metal complexes and thus deactivates the ATRP 

catalysts.8 As a consequence, RAFT-mediated polymerization appears to be the best 

choice for the copolymerization of STY and MAh. RAFT-mediated polymerization 

allows the controlled alternating copolymerization and results in narrow molar mass 

distributions.9 Results obtained from 13C NMR-DEPT experiments confirmed the strictly 

alternating structure of STY and MAh within the SMAh copolymer, synthesized by 

RAFT-mediated polymerization carried out at room reaction temperature (22 °C), under 

γ-irradiation,10 as well as under UV irradiation.11  

The NMP12 and ATRP13,14 as well as RAFT-mediated15,16 homopolymerization of 4-

vinyl pyridine (4VP) has previously been reported.  
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Our final aim is to synthesize block copolymers, which consist of a SAN block and of 

either a SMAh or P4VP block by using the RAFT-mediated polymerization. It appears 

that RAFT-mediated polymerization is the most suitable LRP technique with respect to 

the MAh containing polymers. Before starting the synthesis of block copolymers, RAFT-

functional SAN, SMAh, P4VP starting blocks should be synthesized. Therefore, the 

RAFT syntheses of well-designed SMAh and SAN copolymers, as well as P4VP 

homopolymer, were carried out. The molar masses and molar mass distributions of the 

obtained polymers were analyzed by SEC and by MALDI-TOF-MS. The presence of 

RAFT-groups attached to the SAN, SMAh and P4VP polymer chain ends was identified 

by MALDI-TOF-MS analysis. The synthesis and the analysis of these polymers are 

presented in this chapter of the thesis. 

 

3.2 Experimental Section 

3.2.1 Materials 

Monomers: Styrene (STY, Aldrich, 99+%) was purified by filtration through a 

column filled with aluminium oxide (Al2O3, Aldrich, activated basic Brockmann I, 

standard grade, ca. 150 mesh). Acrylonitrile (AN, Aldrich, 99+%) was purified by 

filtration through a column filled with inhibitor remover for removing hydroquinone and 

monomethyl ether hydroquinone (Aldrich). Maleic anhydride (MAh, Aldrich, 99%, 

briquettes) was used as supplied. 4-vinyl pyridine (4VP, Aldrich, 99%) was distilled 

under reduced pressure (0.1 mbar) at 40 ºC.13 Solvents: toluene (Hi-DryTM, anhydrous 

solvent, Romil Ltd), butanone (Merck, 99%), 1,4-dioxane (Biosolve) and tetrahydrofuran 

(THF, Aldrich, AR) were used as received. Azo-initiators: α,α’-azobisisobutyronitrile 

(AIBN, Merck, >98%), 1,1'-azobis(1-cyclohexanecarbonitrile) (ACHN, Wako, >98%) 

and 4,4'-azobis(4-cyanovaleric Acid) (ACVA, Fluka, >98%) were also used as received. 

Cyano isopropyl dithiobenzoate (CIPDTB), and S-dodecyl-S'-(isobutyric acid) 

trithiocarbonate (DIBTTC) as chain transfer agents (CTAs) were prepared according to 

the literature.17,18 
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3.2.2 Synthetic Procedures 

Synthesis of Chain transfer agents (CTAs). The synthesis of cyano isopropyl 

dithiobenzoate (CIPDTB), as CTA1, depicted in Figure 1, was carried out according to 

the method of Le et al.17 and purified by liquid chromatography on a silica column using 

a mixture of solvents, such as pentane: heptane: diethyl ether (9:9:2). The product was 

dried under vacuum to provide a pink powder of ~ 95% purity, as estimated by both 1H 

NMR and LC-MS. 

S-dodecyl-S'-(isobutyric acid) trithiocarbonate (DIBTTC) indicated as CTA2, 

depicted in Figure 1, was synthesized according to the literature,18 and recrystallized 

from n-heptane. The recrystallized product was dried under vacuum to provide a yellow 

powder of ~ 95% purity, as estimated by LC-MS. 

 

 

Figure 1. Chemical structures of chain transfer agents (CTAs), where Z and R are the stabilizing 
group and the leaving group of the CTA, respectively. -S(S)C- is the thiocarbonyl thio moiety, 
which is the active RAFT moiety. Cyano isopropyl dithiobenzoate (CIPDTB or DTB), and S-
dodecyl-S'-(isobutyric acid) trithiocarbonate (DIBTTC or TTC) are indictaed as CTA1 and 
CTA2, respectively. 

 

3.2.2.1 Copolymerizations of STY and AN 

The SAN copolymerizations were carried out at temperatures ranging from 60 to 95 

°C (see entries 3-6 in Table 1) in order to obtain high molar mass SAN (Mn ≥ 15x103 

g/mol) (see Table 6).  
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A typical copolymerization of STY and AN was carried out as follows: CTA 1, 

CIPDTB (0.022 g, 9.95x10-5 mol) and azo-initiator AIBN (1.5 mg, 9.13x10-6 mol) were 

accurately weighed and then transferred to a 15-mL, three-necked, round-bottom flask 

equipped with a magnetic stirrer. Toluene (4.60 g) was added as a solvent, followed by 

the addition of monomers, STY (3.31 g, 31.7x10-3 mol) and AN (1.01 g, 18.8 x10-3 mol). 

After the reaction mixture was purged with argon for 45 min, an initial sample was 

withdrawn for gas chromatographic (GC) analysis. The flask with the reaction mixture 

was immersed in an oil bath which was kept at 70 °C (see entry 4 in Table 1). The 

reaction was carried out under an argon atmosphere. After 27 hrs the reaction was 

stopped by cooling down to room temperature (20 °C), and by exposing it to air. It was 

diluted 10 times with THF. 0.10 g of this diluted solution was transferred into a GC vial 

and further diluted with 1.00 g of THF. GC analysis of a sample dissolved in THF 

showed that the overall monomer conversion was 47%. The final reaction mixture was 

concentrated by evaporating solvent under vacuum, and then diluted with THF. The 

polymer solution was precipitated in an excess of methanol (5-fold volumetric excess 

with respect to the total polymer solution). The solution was left to settle for 1 h. The 

residue was filtered and dried for 2 days under vacuum at 30 °C. 100 mg of dried 

polymer was dissolved in 10 mL of THF. The sample was then passed over a 13 mm x 

0.2 µm PTFE filter and the solution was used for SEC analysis to determine the molar 

mass (Mn,SEC) and polydispersity index (PDI). The final copolymer, SAN4 had a Mn,SEC 

value of 21.3x103 g/mol and the PDI value was 1.14 (see Table 6).  
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Table 1. Syntheses of SAN copolymers of high molar mass (SAN 3-6) mediated by DTB or TTC 
functional CTA. Colymerizations were carried out in toluene. 

entry 
SAN 

CTA [STY] 
(mol/L) 

[CTA] 
(10-3 mol/L) 

reaction 
T(°C)     t (hrs)

conversion 
(%) c 

3 DTB (1) 3.04 5.16 60a 28 19 
4 DTB (1) 3.12 9.77 70a 27 47 
5 TTC (2) 3.34 5.79 70a 32 41 
6 TTC (2) 2.99 4.92 95b 21 87 

Notes: [AN] is not presented in the Table, since the SAN copolymerizations were carried out at the 
azeotropic monomer mixture of STY and AN (63 mol% of STY). Azo-initiator (In): a) AIBN, b) ACHN. 
[CTA]/ [In] = 10, c) Overall conversion was determined by GC.  

 

Subsequently, experiments 7-9 were carried out in order to obtain low molar mass 

SAN (Mn ≈ 3000 g/mol). The CIPDTB and DIBTTC were used as CTAs (see Table 2). 

ACHN was used as azo-initiator for all experiments (7-9). The copolymerizations were 

carried out in toluene at 85 °C, following a procedure similar to the one explained above. 

The final reaction mixture of the copolymers was concentrated under vacuum. The 

polymer solution was precipitated in an excess of cold n-heptane (2-3 fold volumetric 

excess with respect to the total polymer solution). After decantation and filtration, the 

copolymer was dried for 2 days under vacuum at 30 °C, to obtain low molar mass SAN 

copolymers, referred to as SAN 7-9. 

 

Table 2. Syntheses of SAN copolymers of low molar mass (SAN 7-9). Copolymerizations were 
carried out at 85 °C in toluene. 

entry 
SAN 

CTA [STY] 
mol/L 

[CTA] 
(10-2 mol/L) 

time 
(hrs) 

conversion 
(%)c 

7 DTB (1) 3.03 10.2 19 72 
8 TTC (2) 3.31 9.25 23 82 
9 TTC (2) 2.93 8.42 6 37 

Notes: [AN] is not presented in the Table, since the SAN copolymerizations were carried out at the 
azeotropic monomer mixture of STY and AN (63 mol% of STY). ACHN was used as an azo-initiator (In), 
[CTA]/ [In] = 10. Average conversion was determined by GC. 
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3.2.2.2 Copolymerizations of STY and MAh 

First, CTA 2 i.e. DIBTTC (0.507 g, 1.39 mmol) and ACHN (0.022 g, 9.01x10-2 

mmol) were accurately weighed and then transferred into a 100-mL three-necked, round-

bottom flask equipped with a magnetic stirrer (see entry 10 in Table 3). The monomers 

MAh (7.630 g, 7.78x10-2 mol) and STY (8.920 g, 8.58x10-2 mol) were added to 30 g of a 

70:30 (w/w) solvent mixture of 1,4-dioxane and toluene. The monomer concentration 

was limited to 1.5 mmol/mL in view of the high viscosity of the polymer solution. After 

the reaction mixture was purged with argon for 45 min, an initial sample was removed for 

GC analysis. The flask with the reaction mixture was immersed in an oil bath which was 

kept at 85 °C. The reaction was carried out under an argon atmosphere. The conversion 

of STY was determined by GC. After 7 hrs of reaction, almost complete conversion was 

reached. The final reaction mixture was concentrated by evaporating the solvent under 

vacuum. The concentrated reaction mixture was diluted with THF. Finally, the polymer 

was separated from the solvent by precipitation in an excess of cold iso-propanol (5-10 

fold volumetric excess with respect to the total polymer solution). After decantation and 

filtration, the resulting polymer was dried for 2 days in a vacuum oven at 30 °C. A 

sample was prepared for SEC analysis as described in Section 3.2.3.1. The final 

copolymer referred to as SMAh10 had a Mn,SEC value of 13.1x103 g/mol and a PDI of 

1.14 (see Table 8).  

 

Table 3. SMAh copolymerization was carried in a 70:30 (w/w) solvent mixture of 1,4-dioxane 
and toluene. 

entry 
SMAh 

CTA [STY] 
(mol/L) 

[CTA] 
(10-2 mol/L) 

reaction 
T (°C)  t (hrs) 

conversion 
(%)c 

10 TTC (2) 1.63 2.64 85b 7 100 
11 DTB (1) 1.00 1.10 70a 12 80 
12 TTC (2) 1.30 5.70 85b 7 100 
13 DTB (1) 1.35 3.12 70a 7 62 
14 DTB (1) 1.08 7.55 70b 12 62 

Notes: [MAh] is not presented in the Table, since [STY]≈[MAh]. Azo-initiator: a) AIBN and b) ACHN, 
[CTA]/[In] = 10. c) Conversion of STY was determined by GC, using toluene as internal standard. Note 
that the conversion MAh is assumed to be the same as STY, since SMAh copolymer is alternating.  
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3.2.2.3 Homopolymerization of 4VP 

DIBTTC (2.000 g, 5.48 mmol) and azo-initiator ACVA (0.324 g, 1.16 mmol) were 

accurately weighed and transferred into a 25-mL three-necked, round-bottom flask 

equipped with a magnetic stirrer, and dissolved in a mixture of toluene and ethanol 

(63:37 w/w, 8.8 g) followed by the addition of monomer 4VP (4.590 g, 4.37x10-2 mol). 

Subsequently, the reaction mixture was stirred and degassed with argon for 45 min until a 

completely homogeneous solution was obtained. An initial sample (100 mg) was 

removed for GC and SEC analysis. The flask with the reaction mixture was immersed in 

an oil bath which was kept at 67 °C. The polymerization was carried out under an argon 

atmosphere. After 24 hrs the reaction was stopped by cooling down to 20 °C and 

exposing it to air. The conversion of 4VP was almost complete (see entry 17 in Table 4), 

as determined by GC, using toluene as internal standard. The final reaction mixture was 

diluted with toluene (1-fold volumetric excess with respect to the total polymer solution) 

and precipitated in pentane. The precipitated polymer was then dried for 2 days under 

vacuum at 40 ºC. 5 mg of the final dry polymer was dissolved in 5 mL THF and 

transferred into a vial for SEC analysis. MALDI-TOF-MS analysis was also performed 

using a similar solution of the polymer in THF (1 mg/mL). The Mn value of the final 

polymer P4VP17 was 1.2x103 g/mol (see Table 9). 

Table 4. Homopolymerization of 4VP in the presence of DIBTTC. Polymerizations were carried 
out in solvent mixture of toluene and ethanol (63/37 w/w), or in bulk. 

entry 
P4VP 

[4VP] 
(mol/L) 

[CTA]0 
(10-1 mol/L) 

azo-
nitiator 

reaction 
T (°C)  t (hrs) 

conversion 
(%) 

15 8.45 0.92a AIBN 67 8 86 
16 8.70 4.15 a ACVA 67 28 100 
17 3.14 3.95 ACVA 67 24 100 
18 3.14 3.85 ACVA 80 23 100 
19 3.14 3.90 ACHN 80 24 100 
20 2.91 6.90 ACVA 67 24 100 

Notes: For all reactions [DIBTTC]/[azo-initiator] = 4.75. a) The polymerization P4VP15 was carried out 
under bulk conditions, due to the sufficient amount of 4VP to dissolve DIBTTC. Conversion was 
determined by GC using toluene as reference standard. 
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3.2.3 Analysis and Measurements 

3.2.3.1 Determination of Conversion and Molar Mass Distribution 

Monomer conversion was determined by gas chromatography (GC). A Hewlett-

Packard (HP-5890) GC, equipped with an AT-Wax capillary column (30 m × 0.53 mm × 

10 μm) was used. Toluene was employed as the internal standard. The GC gradient 

which was used is given in Table 5. 

 

Table 5. GC temperature gradient 

Temperature ( °C) 40 110 230 
Time ( min) 5 0 2 
Rate (°C / min) 10 25 - 
 

Molar mass (Mn,SEC) and polydispersity index (PDI) were measured by size exclusion 

chromatography (SEC), at ambient temperature using a Waters GPC equipped with a 

Waters model 510 pump and a model 410 differential refractometer. Tetrahydrofuran, 

THF (Biosolve, stabilised with BHT) with 5 wt% of acetic acid119 was used as the eluent 

at a flow rate of 1.0 mL/min. A set of two mixed bed columns (Mixed-C, Polymer 

Laboratories, 30 cm, 40 °C) were used. Calibration was carried out using narrow molar 

mass distribution polystyrene (PSTY) standards ranging from 600 to 7 × 106 g/mol. The 

molar masses were calculated using the PSTY calibration curve. Samples were filtered 

over a 13 mm x 0.2 µm PTFE filter, PP housing, Alltech. Data acquisition and processing 

were performed using Waters Millennium32 (v3.2 or 4.0) software. 

 

3.2.3.2 Matrix Assisted Laser Desorption/ Ionization–Time Of Flight–Mass 

Spectrometry (MALDI-TOF-MS) 

MALDI-TOF-MS analysis was carried out using a Voyager DE-STR from Applied 

Biosystems. The matrix trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] 

malononitrile (DCTB) was synthesized according to literature procedures.20 Potassium 
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trifluoroacetate (KTFA, Aldrich, >99%) was added as the cationic ionization agent. The 

matrix was dissolved in THF at a concentration of 40 mg/mL. The KTFA salt was added 

to THF at typical concentrations of 1 mg/mL. Polymer was dissolved in THF at 

approximately 1mg/mL. In a typical MALDI-TOF-MS analysis the matrix, salt and 

polymer solution were premixed in a ratio of 10:1:5. The premixed solutions were hand 

spotted on the target and left to dry. Spectra were recorded in both the linear mode and 

reflector mode. Additionally, data obtained from the end-functional samples, and the 

synthesized copolymers were analyzed using in-house developed software.21 

 

3.2.3.3 Elemental analysis 

Elemental analysis was carried out by using a Perkin Elmer 2400 CHN analyzer. All 

samples were measured in duplicate. 

 

3.3 Results and Discussion 

In order to promote the adhesion between ABS and a copper coating, well-defined 

block copolymers consisting of a SAN block and a polar block, i.e. either SMAh or 

P4VP, had to be synthesized by RAFT-mediated polymerization. The adhesive properties 

are expected to be connected to the block length (related to Mn) and polarity (MAh or 

4VP content). In order to synthesize each well-defined starting block, control of molar 

mass and of end-functionality is required. The presence of RAFT-functional groups at the 

chain end of the first block is crucial for the synthesis of the SAN-b-SMAh and SAN-b-

P4VP targeted block copolymers. That is why MALDI-TOF-MS was used to confirm the 

presence of these end groups. The synthesis, molar mass and end-functionally of the 

starting blocks will be discussed in the following sections of this chapter. 
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3.3.1 MALDI-TOF-MS and end groups 

The molar mass distribution can be determined by using SEC as well as by using 

MALDI-TOF-MS. The later is also an effective technique for end group analysis,22 

although it is limited to lower molar masses.  

The mass of a single charged copolymer chain analyzed by using MALDI-TOF-MS 

can be calculated by the following equation: 

M = [(mi × Mi) + (nj × Mj)] + E1 + E2 + M+   (3.1) 

where M is the predicted molar mass, Mi and Mj are the average masses of the 

repeating units, mi and nj are the number of repeating units in the copolymer chain, E1 

and E2 present the average masses of the end groups, and M+ is the mass of the 

cationization agent. Note that the mass of molecular ion obtained by mass spectrometry is 

expressed in amu, according to the IUPAC. The unified atomic mass unit is based on the 

mass of the isotope 12C which equals exactly 12 amu. Since we added a salt in order to 

perform MALDI-TOF-MS measurements, the mass of the cationization agent is known. 

Masses of the repeating units are also known. Using an in-house developed software 

tool,21 the mass spectrum of the copolymer can be simulated and subsequently be 

compared with the experimentally obtained spectrum.  

The mass spectra can also be represented as copolymer fingerprints by using in-house 

software developed by Willemse et al.21 Copolymer fingerprints, also called contour 

plots, are graphical representations which give an overview of the molar mass chemical 

composition distribution (MMCCD) of the copolymer. The contour plots also represent 

the intensity of the peaks.25 

A RAFT-mediated polymerization must be initiated by a source of free radicals. For 

example primary radicals •C6H10CN, derived from the azo-initiator ACHN used in the 

experiments described in this study. During the RAFT-mediated polymerization, radicals 

of the leaving group of the CTA, i.e. •R, initiate the majority of (co)polymer chains. In 

these situations, propagating polymer chains are initiated: 
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• either by the primary radical originating from the azo-initiator, e.g. •C6H10CN 

(In)  

• or by the radical originating from the leaving group of the CTA, i.e. •R . 

These polymeric radicals have the possibility to terminate: 

• with the RAFT agent (S(S)C-Z) or  

• with the same initiating groups (either R or In).  

Since our polymerization was mediated by a RAFT agent as CTA and consequently 

initiated by an azo-initiator, the following structures of the polymer chains are expected 

to be present in the polymerization mixture: 

Z-S(S)C---Pn----R        (F1) 

Z-S(S)C---Pn----In        (F2) 

R---Pn----R         (F3) 

R---Pn----In         (F4) 

In---Pn----In         (F5) 

where: Pn is the growing polymer chain. The Z and the R represent the active and the 

leaving group of the original RAFT agent (see Figure 1). The thiocarbonyl thio (S(S)C) 

moiety represents the active part of the RAFT group. The ‘In’ represents the primary 

radical which originates from the azo-initiator.  

The structures F1 and F2 are desirable polymer structures, since the active RAFT-

group i.e. Z-S(S)C is attached to the polymer chain end. These polymer chains are able to 

grow further upon addition of second monomer resulting in the possible formation of 

block copolymers. The structures F3, F4 and F5 are the results of termination reactions 

yielding dead polymer chains. These polymer chains cannot continue RAFT-mediated 

polymerization upon addition of monomer and a fresh amount of initiator. As a 

consequence, structures F1 and F2 should be favored whereas structures F3-F5 should be 

suppressed during and/or after the RAFT-mediated polymerization. Note that in reality, 

the termination process can never be completely avoided.23 In order to minimize the 
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termination reactions, the initiator concentration is kept low in comparison with the 

concentration of CTA.  

The presence of the end groups originating from the CTA, which are attached to the 

polymer chains, is very important in order to carry out the block copolymer synthesis. 

That is why MALDI-TOF-MS was used to determine whether these end groups were 

present or not.  

 

3.3.2 RAFT-functional SAN starting block 

The copolymerization of STY and AN was mediated either by CIPDTB or by 

DIBTTC as CTAs. As a result, each SAN polymer chain should consist of a certain 

number of nSTY and mAN monomer repeating units and should be end capped with the 

groups originating from the CTA. Moreover, the SAN copolymerization was carried out 

at the azeotropic mixture of STY and AN (63 mol% STY), which means that both 

comonomers were consumed with the same rate. As a result, the synthesized SAN 

copolymers should contain 37 mol % (20 wt%) of AN.  

Since a high molar mass SAN block was required for the final adhesion application 

(see Section 5.3.1), these copolymers were therefore synthesized. However, a detailed 

characterization of high molar mass polymer is rather cumbersome in view of the low 

concentration of the end-functionality, the presence of which is essential for the block 

copolymerization. That is why low molar mass SAN was subsequently synthesized. Its 

chemical composition, as well as its end-functionality can be analyzed by using MALDI-

TOF-MS (see discussion later in this section). 

 

3.3.2.1 Molar mass control of SAN 

The experimental data for the SAN copolymerization of different molar masses 

mediated by CTAs (DTB and TTC) are collected in Table 1 and Table 2. The 

experimental Mn values were determined by using SEC analysis relative to PSTY 

standards. The predicted Mn values were calculated by using eq. 2.1 (see Section 2.4.2). 
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Note that a relatively low concentration of azo-initiator was used, in order to obtain 

approximately all polymer chains end capped with the RAFT group and to minimize any 

termination reactions. That is why the initiator-derived polymer chains produced during 

the RAFT-mediated polymerization (see Section 2.4.1) were not taken into account in eq. 

2.1. As a result of the performed controlled RAFT-mediated polymerizations, SAN 

copolymers of both low (referred to as SAN4-6) and high molar mass (referred to as 

SAN7-9) were obtained (see Table 6). 

 

Table 6. Molar masses and polydispersity indexes (PDIs) of SAN copolymers of high (SAN 3-6) 
and of low molar mass (SAN 7-9) 

obtained 
polymer 

end 
group 

overall 
conv, % 

Mn,calc    Mn,SEC 
  (103 g/mol) 

 
PDI 

SAN3 DTB 19 15.6 15.9 1.19 
SAN4 DTB 47 20.5 21.3 1.14 
SAN5 TTC 41 32.7 29.8 1.21 
SAN6 TTC 87 71.9 74.6 1.22 
SAN7 DTB 72 3.2 3.1 1.13 
SAN8 TTC 82 4.3 4.6 1.12 
SAN9 TTC 37 2.1 2.2 1.15 

Notes: for the experimental details see Table 1 and Table 2. Mn,SEC is the molar mass determined by SEC 
using the PSTY standards. Mn,calc is the calculated Mn according to eq. 2.1 (see Chapter 2). 

 

Initially, experiment 3 was carried out at a relatively low temperature, i.e. 60 °C. Only 

19% overall monomer conversion was reached after 28 hrs due to a low rate of 

polymerization. There is a good agreement between the experimental value, Mn,SEC = 

15.9x103 g/mol and the predicted molar mass value, Mn,calc = 15.6x103 g/mol. The 

reaction temperature was increased in experiments 4-6 in order to increase the monomer 

conversion. In that way, a higher molar mass of the resulting polymer can be expected. 

Indeed, the obtained results from experiments 4-5 point to a monomer conversion of 47% 

and of 41%, respectively. These experiments were carried out at 70 °C. When the 
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temperature was further increased to 95 °C in experiment 6, even higher monomer 

conversion (87%) was obtained. In this specific case, the reaction mixture became 

viscous at high monomer conversion. However, still a good control of the polymerization 

was maintained. The content of AN in the high molar mass SAN copolymer, SAN6 was 

expected to be ca. 20 wt% (37 mol%), which was confirmed by elemental analysis. This 

result indicates that a composition drift did not occur during the RAFT-mediated SAN 

copolymerization. A SAN copolymer of a high molar mass i.e. Mn = 74.6x103 g/mol was 

obtained. The SEC chromatograms (DRI traces) point to a monomodal molar mass 

distributions (see Figure 2). The PDI value is well below the theoretical lower limit of 

1.50 for a conventional free radical polymerization (see entry 6 in Table 6). 

 

 

Figure 2. SEC chromatograms (DRI traces) for SAN samples obtained in experiment 6. The 
reaction was carried out at 95 °C using DIBTTC (1.03 x 10-3 M) as CTA2. [STY] ≈ 3.0 mol/L, 
[AN] ≈ 1.8 mol/L. For more experimental details see Table 1 (entry 6). The conversion 
increases from 7, 25, 49 to 87 % after reaction times of 4, 9, 12 and 21hrs, respectively. Mn,SEC 
= 74.6x103 g/mol and PDI = 1.22. 
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Furthermore, Figure 3a and Figure 3b clearly demonstrate that the molar mass (Mn) 

increases linearly with the monomer conversion for both low and high molar mass SAN 

copolymer, respectively. It can be readily concluded that both polymerizations had a 

living character. There is good agreement between the calculated and the experimental 

Mn. The predicted Mn value was calculated by using eq. 2.1 (see Chapter 2), whereas the 

experimental Mn value was measured by using SEC. Figure 3a also shows that the PDI 

value decreases with increasing monomer conversion.  

 

 

Figure 3. Number average molar masses (Mn) and PDI as a function of conversion for the SAN 
copolymerization, a) of high (SAN4 and SAN6) and b) of low (SAN7 and SAN8) molar 
masses using CIPDTB (open symbols) or DIBTTC (closed symbols), as CTAs. Straight lines 
represent the molar mass values calculated with e.q. 2.1. 

 

To conclude, well-defined SAN random copolymers of both high (SAN 3-6) and low 

(SAN 7- 9) molar masses were obtained. 
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3.3.2.2 Chain end-functionality and chemical composition of low molar mass 

SAN characterized by MALDI-TOF-MS 

Low molar mass SAN copolymers were analyzed by MALDI-TOF-MS in order to 

identify their end groups and to assign their average chemical compositions. For all 

MALDI-TOF-MS experiments potassium trifluoracetate (KTFA) was used as the cationic 

ionization agent. 

 

3.3.2.3 SAN end-functionalized with a DTB group 

Initially, the SAN copolymer named as SAN7 (see entry 7 in Table 6) was 

synthesized by using CIPDTB as CTA1 and was then analyzed by MALDI-TOF-MS. 

Figure 4a shows the MALDI-TOF-MS spectrum of the low molar mass SAN, end 

capped with the DTB group.  

The predicted spectrum (see Figure 4b) was simulated by using in-house developed 

software21 to enable comparison with the experimentally recorded spectrum. SAN 

copolymer chains with the expected end groups are assigned to peaks 1-3, and are 

presented in Table 6. 

The copolymer chains which carry both expected end groups originating from CTA1, 

that is to say the dithiobenzoate (C6H5CS2) and the cyano isopropyl (C3H6CN) (referred 

to as structures F1 in Section 3.3.1), are marked as peak 1. Note that these copolymer 

chains are cationized with potassium. The next most abundant series is marked as peak 2, 

which has two possibilities for the end group assignment:  

• Both expected end groups originate from CTA1 (referred to as structures F1 in 

Section 3.3.1), while the polymer chains are cationized with sodium (Na+), marked as 

peak 2 in Figure 4b and related to structure 2(a) in Table 7. Note that traces of sodium 

are always present as impurities in matrix, solvents, glassware.24 

• The dithiobenzoate (C6H5CS2) end group originates from CTA1 and the 1-

cyclohexanecarbonitrile (C6H10CN) originates from the azo-initiator (referred to as 
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structures F2 in Section 3.3.1). In this case, the polymer chains are cationized by K+ and 

related to structure 2(b) in Table 7. 

 

 

Figure 4. MALDI-TOF-MS spectrum for SAN copolymer end capped with the DTB group 
(SAN7), cationized with potassium. a) Experimental spectrum and b) Expansion of the 
MALDI-TOF-MS spectrum, between 2973 and 3251 amu: comparison between the 
experimental (recorded spectrum–on top) and the predicted (peaks 1-3) spectra. 

 

In order to confirm the assignment of peak 2, related to structure 2(a) in Table 7, the 

SAN polymer was analyzed with a sodium salt. Mixing the sample with Na-salt indeed 
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enhances the main peak assigning as Na+ cationized polymer chains. The obtained results 

confirm the presence of SAN polymer chains carrying end groups originating from CTA1 

and cationized with Na+. 

Peak 3 in Figure 4b can be assigned to a terminated polymer chain (as explained by 

structure F3 in Section 3.3.1) without any active RAFT-group present (see structure 3 in 

Table 7). These polymer chains represent dead polymer chains. The presence of other 

dead polymer chains, referred to as structures F4 and F5 in Section 3.3.1 could not be 

identified. This coincides well with the expectations, since the initiator concentration was 

indeed chosen to be almost 10 times as low as the CTA concentration, thus minimizing 

termination reactions by initiator fragmentation. 

 

Table 7. Peak assignment of the MALDI-TOF-MS spectra shown in Figure 4b. 

peak/ 
structure 

structure E1 E2 K+ Na+ 

1 F1 C6H5-CS2 C3H6CN + - 
2(a) C6H5-CS2 C3H6CN - + 
2(b) 

F2 
C6H5-CS2 C6H10CN + - 

3 F3 C3H6CN C3H6CN + - 
Notes: for the structures F1-F3 see Section 3.3.1 

 

The isotopic pattern of analyzed SAN copolymer is rather complex due to the 

difference of only 2 amu between the average masses of 2 AN units and 1 STY unit. In 

this specific case, it is difficult to determine the exact number of STY and AN repeating 

units. Therefore, the molar mass values calculated by using eq. 3.1 are not presented in 

Table 7. Nevertheless, one calculation for the main peak was presented as an example. 

This peak corresponds to polymer chains consisting of 18 STY and 10 AN repeating 

units, which are end capped with both expected groups originating from CTA1 (refers to 

peak 1 in Figure 4). 

MALDI-TOF-MS analysis was carried out with potassium (M+ = 39.098 amu). 

Knowing the masses of the repeating units (Mi = 104.15 amu for STY and Mj = 53.06 
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amu for AN), of the end groups (E1 =153.25 amu and E2 =68.1 amu) and the numbers of 

the repeating units (mi =18 and nj =10), the M value of a copolymer was calculated. The 

predicted M value calculated by using eq. 3.1 (2665.35 amu) coincides well with the 

experimental value of M, observed by MALDI-TOF-MS (2665.82 amu). Furthermore, 

Figure 5 illustrates the excellent agreement between predicted and calculated isotopic 

mass distribution for the SAN polymer chains. 

 

 

Figure 5. Detail of the MALDI-TOF-MS spectrum of sample SAN7, i.e. the main peak (peak 1 
in Figure 4) between 2658 and 2676 amu. Isotopic mass distributions: experimental (above) 
and predicted (below) for a copolymer chain containing 18 STY and 10 AN repeating units 
with the C6H5CS2 and C3H6CN expected end groups and cationized with potassium. 
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distribution (MMCCD) can be obtained.25 The obtained low molar mass SAN7 random 
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content.  
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Figure 6 shows a contour plot of sample SAN7 as a function of the molar mass and of 

the chemical composition. This plot is typical for a truly random copolymer, while a 

molar mass increases independently of the average chemical composition. The highest 

intensity is observed at an M value of 2.6x103 amu and at an AN composition of 37 

mol% which indicates that no composition drift occurs. The average chemical 

composition (STY:AN = 63:37 mol/mol) is in excellent agreement with the average 

composition based on the recipe and remains constant throughout the polymerization. 

 

 

Figure 6. Contour plot of sample SAN7, representing the molar mass of the copolymer as a 
function of the fraction of AN (mol%) present in the copolymer. 
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as structures F1 in Section 3.3.1), see Figure 7. In this case, the explanation of the peak 

assignment is similar to the one given for the SAN copolymer end-functionalized with 

the DTB-group (see Section 3.3.2.3). It is important to mention that peaks assigned to 

polymer chains without any RAFT group (referred to as F3 in Section 3.3.1) were also 

identified for the SAN copolymer bearing the TTC-group. In addition to these expected 

assignments, a peak assigned to the C12H25CS3-(STY-co-AN)-C3H6COOK polymer 

chains which are cationized with K+ (referred to as peak 4) can also be identified (not 

shown). In this specific case, the leaving group of the original RAFT agent is the 

C3H6COOH group. Since the MALDI-TOF-MS analysis was carried out in the presence 

of K-salts, then the proton of the COOH group could be exchanged with a potassium ion, 

resulting in the COOK group. That is why the additional peak, peak 4, arises in the 

analyzed MALDI-TOF-MS spectrum of SAN9 copolymer.  

 

 

Figure 7. Experimental (upper) and predicted (lower) MALDI-TOF-MS spectrum of SAN 
copolymer, end capped with a TTC group (Table 6, SAN9), cationized with potassium. 
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In summary, the SAN copolymers of both high and low molar mass were obtained. 

The evolution of the molar mass, the good agreement between experimentally observed 

and predicted Mn values, as well as low PDI values point to the controlled nature of the 

SAN copolymerizations mediated by using CIPDTB and DIBTTC as CTAs. Relatively 

high molar mass SAN copolymer i.e. Mn = 75x103 g/mol containing 37 mol% (20 wt%) 

of AN was obtained. This synthesis resulted in a high monomer conversion and the 

copolymer obtained had a narrow molar mass distribution. The low molar mass SAN 

copolymers were subsequently analyzed by MALDI-TOF-MS in order to determine their 

end group functionality and their molar mass chemical composition distribution. The 

presence of the expected end groups originating from the CTA (referred to as RAFT 

agent) was confirmed by using MALDI-TOF-MS. Therefore, the RAFT-functional SAN 

copolymer can subsequently be used as the macro-CTA for the chain extension reaction 

in order to verify its living character and to form block copolymers (see Chapter 4). 

 

3.3.3 RAFT-functional SMAh starting block 

The RAFT-mediated polymerization was applied to synthesize alternating SMAh 

copolymers. CIPDTB and DIBTTC were used as chain transfer agents (CTA1 and CTA2, 

respectively) (see Figure 1). Moreover, the SMAh copolymerization was carried out at 

close to equimolar amounts of STY and MAh (52:48 mol/mol). Note that the reactivity 

ratios for STY and MAh are lower than unity. As a result, the synthesized SMAh 

copolymer should have an alternating copolymer structure. MAh monomer has a 

nonvolatile character. The overall conversion was calculated from the amount of 

unreacted STY as determined by GC. It could be assumed that the reacted amount of 

MAh moles was equal to the amount of STY moles consumed during the reaction. As a 

consequence, each SMAh polymer chain should consist of an almost equal number of 

monomer residues. The SMAh molecules are expected to be end capped with the groups 

originating from the CTA i.e. the RAFT agent.  
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3.3.3.1 Molar mass control of SMAh 

The experimental data for the SMAh copolymerization of different molar masses 

mediated by CTAs (DTB and TTC) are collected in Table 3. The concentration of CTA 

relative to the concentration of azo-initiator was kept constant, i.e. [CTA]:[In] = 10:1 

(mol/mol). The molecular characteristics of all obtained SMAh copolymers are collected 

in Table 8. Note that the presence of the comonomer MAh instead of AN results in a 

somewhat faster polymerization for the SMAh system than for the SAN system.  

SMAh copolymers of different molar masses were synthesized. The Mn values 

experimentally observed correspond well with the Mn values calculated with eq. 2.1 (see 

Chapter 2) as presented in Table 8. Note that the value of the molar mass for SMAh14 

was also determined by using MALDI-TOF-MS which proved to agree well with the 

calculated value using eq. 3.1 (see later in this section). In addition, the PDI values of the 

obtained copolymers were low. The obtained results point to the controlled nature of the 

SMAh copolymerization.  

 

Table 8. Molar masses and polydispersity indexes (PDI) of SMAh copolymers  

obtained 
polymer 

end 
group 

Mn,calc    Mn,SEC 
  (103 g/mol) 

 
PDI 

SMAh10 TTC 12.27 13.08 1.14 
SMAh11 DTB 14.90 14.31 1.16 
SMAh12 TTC 4.86 5.51 1.17 
SMAh13 DTB 5.66 5.50 1.12 
SMAh14 DTB 1.92 1.93* 1.10 

Notes: For the data related to the polymerization conditions see Table 3. Mn,SEC is the molar mass value 
determined by SEC using the PSTY standards. Mn,calc is the predicted molar mass value calculated with eq. 
2.1. *-molar mass was also determined by MALDI-TOF-MS for sample SMAh14. 
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3.3.3.2 Chain end-functionality and chemical composition of low molar mass 

SMAh (SMAh-DTB) characterized by MALDI-TOF-MS 

Low molar mass SMAh copolymer, marked as SMAh14, and synthesized by using 

CIPDTB as CTA1, was analyzed with MALDI-TOF-MS to investigate the alternating 

structure of SMAh copolymer, as well as its end-functionality. The corresponding mass 

spectrum was interpreted in terms of numbers of comonomer units (STY and MAh) per 

polymer chain. Figure 8 shows the MALDI-TOF-MS spectrum of sample SMAh14.  

The molar masses of 104 for STY and of 98 for MAh are easily recognized in 

recorded MALDI-TOF-MS spectra (see Figure 8a). The most abundant peaks 

correspond to SMAh polymer chains end capped with cyano isopropyl (C3H6CN) and 

dithiobenzoate (C6H5CS2) end groups (referred to structures F1 in Section 3.3.1). These 

end groups originating from CTA1 are expected during/after the RAFT-mediated 

polymerization (see Figure 8a). Furthermore, Figure 8b shows a contour plot which 

represents numbers of monomer repeating units per SMAh polymer chain. The number of 

STY units (nSTY) is displayed on the x axis, and the number of MAh units (nMAh) is 

shown on the y axis. The chain length of the sample SMAh14 ranges from approximately 

6 to 16 STY and from 5 to 14 MAh monomer units. Note that the diagonal is a visual 

guide to show the nSTY = nMAh equimolar composition of STY and MAh. It can be easily 

recognized that the number of STY and MAh units is nearly the same, indicating the 

alternating structure of SMAh copolymer. The highest intensity is at about 10 STY and 9 

MAh units. As a consequence, the number of STY units is always one unit higher than 

the number of MAh units. In this case, additional information related to the terminal STY 

unit is deduced from this contour plot. The most plausible explanation for this 

observation is that the primary radical exclusively initiates STY and that the STY 

terminal radical26,27 mainly reacts with the RAFT-moiety, i.e. S(S)C-Z. This observation 

appeared to be in contradiction with earlier reports related to ESR measurements28 which 

were performed during the copolymerization of STY and MAh. In that case, by analyzing 

the intermediate radical it was concluded that MAh was exclusively attached to the 

RAFT-moiety (see Figure 9). 
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Figure 8. Sample of low molar mass SMAh14, Mn,SEC = 1927 g/mol, synthesized via RAFT-
mediated radical polymerization. a) MALDI-TOF-MS spectrum. b) Contour map showing the 
number of both STY and MAh units. 

 

This could only be true if all SMAh chains carried a MAh as the terminal unit, 

attached to the RAFT-moiety. However, STY at the terminal position also seems more in 

line with findings regarding the block copolymer synthesis using a SMAh macro-CTA 

(see Chapter 5). The SMAh starting block can smoothly be chain extended into the 

SMAh-b-SAN block copolymer (see Chapter 5) whereas using the SAN starting block, 

the efficiency of the chain extension into the block copolymer was lower, resulting in a 

bimodal molar mass distributions (see Chapter 4).  

Figure 9 shows the proposed structure of the SMAh polymer chain with the terminal 

STY unit attached to the RAFT moiety, as deduced from the MALDI-TOF-MS results of 

experiment 14. 
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Figure 9. Proposed structure for the SMAh polymer chain with the STY terminal unit. The 
SMAh polymer was synthesized via RAFT mediated polymerization in the presence of a CTA 
(for detail, see Figure 1). 

  

A comparison of the experimentally observed main peak and the predicted isotopic 

mass distribution is presented in Figure 10. An enlargement (see Figure 10b) of the 

selected part of the spectrum shown in Figure 10a, clearly illustrates that the isotopic 

patterns of experimental and predicted spectra of the main peak are in perfect agreement.  

Figure 10c shows a detail of the main peak assigned to the expected structure. In this 

specific case, the SMAh polymer chains consist of 9 STY and 8 MAh repeating units and 

are end capped with C3H6CN and C6H5CS2 groups originating from CTA1. The presence 

of other species, which could result from termination reactions (referred to structures F3-

F5 in Section 3.3.1), could not be detected. MALDI-TOF-MS analysis was carried out 

with the potassium salt (M+ = 39.098 amu). Knowing the masses of the repeating units 

(Mi = 104.15 amu and Mj = 98.06 amu), of the end groups (E1 =153.25 amu and E2 =68.1 

amu) and the numbers of the repeating units (mi = 9 and nj = 8), the predicted molar mass 

of a copolymer can be calculated using eq. 3.1. The calculated Mn value (1982.28 amu) 

and the Mn value experimentally observed by MALDI-TOF-MS (1982.57 amu) are in 

good agreement with each other.  

CH CH2 R
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C

S
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Figure10. The MALDI-TOF-MS spectrum of SMAh copolymer synthesized with CIPDTB as 
CTA1 (see SMAh14 in Table 3) and cationized with potassium. The main population of peaks is 
assigned to the SMAh polymer chains with C6H5CS2 and C3H6CN end groups originating from 
CTA1. a) Comparison between the experimental (upper) and predicted (lower) spectra b) 
Enlargement of these spectra between 1962 and 2115 amu. c) Detail of spectra between 1979 and 
1993 amu. Note the good agreement between the experimental (upper) and predicted (lower) 
spectra for the main peak with nSTY= 9. Note that A and B represent the MAh and STY units, 
respectively. 
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In summary, the presented results demonstrated that DTB and TTC RAFT agents 

could be successfully used for the synthesis of alternating SMAh copolymer. The 

presence of expected end groups, attached to the low molar mass SMAh polymer chain 

and originating from the RAFT agent, was identified by using MALDI-TOF-MS. The 

anticipated living characters of the RAFT-functional SMAh copolymers obtained can 

subsequently be investigated by performing the synthesis of block copolymers in solution 

and in aqueous dispersion29 (see Chapter 5 and Chapter 6). 

 

3.3.4 RAFT-functional P4VP starting block 

The first successful RAFT-mediated polymerization of 4-vinyl pyridine (4VP) has 

been reported by McCormic and co-workers.16 These authors reported the 

homopolymerization of 4VP by using cumyl dithiobenzoate (cumyl-DTB) as the CTA, 

and obtained good control over the molar mass. The polymerization was performed in 

bulk at 60 °C, achieving 85% conversion after 24 hrs. The molar masses were ranging 

from 8.2x103 g/mol to 30x103 g/mol. Nevertheless, an induction period was observed 

during these polymerizations, which is expected if cumyl-DTB is used.30  

In our experimental work, a trithiocarbonate (TTC) with an isopropyl carboxylic acid 

leaving group, i.e. DIBTTC, was used as the CTA for the RAFT-mediated 

polymerization of 4VP. Trithiocarbonates have previously been shown to be effective for 

the controlled polymerization of a variety of monomers.31,32 The first 4VP 

polymerization, experiment 15 (see Table 4), was mediated by DIBTTC as a TTC 

functional CTA, carrying out. The ratio between the CTA and the initiator concentration 

was 4.75, as suggested by McCormic and co-workers.16  After 8 hrs of reaction at 80 °C 

the monomer conversion was 86 %. The predicted molar mass calculated using eq. 2.1 

(see Chapter 2) was 8.66x103 g/mol (see Table 9). On the one hand, the Mn value 

experimentally determined with SEC as Mn,SEC = 5.78x103 g/mol was not in agreement 

with the predicted molar mass (for the explanation see next Section). On the other hand, 

the molar mass, experimentally determined with MALDI-TOF-MS as Mn = 7.72x103 

amu was much closer to the predicted molar mass. Note that MALDI-TOF-MS is an 
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absolute technique, where the molar mass of the polymer sample is not biased due to the 

low PDI. In this case, the comparison of the values of molar masses determined with 

MALDI-TOF-MS and those calculated by using eq. 2.1 shows a good agreement, which 

confirms the control over the polymerization of 4VP by using DIBTTC.  

Afterwards, the RAFT-mediated polymerization of 4VP by using DIBTTC was 

carried out at different temperatures, using azo-initiators ACVA and ACHN, see 

experiments 17-19 in Table 4. The concentration of monomer, of initiator and of the 

CTA remained constant (see Table 10). The choice of the azo-initiator and the reaction 

temperature combination was made on the basis of the half-life time of the initiator. 

ACVA has a half-life time of 1.16 hrs at 85 °C, whereas the half-life time of ACHN is 

longer (10 hrs) at similar temperature (88 °C).  

 

Table 9. Molar masses and PDIs for the P4VP homopolymers synthesized by DIBTTC. For more 
experimental details see Table 4 

entry 
P4VP 

Mn,calc    Mn,SEC 
  (103 g/mol) 

PDI 

15 8.7 5.8 a 1.28 
16 2.5 2.2 1.14 
17 1.2 1.2a 1.06 
18 1.2 n.d. n.d. 
19 1.2 n.d n.d 
20 0.8 0.8a 1.04 

Notes: For more experimental details see Table 4. Mn,calc represents Mn value calculated by eq. 2.1. Mn,SEC 
is the experimentally obtained Mn value. a) Mn for samples 15, 17 and 20 was also determined by MALDI-
TOF-MS. 

 

In the first place, the ACVA azo-initiator was used in order to perform experiments 

17 and 18. The reaction temperatures were 67 °C and 80 °C, respectively. A different 

conversion of 4VP was obtained after 2hrs of reaction (see entries 17 and 18 in Table 10) 

and no induction period was observed. The obtained conversions coincide well with the 

expectation for the polymerization kinetics.  
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In the second place, different azo-initiators, namely ACVA and ACHN, were used for 

the synthesis of P4VP at 80 ˚C, see experiments 18 and 19, respectively. Since the 

reaction temperature was the same, the half-life time of the initiators was different. The 

polymerization rate in experiment 19 was lower than in experiment 18, obtaining 8% vs. 

75% of 4VP conversion, respectively, after 2 hrs of reaction.  

In the third place, the ACVA and ACHN azo-initiators were used in experiments 17 

and 19. The reaction temperatures were 67 °C and 80 °C, respectively. However, the 

half-life times of initiators at the chosen polymerization temperatures were the same, i.e. 

about 10hrs. The 4VP conversion for experiments 17 and 19 after 2hrs of reaction were 

37% and 8%, respectively (see Table 10), indicating a low polymerization rate in the 

presence of ACHN initiator. It is important to mention that the obtained conversions were 

the same after 24hrs.  

 

Table 10. P4VP polymerization in the presence of DIBTTC, using different azo-initiators at 

different temperatures. The reactions were stopped after 24 hrs and complete conversion (100 %) 

was obtained. 

Entry Initiator Reaction 
temp(°C) 

Conversion 
after 2 hrs 

17 ACVA 67 37 

18 ACVA 80 75 

19 ACHN 80 8 

Note: For the molar mass characterization see Table 9. [4VP] = 3.47 mol/L, [In] = 8.95x10-2mol/L and 
[DIBTTC] = 0.425 mol/L 

 

For the performed experiments, complete conversion was obtained at the end of all 

polymerizations, after 24 hrs of reaction. P4VP polymers 17-19 were obtained, with the 

same Mn and low PDI (see Table 9). There was no significant influence of the initiator or 

the reaction temperature on the molecular characteristics of the obtained polymers.  
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3.3.4.1 Molar Mass of P4VP 

The molar masses of the obtained P4VP samples were experimentally determined by 

using both SEC and MALDI-TOF-MS. It is important to mention that THF with 5 wt% of 

acetic acid was used as the eluent for SEC analysis. 

The discrepancies between the predicted and the experimental Mn values determined 

by SEC, for P4VP with more than 20 units of 4VP, were obtained. The experimental 

molar mass value (Mn,SEC = 5.78x103 g/mol ) determined for sample PVP15 was lower 

than the predicted one (Mn,calc = 8.66x103 g/mol), indicating that the P4VP was retained 

by the column interaction. P4VP shows indeed a strong adsorption on the column,33 due 

to its high nitrogen contents. Additionally, P4VP is a poorly soluble in THF, which 

hampers its characterization by SEC. On the other hand, in our experiments, the majority 

of the synthesized P4VP samples (throughout experiments 16-20) did not have more than 

9 units of 4VP. For these samples SEC was successfully used to determine their molar 

mass values.  

Essentially, the values of molar masses determined by both SEC and MALDI-TOF-

MS, for experiments 16, 17 and 20 (see Table 4), coincide well with the predicted values. 

In addition, a low PDI value was obtained. Although various P4VP samples with 

different molar masses were prepared, two of those, marked as P4VP17 and P4VP20, 

were used for the chain extension with SAN (see Section 5.3.2 and Section 6.3.2.3, 

respectively). In order to synthesize well controlled block copolymers, it was important to 

verify the presence of the active end groups. That is why MALDI-TOF-MS analysis was 

carried out. 

 

3.3.4.2 Chain end-functionality of low molar mass P4VP (P4VP-TTC) 

characterized by MALDI-TOF-MS 

The end group characterization of the obtained P4VP17 was performed by using 

MALDI-TOF-MS. Since the nature of the matrix is often a key parameter in the study of 

polar polymers like P4VP, different matrices were tested.34 In the specific case of 
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P4VP17, a malononitrile matrix (DCTB) was found to be the most suitable one. MALDI-

TOF-MS analysis was carried out with a potassium salt as well as under salt-free 

conditions (no cations) since relatively polar polymers can easily be ionized even if no 

salts are added to the matrix.35,36 Note that no significant improvement was observed by 

using a silver salt, which is often used for the analysis of PSTY homopolymers and of 

STY copolymers.37 

Figure 11 shows the MALDI-TOF-MS spectrum of P4VP17. The peaks are well 

separated by 105 mass unit, which corresponds to the average molar mass of the 4VP 

repeating unit (105.14 amu). 

 

 

Figure 11. MALDI-TOF-MS of P4VP17, see entry 17 in Table 9. [Spectrum acquired in the 
Reflector Mode, Matrix: DCTB, by using potassium salt] 

 

Figure 12 represents an enlargement of the molar mass spectrum, presented in Figure 

11, in the range from 1406 to 1564 amu. The peaks assigned to the structure expected 

after RAFT-mediated polymerization (referred to structure F1 in Section 3.3.1) are 

certainly obtained by MALDI-TOF-MS analysis, as illustrated in Figure 12. The possible 

combinations of the end groups attached to the P4VP polymer chains, having 10 4VP 
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units and cationized with K+ or with H+, are listed in Table 11. The molar mass values 

listed in Table 11 show good agreements between the experimentally observed and the 

predicted M values calculated with eq. 3.1. 

 

 

Figure 12.  Enlargement of MALDI-TOF-MS spectra in Figure 11 of P4VP17, between 1406 
and 1564 amu. MALDI-TOF-MS analysis was carried out in the presence of the potassium salt. 

 

Each main peak, marked as peak 1 in Figure 12, corresponds to a P4VP polymer 

chain with S-dodecyl trithiocarbonate (C12H25CS3) and isobutyric acid (C3H6COOH) 

expected end groups originating from CTA2 and cationized with a proton (H+). This 

structure is referred to as structure 1 in Table 11. Even though the sample was analyzed 

in the presence of a potassium salt, the H+ cationized chains represented the most 

abundant peaks. 

The next most abundant series of peaks are assigned to a P4VP polymer chain 

cationized either with H+ or with K+. This peak has two possibilities for the end group 

assignment:  
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• Both expected end groups originate from CTA2 (referred to as structures F1 in 

Section 3.3.1), while the polymer chains are cationized with K+, marked as peak 2 in 

Figure 12 and related to structure 2(a) in Table 11.  

• The C12H25CS3 end group originates from CTA2 and the C6H8O2N originates 

from the azo-initiator (referred to as structures F2 in Section 3.3.1). In this case, the 

polymer chains are cationized by H+ and related to structure 2(b) in Table 11. 

For this reason a P4VP sample was analyzed only with the DCTB matrix (referred to 

as salt-free conditions). In this case, the main peak with the highest intensity 

corresponded to the H+ cationized chains (referred to as peak 1). Moreover, this peak was 

followed by the peak corresponding to the K+ cationized chains (referred to as peak 2) 

(Figure not shown). It is important to mention that traces of potassium can always be 

present as impurities in matrix, solvents, glassware etc.24 

The polymer chain initiated by the azo-initiator and terminated by the same group, or 

by the leaving group originating from CTA2, i.e. C3H6COOH (referred to structures F3-

F5 in Section 3.3.1) could not be detected in the recorded spectrum. The absence of these 

polymer chains indicated that dead polymer chains were not present. Furthermore, the 

P4VP functionalized by the TTC group is promising starting material for chain extension 

leading to block copolymer formations (see Section 5.3.2)  

 

Table 11. Peak assignment and predicted molar masses of the MALDI-TOF-MS spectrum shown 
in Figure 12 for the P4VP homopolymer chains (P4VP17) end capped with the end groups E1 
and E2. 

peak/ 
structure 

E1 E2 H+ K+ Mcalc
a           MMALDI

b 
            (amu) 

1 C12H25CS3 C3H6COOH + - 1416.02 1416.74 

2(a) C12H25CS3 C3H6COOH - + 1454.11 1454.75 

2(b) C12H25CS3 C6H8O2N + - 1455.06 1454.75 

Note: a) Mcalc value calculated with eq 2.1 and b) Experimental MMALDI value determined by MALDI-TOF-
MS. 
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There are still some remaining peaks which could not be assigned to one of the 

expected structures. These additional peaks probably originate from laser-induced 

fragmentation reactions during MALDI-TOF-MS analysis. However, these signals are of 

low intensity compared to the assigned signals which corresponded to the desired 

structures. 

In summary, there is an excellent agreement between the experimentally observed and 

the predicted isotopic mass distributions, which confirms that the P4VP polymer chains 

largely carry the RAFT moiety, referred to as P4VP-TTC. As a consequence, block 

copolymerization can be carried out in solution in order to investigate the living character 

of the RAFT-mediated polymerization by starting with the RAFT-functional P4VP block, 

see Chapter 5. Subsequently, the emulsion polymerization mediated by P4VP-TTC block 

can be carried out, see Chapter 6. 

 

3.4 Conclusions 

RAFT-mediated polymerization was successfully applied to synthesize SAN and 

SMAh copolymers with dithiobenzoate (DTB) and trithiocarbonate (TTC) functional 

CTAs. Well-defined SAN and SMAh copolymers of predetermined molar masses were 

obtained. A good agreement between the experimentally observed and predicted molar 

mass values was obtained, as well as low PDIs, which indicate the controlled nature of 

the polymerizations. Low molar mass copolymers were analyzed by MALDI-TOF-MS in 

order to identify their end-functionality. The average chemical compositions of the 

obtained copolymers were also determined by MALDI-TOF-MS. 

RAFT-mediated SAN copolymerizations were carried out at the azeotropic mixture of 

monomers, resulting in a SAN copolymer with an average AN composition of 37 mol%. 

The SAN polymer was end-functionalized with either a DTB or with a TTC end group 

(SAN-DTB and SAN-TTC, respectively), as was confirmed by MALDI-TOF-MS. Dead 

chains were also identified for both the SAN-DTB and SAN-TTC desired blocks.  
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Alternating SMAh copolymers were obtained by RAFT-mediated copolymerization 

of STY and MAh. The MALDI-TOF-MS analysis confirmed complete end-functionality 

of low molar mass SMAh copolymer with the DTB group. 

The polymerization of 4VP was mediated by S-dodecyl-S’-(isobutyric acid) 

trithiocarbonate (DIBTTC) as the CTA. The molar mass of the obtained P4VP-TTC was 

determined by both SEC and MALDI-TOF-MS. For the P4VP polymer of relatively high 

molar mass (Mn,SEC > 3.0x103 g/mol) a discrepancy between the predicted and 

experimentally observed Mn values determined by SEC were obtained, due to their poor 

solubility in THF and retaining by the column interaction. Nevertheless, the lower molar 

mass P4VP (Mn ≤ 1200 g/mol) could be analyzed by SEC without any problem. The 

presence of the expected TTC groups attached to the P4VP polymer chain ends was 

confirmed by MALDI-TOF-MS.  

The synthesized SAN, SMAh and P4VP polymers bearing RAFT-functionality can be 

applied as macro-CTAs for block copolymer syntheses. The syntheses of block 

copolymers will be discussed in Chapters 4, 5 and 6. 
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Chapter 4  

 

Chain extension of SAN via RAFT-

mediated polymerization 

 

Abstract: Reversible addition fragmentation chain transfer (RAFT)-mediated 

polymerization was successfully applied for the synthesis of poly(styrene-co-

acrylonitrile) (SAN) copolymers of predetermined molar mass and low polydispersity 

index. This SAN block, end-functionalized with a thiocarbonyl thio group, was used as 

macro chain transfer agent (macro-CTA), and further chain extended either with styrene 

(STY) or with an equimolar mixture of STY and maleic anhydride (MAh). The chain 

extension was studied using low and high molar mass versions of the SAN starting block. 

A significant influence of the molar mass of the SAN starting block on the efficiency of 

the block copolymer formation was observed. As compared with the SAN bearing 

dithiobenzoate functionality (SAN-DTB), the use of the low molar mass SAN (Mn ≈ 

3000 g/mol) end-functionalized with trithiocarbonate (SAN-TTC) as macro-CTA resulted 

in improved controlled of block copolymerization. Higher temperatures and the presence 

of a low concentration of azo-initiator further improved the efficiency of the chain 

extension of low molar mass SAN-TTC.  
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4.1 Introduction 

Block copolymers are examples of a class of materials, carefully tailored, with special 

designed architectures and well-defined polymer structures. The special designed block 

copolymers require a controlled way of polymerization, which is achieved by various 

methods, such as anionic, cationic, and more recently, living radical polymerization 

(LRP).1 During the last few decades, living/controlled radical polymerization techniques 

have been developed and were extensively used for the chain extension of functionalized 

polymers and for the synthesis of block copolymers.  

The block copolymer of poly(styrene) (PSTY) and poly(styrene-co-acrylonitrile) 

(SAN) has been successfully synthesized using TEMPO in Nitroxide Mediated 

Polymerization.2-5 Moreover, Matyjaszewski and co-workers6 reported the chain 

extension reaction of end-functionalized SAN synthesized by ATRP. SAN was 

successfully chain extended with other monomers, such as: styrene, n-butyl, tert-butyl, 

and glycidyl acrylate. We already mentioned, in Chapter 3, the drawbacks of ATRP and 

NMP polymerization techniques. Therefore, the RAFT-mediated polymerization appears 

to be the best choice for the formation of SAN-b-SMAh block copolymers. The RAFT-

mediated polymerization has already been employed for the synthesis of SAN 

copolymers.7 Successful synthesis of SAN and of SMAh copolymers mediated by 

dithiobenzoate (DTB) and by trithiocarbonate (TTC) was reported in Chapter 3. Anyhow 

to the best of the authors knowledge, the efficiency of block copolymer formation starting 

from SAN copolymers of high molar mass (Mn,SAN ≥ 20.0x103 g/mol) via RAFT-

mediated polymerization has not been reported. Therefore, the present chapter of the 

thesis reports about the application of SAN copolymers as macro-CTAs for the chain 

extension reaction to obtain SAN-b-SMAh block copolymers. The effects of reaction 

conditions on the chain extension of end-functionalized SAN are discussed. The chain 

extensions of low and of high molar mass SAN were described.  

The objective of the work described in this chapter was to elucidate the influence of: 
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• the active RAFT group attached to SAN copolymer and to look for possible 

differences between SAN-TTC and SAN-DTB, 

• the molar mass of the end-functionalized SAN, utilized as a starting macro-CTA 

and  

• the reaction temperature 

on the chain extension of SAN with STY or with an equimolar mixture of STY and 

MAh. 

On the basis of the results of this investigation, it should be possible to select 

conditions that result in an optimal efficiency of SAN-b-SMAh block copolymer 

synthesis mediated by a SAN starting block. The polymerization conditions and the 

requirements for the chain extension reactions are presented in this chapter of the thesis. 

 

4.2 Experimental Section 

4.2.1 Materials 

Materials, see Section 3.2.1 in Chapter 3. 

4.2.2 Synthetic Procedures 

The obtained SAN copolymers, end-functionalized either with the dithiobenzoate-

group (SAN-DTB) or with the trithiocarbonate-group (SAN-TTC), as described in 

Chapter 3, were utilized as macro-CTAs. The pure SAN product was dried and 

redissolved in toluene or in a mixture of toluene and butanone (70:30 w/w). The addition 

of butanone was required to solubilize the block copolymer, with SMAh as the second 

block. The desired monomers (STY or STY and MAh) were added and followed by the 

addition of azo-initiator. The azo-initiator, either α,α’-azobis(isobutyronitrile) (AIBN) or 

1,1'-azobis(1-cyclohexanecarbonitrile) (ACHN), was added to reinitiate 

copolymerization. SAN end-functionalized with DTB (SAN3, SAN4, SAN7) and with 
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TTC (SAN5, SAN6, SAN8-9) as listed in Table 1, were chain extended with STY or 

with an equimolar mixture of STY and MAh. 

 

Table 1. SAN copolymers end-functionalized with TTC or with a DTB-group, utilized as macro-
CTA  

polymer end group, 

functionality 

Mn,SEC 

(103 g/mol) 

PDI 

SAN3 DTB 15.9 1.19 

SAN4 DTB 21.3 1.14 

SAN5 TTC 29.8 1.21 

SAN6 TTC 74.6 1.22 

SAN7 DTB 3.1 1.13 

SAN8 TTC 4.6 1.12 

SAN9 TTC 2.2 1.15 

 

4.2.3 Chain extension of low molar mass SAN 

Low molar mass SAN end-functionalized with the DTB and with the TTC end group, 

referred to as SAN7 and SAN8-9, respectively, were firstly chain extended with STY. 

After the chain extension with STY, each product was chain extended with a close to 

equimolar mixture of STY and MAh (referred to as STY-alt-MAh, in the following part). 

 

4.2.3.1 Chain extension of low molar mass SAN with STY 

0.3 g (7x10-2 mmol) of the macro-CTA, SAN8 (Table 1), 1.2 mg (5x10-3 mmol) of 

azo-initiator (ACHN) and 1.53 g of toluene were stirred, at 20 °C in a 5 mL two-necked, 

round-bottom flask (see Table 2). After the mixture had become homogeneous, 1.59 g 

(15.3 mmol) of STY was added. The reaction mixture was purged with argon for 45 

minutes. After deoxygenating, the flask was immersed in an oil bath which was kept at 
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80 °C. The reaction was carried out under an argon atmosphere. Samples were 

periodically withdrawn from the reaction mixture in order to follow the monomer 

conversion and the evolution of the molar mass. Each sample was immediately diluted 10 

times with THF. The conversion of STY was determined by gas chromatography (GC). 

After 48 hrs, 42% STY conversion was obtained. The remaining sample was prepared for 

SEC analysis. The reaction was stopped after 48 hrs by cooling it down to 20 °C and by 

exposing it to air. The polymer was separated from the residual monomer and the solvent 

by precipitation in an excess of cold methanol. After decantation and filtration, the 

polymer was dried for 3 days in a vacuum oven at 30 °C. The resulting block copolymer 

SAN-b-pSTY35 had an Mn,SEC value of 14.8x103 g/mol and a PDI of 1.19.  

  

4.2.3.2 Chain extension of low molar mass SAN with STY and MAh 

Following the above procedure, the chain extension of low molar mass end-functional 

SAN was carried out to get block copolymers SAN-b-SMAh (40-42), see Table 3. The 

only differences were the monomer concentration and the solvent. Due to the high 

viscosity of the polymer solution, the monomer concentration was reduced from 3 mol/L 

(used for SAN-b-PSTY) to 1 mol/L (used for SAN-b-SMAh). A mixture of butanone and 

toluene (30:70 w/w) was used as solvent. Since SMAh is the second block, the polarity of 

the block copolymer is increasing. Therefore, a more polar solvent than toluene was 

required to keep the polymer in solution throughout the complete polymerization. Note 

that toluene is a good solvent for the starting block, SAN. In addition, toluene was used 

as internal standard for the GC analysis.  

The purification of these low molar mass block copolymers was similar to the 

purification of high molar mass block copolymers, see Section 4.2.4. 

 

4.2.4 Chain extension of high molar mass SAN 

High molar mass SAN end-functionalized with the DTB and with the TTC end group, 

referred to as SAN3-4 and SAN5-6 were chain extended with an equimolar amount of 
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STY and MAh resulting in the alternating SMAh block as the second block of the SMAh-

b-SAN block copolymer. 

 

4.2.4.1 Chain extension of high molar mass SAN with STY and MAh 

First, 1.00 g (0.05 mmol) of the macro-CTA of high molar mass, SAN4 (see Table 1), 

0.8 mg (5x10-3 mmol) of AIBN and 4.00 g of the solvent mixture of toluene and butanone 

(70:30 w/w) were mixed in a 10 mL Schlenk flask equipped with a magnetic stirrer bar. 

Then, the monomers STY (0.53 g, 5.1 mmol) and MAh (0.50 g, 5.1 mmol) were added 

(see Table 4). The reaction mixture was deoxygenated by three freeze-pump-thaw cycles. 

The flask was then placed in an oil bath which was kept at 60 °C for 40 hrs. The reaction 

was stopped by cooling it down to room temperature (20 °C) and by exposing it to air. 

GC analysis of a sample dissolved in THF showed that the overall monomer conversion 

was 40%. The reaction mixture was diluted with THF (2 times). The polymer was 

precipitated in an excess of cold iso-propanol (10-fold volumetric excess with respect to 

the total polymer solution). After decantation and filtration, the resulting polymer was 

dried for 3 days in a vacuum oven at 30 °C. The expected molar mass of the block 

copolymer was calculated on the basis of the ratio of converted monomer to macro-CTA 

(using eq. 2.2, see Chapter 2), referred to as Mn,calc. The block copolymer, SAN-b-

SMAh43 had an Mn,SEC value of 24.0x103 g/mol and a PDI of 1.35. The calculated value 

of the molar mass (Mn,calc) was 30x103 g/mol after 40% overall conversion.  

 

4.2.5 Analysis and Measurements 

• Monomer conversion was determined by gas chromatography (GC) for the 

synthesis of SMAh-b-SAN block copolymer, following the procedure described in 

Section 3.2.3.  

• Molar masses (Mn,SEC) and polydispersity indexes (PDsI) were measured by 

size exclusion chromatography (SEC), as described in Section 3.2.3. 
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4.3 Results and Discussion 

RAFT-mediated living polymerization requires that each polymer chain retains an 

active thiocarbonyl thio end group, i.e. the RAFT group.7-8 Obviously, only those macro-

CTAs with the RAFT groups at the polymer chain end can be chain extended into block 

copolymers.  

The challenge of the work presented in the current chapter, is to synthesize a block 

copolymer SAN-b-SMAh. This well-defined polymeric material may be useful as an 

adhesion promoting linker between a metal coating (copper) and the polymer substrate 

ABS (acrylonitrile-butadiene-styrene). For optimal adhesion promotion, the SAN block 

provides interaction (via entanglements) with the SAN matrix of the ABS substrate, 

provided that the AN content of the SAN block and of the SAN matrix are comparable.9  

The SAN-b-SMAh block copolymer could be synthesized via RAFT-mediated 

polymerization. 

 

4.3.1 Starting block. What is important for block copolymerization? 

Initially, well-defined SAN and SMAh copolymers of controlled molar mass were 

synthesized in the presence of a CTA (Section 3.4.2 and Section 3.4.3) via RAFT-

mediated polymerization. Their end-functionality originating from the CTA was 

identified by MALDI-TOF-MS analysis. Therefore SAN and SMAh copolymers can 

further be used as macro-CTA.  

Subsequently, the obtained copolymers were isolated from the polymer solution by 

precipitation, dried and then redissolved in a proper solvent. The desired monomers were 

added, and further reinitiated with a fresh amount of azo-initiator to start block 

copolymerization.10 The preparation of SMAh-b-SAN block copolymers can be 

approached from two directions, using SAN or SMAh as macro-CTA, followed by the 

addition of the appropriate monomers. Note that the block used as macro-CTA is 

indicated as the starting block. 
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The starting block (1 in Figure 1) is consisting of a RAFT (ZC(S)S) moiety, and the 

copolymer chain: SAN and/or SMAh (referring to Pn or Pm species). Propagating radicals 

(Pm
•) add to the C=S bond of the starting block (1), forming intermediate radicals. The 

labile intermediate radical (2) that is formed, dissociates into the starting materials (1) or 

into a dormant polymer species (3) and a growing chain Pn
•.  

 

 

Figure 1. Representation of the chain equilibrium of the RAFT mechanism for the block 
copolymer synthesis. The RAFT-moiety i.e. ZS(S)C remains, at the polymer chain end 
throughout the polymerization, where Z represents the active group of the original RAFT-agent 
(or the CTA). For more detail see Section 2.4.1 and 2.4.2. 

 

In our reaction, the intermediate radical (2), referring to as SAN-SC•(Z)S-STYn or 

SAN-SC•(Z)S-SMAh, is not symmetrical. It is important that the starting block acts as a 

better leaving-group (Pn
•) than the block formed in the second step (Pm

•). The starting 

block (SAN vs STYn, or SAN vs SMAh) should thus be chosen on the basis of its relative 

quality as a homolytic leaving group, capable of reinitiating further polymerization. Since 

our starting block (1) is copolymer material, SAN or SMAh, several parameters can 

influence the stability of the leaving polymer radical, and its reinitiating ability. The type 

of terminal unit within the starting block (STY or AN within SAN, and STY or MAh 

within SMAh), as the monomer unit attached to -C(S)SZ moiety, might play an important 

role during their extension to block copolymer.  

Our choice was to start with SAN as the starting block. SAN was subsequently 

extended with an equimolar amount of STY and MAh. In order to avoid the complexity 
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of two copolymer blocks, extension of the SAN starting block with STY was initially 

investigated.  

 

4.3.1.1 Verification of block copolymer formation 

As we described above, the active RAFT group has to retain at the polymer chain end 

of the starting block as the main requirement for its chain extension to block copolymers. 

Therefore, characterization of the starting block is a key parameter. MALDI-TOF-MS 

can be used to identify its end-functionality. However, MALDI-TOF-MS can not be used 

for the assignment of end groups for a polymer of higher molar mass.11 Nevertheless, 

evidence for the presence of the thiocarbonyl thio moiety (i.e. the RAFT moiety), as the 

active part of RAFT group, which is responsible for the living character of the starting 

block (of the low as well as of high molar mass), can be clarified using for example UV 

analysis. The RAFT-moiety absorbs in a wavelength range of 280-350nm. The STY 

monomer unit absorbs at a wavelength of 254 nm. The UV-spectrum of a DTB and of a 

TTC has a maximum absorption at a wavelength of 320 nm and 305 nm, respectively. In 

order to quantify the presence of the active group, the MALDI-TOF-MS and/or of the 

UV analysis, employed herein, in principle should be calibrated. However, the calibration 

was not accomplished. Therefore, it is not possible to quantify the amount of DTB or of 

TTC groups attached to the starting block. 

The living character of the starting block can subsequently be tested during the 

synthesis of block copolymers. To verify the complete transformation of the starting 

block into the block copolymer, their DRI and UV signal during SEC analysis are 

evaluated. The entire confirmation of successful block copolymerization is estimated 

combining results of SEC and of GPEC analysis. Note that more detail results of GPEC 

analysis will be discussed in Chapter 5. 

The block copolymer formation using SAN as the starting block will be discussed in 

the current chapter of the thesis. Before using the high molar mass SAN, it was important 

to test the living character and control of the polymerization when low molar mass SAN 

was employed as macro-CTA. 
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4.3.2 Chain extension of low molar mass SAN either with STY or with 

STY and MAh 

As described in Chapter 3, RAFT-mediated polymerization was successfully applied 

for the synthesis of SAN and SMAh with low PDI. We demonstrated that DTB and TTC, 

RAFT agents can be successfully used for the synthesis of SAN copolymer (see Section 

3.4.2). The presence of the expected end groups, attached to the low molar mass SAN 

copolymer chain, originating from a RAFT agent, was identified by MALDI-TOF-MS. 

The original RAFT-moiety retains at the SAN copolymer chain end. That is why these 

SAN copolymer chains are promising starting materials for chain extension leading to 

block copolymer formations. The RAFT functionalized SAN copolymer acts as a macro-

CTA. However, dead chains were identified for SAN-DTB as well as for SAN-TTC. 

Their presence can influence the living character of SAN polymer, as well as their 

complete transformation into the block copolymer. 

It is important to mention that the experimental Mn values were determined by using 

SEC analysis relative to PSTY standards. The predicted Mn values were calculated by 

using eq. 2.2 (see Section 2.4.2). The initiator-derived polymer chains produced during 

the RAFT-mediated polymerization (see Section 2.4.1) were not accounted in eq. 2.2.  

 

4.3.2.1 Chain extension of low molar mass SAN with STY 

The experimental data for the chain extension of low molar mass SAN with STY 

using different concentrations of azo-initiator and varying reaction temperatures are 

collected in Table 2. Block copolymers SAN-b-PSTY (30-39) were obtained. The molar 

mass and polydispersity index (PDI) of the obtained block copolymers (see table 2) show 

a significant difference in the chain extension for the reactions started with either DTB or 

TTC functional SAN. 
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4.3.2.2 Chain extension of low molar mass SAN-DTB with STY 

Initially, a dithiobenzoate end-functional SAN (SAN7) was utilized as macro-CTA to 

carry out experiments 30-33. Figure 2 shows the molar mass development as a function 

of conversion.  

The targeted molar mass of the first block copolymer SAN-b-PSTY (30) was 34x103 

g/mol. For this polymerization, the molar mass increases linearly with the conversion (see 

Figure 2), although it was significantly below the value calculated by eq. 2.2 (see also 

Table 2). It could be readily seen that the polymerization had a living character. The 

molar mass deviation for experiment 30 was certainly caused by the high initiator 

concentration used in this experiment. The PDI decreased with increasing monomer 

conversion (see Table 2). The evolution of molar mass and the PDI with conversion 

point to the controlled nature of the block copolymerization, although a significant 

fraction of the starting material was left at the end of reaction. 

The second block copolymer SAN-b-PSTY (31) of a higher molar mass, Mn,targ = 

60x103 g/mol was synthesized. Note that a high molar mass corresponds with a relatively 

low concentration of the macro-CTA, i.e. SAN-DTB. Figure 2 clearly demonstrates that 

the molar mass increases linearly with conversion, although it was below the value 

calculated by eq. 2.2. The deviation, between the experimentally observed molar mass 

value for SAN-b-PSTY31 and the theoretical value, increases with monomer conversion. 

This deviation can be explained either by side reactions or by some other event 

(discussed later in this chapter). There is a possibility for slow side reactions that may be 

responsible for the upper limit of molar masses that can be achieved in the chain 

extension reactions by RAFT-mediated polymerization. Nevertheless, the PDI value for 

SAN-b-PSTY31 decreased with increasing monomer conversion (see Table 2) indicating 

the living character of the polymerization. 
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Figure 2. Number average molar mass (Mn) as a function of conversion for the chain extension 
of low molar mass SAN with a DTB end group (SAN7). Solid lines with closed symbols ( ■ 
and ● for experiments 30 and 31, ▲ and ▼ experiments 32 and 33) represent Mn values 
calculated with eq. 2.2. Open symbols present experimentally observed Mn values (Mn,SEC) for 
the SAN-b-PSTY block copolymers, i.e.  for experiment 30, Ο for 31, Δ for 32 and ∇ for 
experiment 33. 

 

The molar mass distribution of SAN-b-PSTY31 analyzed by SEC is presented in 

Figure 3. A large fraction of the SAN starting block was remaining at the end of the 

polymerization process. This low molar mass fraction in the SEC chromatogram could be 

assigned to: 

• The starting SAN block, which does not contain an active RAFT group, i.e. dead 

SAN chains. Indeed, the presence of dead chains for SAN7 was identified by 

MALDI-TOF-MS.   

• The possibility that initiation of STY by SAN-radicals (SAN•) is slow compared 

to the propagation rate of STY. In this case some block copolymers are already 

formed, while other fractions are still waiting to add the first STY units to the 

macro-CTA. 
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Table 2. Block copolymers SAN-b-PSTY prepared from low molar mass SAN-based CTA 

entry temp 
(°C) 

time 
(hrs) 

macro 
CTA 

[CTA] 
(10-2 mol/L) 

[CTA]/[In] conv 
(%) 

Mn,calc Mn,SEC 
(103 g/mol) 

PDI 

5.0 12 7.0 6.6 1.33 

16.5 22 9.9 8.6 1.60 

30 85 

20.5 

1.39 2.6 

42 16.1 14.3 1.41 

5.7 17 12.4 8.2 1.76 

22.0 36 22.9 15.8 1.64 

31 90 

60.0 

0.79 7.3 

59 36.0 26.7 1.53 

5.7 9 8.4 8.4 1.34 

22.0 29 20.5 18.0 1.39 

32 90 

60.0 

0.74 41.0 

48 31.3 23.8 1.57 

5.0 21 15.2 19.1 1.50 

16.5 50 32.5 26.0 1.64 

33 85 

20.5 

SAN7 
 

0.74 0.7 

59 37.2 27.7 1.73 

5.0 3 5.2 5.6 1.15 34 90 

24.0 

2.39 21.8 

29 10.0 8.9 1.18 

16.0 18 8.21 10.4 1.16 35 80 

48.0 

2.12 13.2 

42 13.3 14.8 1.19 

16.0 33 57.6 40.8 1.38 36 80 

48.0 

SAN8 

0.27 3.2 

56 95.4 55.1 1.48 

5.0 13 5.0 5.1 1.19 37 90 

24.0 

2.42 14.7 

42 11.0 11.7 1.25 

16.0 26 8.0 8.6 1.17 38 85 

48.0 

1.95 18.0 

50 13.5 12.3 1.20 

16.0 23 16.2 15.1 1.18 39 85 

48.0 

SAN9 

0.71 7.8 

46 30.2 25.0 1.26 

Notes: In all experiments [STY] = 4.2 mol/L. All polymerizations were carried out in the presence of 
ACHN. The macro-CTA is the polymeric CTA, SAN copolymer functionalized with the end groups 
originating from the CTA either DTB or TTC (see Table 1). Synthesis and characterizations were 
described in Chapter 3. Mn,SEC is the experimental molar mass, measured by SEC, using the PSTY 
standards. Mn,calc is the predicted molar mass calculated with eq. 2.2  
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In order to evaluate the latter hypothesis, the results of the experiments 31-33 are 

discussed in more details. The formation of block copolymers with high molar mass has 

been carried out: 

• with different concentrations of the azo-initiator,  

•  at different reaction temperatures, verifying the influence of a relatively high 

reaction temperature, e.g. 90 °C (in experiments 31-32).  

The concentration of monomer and macro-CTA (SAN) were kept at the same value, 

i.e. [STY] ≈ 4.2 mol/L. The concentration of azo-initiator relative to the concentration of 

macro-CTA was varied (see Table 2). 

 

 

Figure 3. SEC chromatograms for the chain extension reactions of SAN-DTB (7) with STY, 
showing the evolution of molar mass of the obtained block copolymers 30-33.  

 

Figure 2 shows a deviation between the predicted and the experimental molar masses 

of block copolymers 31-33, which is more pronounced for the higher targeted molar 

mass. The deviation between predicted and experimentally observed molar masses 

indicates that the efficiency of the SAN starting block is lower when a higher molar mass 

of the block copolymer is targeted.12 Figure 2 shows the DRI traces from the SEC 
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analysis for block copolymers SAN-b-PSTY30-33. An increase of molar mass indicates 

that the SAN starting block was extended into the block copolymer. However, there is a 

strong tailing at the low molar mass side. Figure 3b shows an enlarged part of the SEC 

chromatograms of the block copolymers 30-33, focusing on the low molar mass range i.e. 

the polymer traces eluted between 15.5 and 18.5 mL. The results represented in Figure 

3b clearly demonstrate that the reaction temperature and the concentration of the azo-

initiator have an influence on the molar mass distribution of the block copolymer product. 

When a lower concentration of starting SAN block13 was used, the remaining traces at the 

low molar mass side of the SEC chromatograms rapidly diminished during the 

polymerization. Note that there is always some remaining SAN starting block present in 

the reaction mixture. In experiment 32 the lowest amount of the remaining material was 

observed, see Figure 3b. The reaction temperature of this experiment is 90 °C. The 

concentrations of azo-initiator and of macro-CTA used in experiment 32 are lower than 

the concentrations used for experiment 30, see Table 2. 

The results of the experiments 30-32 clearly demonstrate that high temperatures and 

lower concentration of the azo-initiator led to an improvement of the block copolymer 

formation by controlled radical polymerization. Figure 4 shows the evolution of molar 

mass with monomer conversion in experiment 32.  

UV traces at 320 nm for block copolymer formed in experiment 32 and for the SAN7 

starting block are shown in Figure 4b. The initial (SAN) trace is presented by the thick 

solid line. Entities eluting between 15 and 19 mL correspond to the starting SAN7 block. 

The presence of UV traces at 320 nm for these low molar mass fractions indicate that the 

active RAFT group is still present. Furthermore, a shoulder at the high molar mass was 

observed in the SEC chromatograms recorded with the DRI as well as with the UV 

detector (320 nm). Additionally, the experimentally observed molar masses deviate from 

the predicted values (see entry 32 in Table 2) caused by the high reaction temperature 

which increases side reactions, e.g. transfer to monomer and polymer.14 Probably, both 

the low and the high molar mass shoulder may be the result of bimolecular termination 

leading to an increase of the PDI from 1.32 to 1.57.  
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Figure 4. SEC chromatograms: a) the DRI signal scale to monomer conversion and b) the UV 
signal at a wavelength of 320 nm, for the chain extension reactions of SAN-DTB (7) with STY, 
[SAN]/[In] = 41 at 90 °C, (see entry 32 in Table 2). 

 

The DRI signal and the UV signal of the SEC chromatograms in Figure 4 indicate 

that most of the block copolymer chains in experiment 32 were indeed functionalized 

with the DTB-group and underwent subsequent addition of STY units. The presence of an 

active RAFT group in the low molar mass fractions can be attributed to the slow 

transformation of the SAN starting block into the block copolymer. It is felt that the 

phenyl group as the activating group in the starting RAFT-agent is the main reason for 

the partial extension of SAN-DTB into block copolymer. The phenyl substituent 

stabilizes the DTB intermediate radical by resonance, as depicted in Figure 5. The rather 

stabile radical will have a low tendency to fragmentation. This low tendency for 

fragmentation can be avoided by the use of an alternative RAFT-agent, e.g. a 

trithiocarbonate (TTC) carrying an aliphatic thio-alkyl activating group, i.e. S-dodecyl. 

The resonance delocalization does not occur in the TTC intermediate radical. The 

influence of the TTC group, which retains at the SAN chain end during the block 

copolymerization, will be discussed in the next section. 
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Figure 5. Resonance stabilization of the dithiobenzoate intermediate radical 

 

Rizzardo and coworkers15 have shown that TTCs are effective CTAs during the STY 

polymerization, and its subsequent chain extension. TTC chain transfer agents generally 

have a high transfer constant. The stability of the so called intermediate radicals of a TTC 

is lower as compared with a DTB based CTA.  

 

4.3.2.3 Chain extension of low molar mass SAN-TTC with STY 

The results of chain extension of a SAN starting block end-functionalized with TTC 

will be compared to the extension of a SAN-DTB starting block. To investigate the 

influence of the molar mass of the SAN-TTC starting block and the weight fraction of the 

RAFT-group (within the macro-CTA) on the chain extension of the SAN-TTC starting 

block, two SAN-TTC copolymers of different molar mass were used.  

The SAN copolymers of low molar mass, synthesized in the presence of DIBTTC 

(see Chapter 3) and presented in Table 1, are SAN8 and SAN9. SAN chains in SAN9 are 

shorter than in SAN8. As a consequence, the weight fraction of the RAFT-moiety in 

SAN9 is higher than in SAN8. 

The reaction conditions were the same as for the chain extension of SAN7. The molar 

masses and polydispersity indexes of block copolymers 34-39 are listed in Table 2. 

Figure 6 shows SEC chromatograms for the growing block copolymer, SAN-b-PSTY39, 

where the SAN9 starting block was utilized as the macro-CTA. Clearly, all 

chromatograms of SAN-b-PSTY39 show a single peak, without significant traces at the 

C
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low molar mass fraction. Note that Figure 6a and Figure 6b clearly show that there is a 

shift to higher molar mass, while monomer conversion is increasing. This increase of 

molar mass indicates a living character of the polymerization. Nevertheless, a small 

shoulder is present at very high molar mass, for chromatograms recorded with the DRI as 

well as with the UV detector. Since the shoulder is present in both signals, it is difficult to 

elucidate its origin. One of the possibilities to explain the high molar mass shoulder 

might be the chain transfer to polymer whereas the TTC moiety is still present.  

 

 

Figure 6. SEC chromatograms for the chain extension reactions of SAN-TTC (9) with STY for 
the experiment 39: a) the DRI signal and b) the UV signal recorded at a wavelength of 320 nm, 
[SAN]/[In] = 7.81 at 85 °C (see entry 39 in Table 2). 

 

Figure 6 clearly shows an increase of molar mass during reaction. Furthermore, the 

disappearance of the corresponding SEC signals of the starting macro-CTA, SAN-TTC 

(9), during reaction points to rapid and complete transformation of the starting block into 

growing polymer chains. Upon comparing PDI values of block copolymers SAN-b-PSTY 

(30-39) listed in Table 2, it is evident that lower PDI values are observed when SAN was 

functionalized with a TTC instead with a DTB. The PDI values for the chain extension of 

SAN-TTC are low, even when high molar mass of the final block copolymer is targeted, 
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e.g. Mn,targ ≈ 64x103 g/mol in experiments 35 and 39. Nevertheless, the PDI increases 

when very high molar mass values are targeted, e.g. Mn,targ ≈ 170x103 g/mol in 

experiment 36.  

The experimental results collected in Table 2 illustrate that there is an influence of 

the molar mass of the SAN starting block on the block copolymerization. There is better 

agreement between predicted and experimental molar masses for the obtained block 

copolymers mediated by SAN9 (Mn = 2.2x103 g/mol) than for those mediated by SAN8 

(Mn = 4.6 x103 g/mol), compare entries 37-39 with entries 34-36, respectively. 

 

4.3.2.4 Chain extension of low molar mass SAN with STY and MAh 

The vast majority of SMAh copolymer, synthesized via RAFT-mediated 

polymerization in the presence of DTB, carries STY terminal chain ends (see Section 

3.4.3.2).16 Therefore, the chain extension of SAN with STY and MAh was expected to 

proceed as a controlled radical polymerization, similar to the controlled STY 

homopolymerization. The polymerization conditions and the type of the SAN starting 

block for the synthesis of SAN-b-SMAh block copolymers were similar to those for 

SAN-b-PSTY. The experimental data, molar masses and polydispersity indexes are 

collected in Table 3. The targeted molar masses of block copolymers from experiments 

40-42 were rather similar, due to a fairly constant ratio between the concentration of 

monomers and the concentration of the macro-CTA. The reaction temperature was 85 °C 

and the azo-initiator concentration was kept constant relative to the macro-CTA 

concentration. The conversion was calculated from the amount of unreacted STY as 

determined by GC. Since MAh monomer has a nonvolatile character and since its 

copolymerization with STY (1mol STY : 1mol MAh) is alternating, it can be assumed 

that the amount of reacted moles of MAh is equal to the amount of reacted moles of STY. 

The presence of the comonomer MAh results in a somewhat faster polymerization. The 

block copolymerization yields high conversions already after 8 hrs of reaction time, 

achieving more than 90% overall conversion. Predicted molar mass values agree with the 
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experimentally observed molar mass values, see Table 3. The molar mass values increase 

linearly with conversion (Figure not shown). 

 

Table 3. Syntheses of SAN-b-SMAh block copolymers at 85 °C mediated by the low molar mass 
DTB or TTC functional macro-CTAs (SAN 7-9). 

entry time 
(hrs) 

macro 
CTA 

[CTA] 
(10-2 mol/L) 

conv 
(%) 

Mn,calc    Mn ,SEC 
(103 g/mol) 

PDI 

5.0 68 7.0 6.5 1.41 

16.5 91 8.3 7.6 1.44 

40 

20.5 

SAN7 3.49 

93 8.4 7.0 1.60 

8.0 88 11.8 10.9 1.23 41 

24.0 

SAN8 2.49 

94 12.3 10.9 1.28 

8.0 93 6.0 6.0 1.20 42 

24.0 

SAN9 4.55 

98 6.2 6.3 1.19 

Note: [STY] ≈ 1 mol/L. STY/MAh ≈ 1: 1 (mol/mol). All polymerization were carried out in the presence of 
ACHN, as azo-initiator. [macro-CTA]/[In] = 10.  

 

The SEC chromatograms of the starting SAN blocks and the resulting block 

copolymers from experiments 40-42 are presented in Figure 7. The entire elution 

chromatogram shifts towards higher molar mass relative to the SAN starting block for 

each reaction performed. A small shoulder for block copolymer 40 remains at a position 

corresponding to the SAN7 starting block. Although the amount of remaining low molar 

mass fraction is small, it is indicative. Note that for experiment 40 the PDI of the 

obtained block copolymer is significantly higher than for experiments 41 and 42, were no 

traces of the initial SAN-TTC based CTA could be detected, see Figure 7b and c. The 

differences between experiment 40 and experiments 41-42 are clearly due to the 

influence of the DTB and the TTC group at SAN chain end. See Figure 4 and the 

accompanying text for the chain extension with only STY. The complete transformation 
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of the starting block into the block copolymer points to an efficient control of the radical 

polymerization, which leads to SAN-b-SMAh block copolymers 41-42. 

 

 

Figure 7. SEC chromatograms for block copolymers SAN-b-SMAh 40-42 (see Table 2 and 
Table 3), prepared from low molar mass macro-CTA, SAN 7-9, in a solution mixture of 
butanone and toluene (70:30 w/w), at 85 °C.  

 

The highest efficiency of the block copolymer formation (referred to as block 

copolymer 42) was accomplished using the lowest molar mass SAN with a TTC group 

(SAN9). In addition, the lowest PDI value was observed for the same block copolymer.  

 

4.3.3 Chain extension of high molar mass SAN with STY and MAh 

High molar mass SAN-based macro-CTAs with the DTB and the TTC end groups 

(SAN3-4 and SAN5-6, respectively) were chain extended with STY and MAh. The 

polymerization conditions and the molar masses for the resulting block copolymers are 

presented in Table 4.  

Since the high molar mass SAN-based macro-CTAs are not soluble in butanone, the 

polymerizations were carried out in a mixture of butanone and toluene (30:70 w/w, 

respectively). In spite of the low solubility of SMAh in this solvent mixture, the 

polymerization reaction mixtures yielding block copolymers 43-46 were homogeneous.  

a) b) c)a) b) c)
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Table 4. Synthesis of SAN-b-SMAh block copolymers mediated by the high molar mass macro-
CTAs (SAN 3-6). 

entry temp 
(°C) 

time 
(hrs) 

macro 
CTA 

[CTA] 
[In] 

[CTA] 
(10-3 mol/L) 

conv
(%) 

Mn,calc Mn,SEC 
(103 g/mol) 

PDI 

43 60 40 SAN4 9.6 9.25 40 30 24 1.35 

44  90 2.5* SAN3 4.2 6.42 46 30 25 1.20 

45  85 3.5* SAN5 3 1.25 - - 92 1.31 

46  85 5.5 SAN6 7 3.40 36 106 81 1.56 

Note: STY/MAh ≈ 1: 1 (mol/mol). [STY] was 1 mol/L in experiments 43-45 and [STY] ≈ 0.5 mol/L in 
experiment 46. All polymerization were carried out in the presence of ACHN, as azo-initiator, except the 
reaction 43, where AIBN was used. Mncalc is calculated Mn value by using eq. 2.2. Mn,SEC is molar mass 
determined by SEC using the PSTY standards. *) Reaction stopped after 2.5hrs due to the high viscosity.  

 

Initially, the starting SAN-DTB (4) block was used as the macro-CTA and 

supplementary chain extended with an equimolar amount of STY and MAh. The 

polymerization experiment (43) was conducted at 60 °C, with a low concentration of azo-

initiator relative to the concentration of starting macro-CTA. Since the reaction 

temperature was low, the rate of polymerization was low. The conversion after 40 hrs 

reaction was only 40 %. The molar mass of the obtained block copolymer was higher 

than the molar mass of the starting SAN4 block, see Table 4. The SEC chromatogram in 

Figure 8a clearly shows a broadening of the molar mass distribution of the final product 

as compared with the initial SAN-based macro-CTA. A marked shoulder at the low molar 

mass side was observed, indicating the SMAh copolymer which was probably formed 

during the synthesis of block copolymers. Furthermore the shift in molar mass was not 

clear and bimodality was obtained, resulting in a higher PDI value of 1.35 for experiment 

43. These results can be expected following the explanations given for the chain 

extension of low molar mass SAN-DTB (see Section 4.3.2).  

As already discussed earlier, the control of block copolymerization can be improved 

using SAN-based macro-CTA with a lower molar mass and by increasing the reaction 

temperature. Therefore, polymerization experiment 44 was carried out using lower molar 
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mass SAN-DTB and a higher reaction temperature. Almost the same monomer 

conversion was reached after a relatively short time, since the reaction temperature was 

90 °C instead of 60 °C (in experiment 43). The reaction was stopped after 2.5 hrs due to 

the very high viscosity. The SEC chromatograms in Figure 8b clearly demonstrate that 

chain extension occurred. The value of PDI was relatively low (see Table 4), even 

though the molar mass distribution of the obtained block copolymer was bimodal (see 

Figure 8b). The results of GPEC analysis indicated that a block copolymer was formed. 

However, some initial SAN-based macro-CTA could also be detected with GPEC 

analysis (see Section 5.4.3.1). 

  

 

Figure 8. SEC chromatograms of SAN-DTB based macro-CTA and of block copolymers 
obtained in experiments 43 and 44 in a solution mixture of butanone and toluene (30:70 w/w) 
at 60 °C (a) and 90 °C (b). The conversion after 40 hrs and 2.5 hrs, in experiments 43 and 44 
was 40%, and 46%, respectively.  

 

Consequently, the investigation on the chain extension of high molar mass SAN with 

SMAh was continued with the polymerization reaction using SAN-TTC based macro-

CTAs (referred to as SAN5 and SAN6). Figure 9a illustrates that the obtained block 

copolymer from experiment 45 had a higher molar mass than the starting SAN5 block. 

The GPEC results (Section 5.4.3.1) indicate complete transformation of the starting block 
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into the block copolymer. The combined results of the GPEC and of the SEC analysis 

demonstrate an efficient control of block polymerization using a SAN starting block end-

functionalized with a TTC group. Note that the obtained block copolymer (45) had a 

somewhat higher polydispersity index (PDI= 1.31) which can be a direct indication of the 

poor solubility of the block copolymer. A high molar mass block copolymer 45 was 

achieved, Mn = 92.0x103 g/mol. The molar mass of the SAN5 starting block was 

29.8x103 g/mol. The molar mass of the SMAh second block (Mn ≈ 62.2x103 g/mol)17 is 

then higher than the molar mass of the SAN starting block. On the one hand, an excess of 

toluene was essential to completely dissolve the high molar mass starting SAN block. On 

the other hand, an excess of butanone, a polar solvent, was necessary for the solubility of 

the SMAh block, in order to maintain complete homogeneous solubility of the growing 

SAN-b-SMAh block copolymer. Note that a solvent mixture of butanone and toluene 

(30:70 w/w, respectively) was used in experiment 45. As a consequence a larger block 

length of the more polar SMAh block, as compared with the length of the starting SAN 

block, may induce some solubility problems. The solvent quality is an important factor 

for the polymerization reactions and must be taken into account.18 Therefore, phase 

separation during the reaction may be the reason for obtaining a polymer with a relatively 

broad molar mass distribution i.e. PDI = 1.31.  

If this is indeed the case, then a reduction of the polydispersity index in the same 

solvent mixture (butanone: toluene= 30:70 w/w) could be expected, when using a SAN 

block of higher molar mass than the molar mass of the SMAh block to ensure complete 

solubility of the final block copolymer. The preparation of block copolymer SAN-b-

SMAh in experiment 46, starting from such high molar mass SAN, Mn = 74.6x103 g/mol, 

might confirm this hypothesis, see Table 4. Nonetheless, due to the high molar mass of 

the SAN starting block, a larger amount of solvent mixture was necessary for complete 

solubility of the SAN6 starting block, used as macro-CTA. As a consequence the 

monomer concentration was lower, resulting in a lower polymerization rate. Even though 

there is a monomodal molar mass distribution, the PDI was as high as 1.56. The SEC 

chromatograms were shifted to higher molar mass, although strong tailing to the molar 

mass of the starting material was observed. Compared to the previous experiments, it is 
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difficult to confirm successful block copolymerization starting from SAN as macro-CTA 

on the basis of SEC analysis, see Figure 9b. Furthermore, the molar mass of the starting 

block (SAN) in these two experiments differs significantly (Mn,(SAN6) = 74.6x103 g/mol 

vs. Mn,(SAN5) = 29.8x103 g/mol), therefore it is even more difficult to make an 

appropriate comparison and to draw clear conclusions. 

 

 

Figure 9. SEC chromatograms of SAN-TTC (SAN5 and SAN6) based macro-CTA and of 
block copolymers obtained from experiments 45 (a) and 46 (b) prepared in a solvent mixture 
of butanone and toluene (30:70 w/w) at 85 °C. 

 

In summary, the obtained block copolymers were similar for experiments 43-44 and 

40, and for experiments 45-46 and 41-42, even though the SAN starting blocks differ in 

their molar mass. The results of experiments 43-46 clearly demonstrate the better control 

of the block copolymerization starting from high molar mass SAN bearing a TTC group 

as compared to starting the block copolymerization with a high molar mass SAN-DTB 

based macro-CTA. However, the high molar mass of the SAN and SMAh separate blocks 

as well as of the block copolymers induced some solubility problems and limited the 

detailed investigation of the chain extension reactions using high molar mass SAN-based 

macro-CTAs.  
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4.4 Conclusions 

The formation of block copolymers SAN-b-PSTY and SAN-b-SMAh via RAFT-

mediated polymerization, using a SAN block as the macro-CTA, was investigated. The 

SAN block was end-functionalized with a dithiobenzoate or a trithiocarbonate end group 

(SAN-DTB and SAN-TTC, respectively). Low and high molar mass versions of SAN-

based CTA were investigated. 

On the basis of these experiments we have concluded that the controlled chain 

extension of SAN with STY as well as with STY and MAh is possible. The performance 

of chain extension with SAN-TTC is much better than the chain extension with SAN-

DTB. The high molar mass SAN-DTB can be chain extended successfully when the 

reaction temperature is relatively high. The efficiency of block copolymerization, using 

SAN-based macro-CTAs as the starting block, proved to be higher for SAN-based 

macro-CTAs with a lower molar mass.  

SAN-TTC can be employed as an effective macro-CTA agent. The degree of control 

of the block copolymerization increases by the use of: 

• a SAN end-functionalized with a TTC-group instead of a DTB end-

functionality, i.e. SAN-TTC vs. SAN-DTB, respectively,  

• a low molar mass starting macro-CTA, and 

• the use of a high reaction temperature, such as 90 °C.  

In order to further improve the synthesis of SAN-b-SMAh block copolymers, 

following experiments starting with a SMAh block were performed. The results are 

described in Chapter 5.  
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Chapter 5  

 

Block copolymerization in solution 

via RAFT-mediated polymerization 

 

Abstract: Reversible addition fragmentation chain transfer (RAFT)-mediated polymerization 

was successfully applied for the synthesis of poly(styrene-alt-maleic anhydride) (SMAh) and of 

poly(4-vinyl pyridine) (P4VP) polymers of predetermined molar mass and of low polydispersity 

index. These RAFT end-functionalized polymers were then used as macro chain transfer agents 

(macro-CTAs) and further chain extended with styrene (STY) and acrylonitrile (AN). Note that 

RAFT-functional polymer indicates that this segment is the starting block. The controlled RAFT-

mediated polymerizations in solution were investigated and reported in this chapter.  

In a first approach, the SMAh starting block, end-functionalized with either a dithiobenzoate 

or a trithiocarbonate group (respectively referred to as SMAh-DTB or SMAh-TTC) was chain 

extended with STY and AN. The results of SEC and of GPEC analyses confirmed the successful 

block copolymer formations. Nevertheless, significant variation in efficiency of block copolymer 

formation was attained, depending on the molar mass of the second block made of poly(styrene-

co-acrylonitrile) (SAN).  

In a second approach, a P4VP bearing a TTC-group (P4VP-TTC) was also chain extended 

with STY and AN. The proof of the formation of the low molar mass P4VP-b-SAN block 

copolymer was obtained by using MALDI-TOF-MS analysis. Furthermore, GPEC analysis 

confirmed successful formation of P4VP-b-SAN block copolymers. 

It is important to mention that the syntheses of block copolymers were carried out at the 

azeotropic mixture of STY and AN (63 mol% of STY). That is why the content of AN in the 

SAN second block of the block copolymer was expected to be about 37 mol%(or 20 wt%). This 

assumption was experimentally confirmed by both IR spectroscopy and elemental analysis.
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5.1 Introduction 

Block copolymers are polymeric materials consisting of sequences or blocks of 

identical repeating units. These materials with unique properties are not only of academic 

importance but also of commercial interest. The application of block copolymers ranges 

from surfactants, dispersants, coatings and adhesives to microelectronics, membranes and 

biomaterials. As already mentioned in previous chapters, our aim is to use well-defined 

block copolymers as adhesion promoting linkers between a metal coating (copper) and an 

acrylonitrile-butadiene-styrene (ABS) substrate. Our block copolymer consists of a SAN 

block and of a polar block. The SAN block interacts with the SAN continuous phase of 

the ABS substrate by entanglement formation, while the polar block, e.g. a SMAh or a 

P4VP block, contains the polar moieties (MAh or 4VP) which might enhance the 

interaction with the copper coating.1,2 The synthesis of a block copolymer requires a 

careful tailoring. The most convenient way of preparing block copolymers is via a living 

radical polymerization (LRP)3 technique. There are tree main LRP techniques which have 

been used during the last decades, e.g. NMP, ATRP, RAFT (see Chapter 2). However, 

with respect to SMAh containing block copolymers,8 RAFT-mediated polymerization 

appears to be the most suitable LRP technique for the synthesis of the block copolymers.  

The RAFT process can be used for the polymerization of a large range of monomer 

types.4 Only polymers with the RAFT groups at the end of polymer chain end can be 

chain extended into block copolymers. The RAFT functionalized polymer acts as a macro 

chain transfer agent (macro-CTA). The efficiency of the block copolymer formation 

depends on the order at which the individual blocks are produced.5,6 The propagating 

radical of the first synthesized block has to be a good leaving group with the respect to 

that of the second block, and capable of reinitiating further polymerization.7 Note that the 

starting block refers to the macro-CTA. In the case of successful chain extension of the 

starting block, it is expected that well-defined block copolymers with a narrow molar 

mass distribution are obtained.  
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The RAFT-mediated polymerization has already been employed for the synthesis of 

both alternating SMAh copolymers,8 as well as homopolymers of 4VP.9 Furthermore, 

these RAFT-functional polymers were also chain extended into block copolymers.10 

However, to the best of the author’s knowledge, the chain extension of RAFT-

functional SMAh copolymer into block copolymer SAN-b-SMAh has not been reported. 

The first part of the present chapter of this thesis reports on the chain extension of a 

SMAh-block with an azeotropic mixture of STY and AN to obtain well-defined block 

copolymers SAN-b-SMAh. The objective of the work described herein was to elucidate 

the influence of the SMAh starting block on the control of block copolymerization.  

The block copolymers P4VP-b-SAN are suggested to be also applicable as adhesion 

promoting linkers, due to the strong interaction of the pyridine groups and the copper 

atoms.2 As a consequence, the second part of the present chapter reports on the synthesis 

of block copolymers P4VP-b-SAN mediated by a RAFT-functional P4VP block.  

 

5.2 Experimental Section 

5.2.1 Materials 

Materials, see Chapter 3, Section 3.2.1. 

5.2.2 Synthetic Procedures 

5.2.2.1 Chain Extension of the SMAh starting block  

The SMAh copolymers were synthesized by RAFT-mediated polymerization, as 

described in Chapter 3. The end-functionalized SMAh copolymers either with the DTB-

group (SMAh-DTB) or with the TTC-group (SMAh-TTC), listed in Table 1, were herein 

used as macro-CTAs. Initially, the pure SMAh product was dried and redissolved either 

in toluene or in a mixture of toluene and butanone (30:70 w/w). A low molar mass SMAh 

block (Mn ≈ 2x103 g/mol) indeed showed a good solubility in toluene, whereas the 

dissolution of a higher molar mass SMAh block, e.g. Mn, ≥ 5x103 g/mol required a 
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solvent of higher polarity than toluene e.g. butanone. Note that toluene as well as its 

mixture is always a good solvent for the SAN second block. Finally, the desired 

monomers (STY and AN) were added were added and followed by the addition of azo-

initiator. The azo-initiator, either α,α’-azobisisobutyronitrile (AIBN) or 1,1'-azobis(1-

cyclohexanecarbonitrile) (ACHN), was added to reinitiate the copolymerization. 

 

Table 1. SMAh copolymers end-functionalized with the TTC or with the DTB-group, used as 
macro-CTAs. 

entry 
SMAh 

end 
group 

Mn,SEC 
(x103 g/mol) 

PDI 

10 TTC 13.1 1.14 
11 DTB 14.3 1.16 
12 TTC 5.5 1.17 
14 DTB 1.9 1.10 

 

5.2.2.2 Chain Extension of SMAh-DTB with STY-co-AN  

First, 0.13 g (5.8x10-5 mmol) of the macro-CTA, SMAh14 (Table 1), 1.11 mg 

(6.6x10-6 mmol) of AIBN (azo-initiator) and 9.17 g of toluene were mixed in a 25 mL 

three-necked, round-bottom flask. When the mixture became homogeneous, 3.65 g (35.1 

mmol) of STY and 1.11 g (20.7 mmol) of AN were added. The reaction mixture was 

purged with argon for 45 minutes, at 20 °C. Afterwards, the flask was immersed in an oil 

bath which was kept at 60 °C. The reaction was carried out under an argon atmosphere. 

Samples were periodically withdrawn from the reaction mixture in order to follow the 

conversion and the evolution of the molar mass. Each sample was immediately diluted 10 

times with THF. The conversion of STY was determined by GC. After 47 hrs, 47% STY 

conversion was obtained. The remaining sample was prepared for SEC analysis. The 

reaction was stopped after 47 hrs by cooling it down to 20 °C and by exposing it to air. 

Finally, the polymer was separated from the residual monomer and the solvent by 

precipitation in an excess of cold iso-propanol. After decantation and filtration, the 

resulting polymer was dried for 3 days in a vacuum oven at 30 °C. The obtained block 
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copolymer SMAh-b-SAN48 had an Mn,SEC value of 37.0x103 g/mol and a PDI of 1.18 

(see Table 2). 

 
Table 2. Syntheses of SMAh-b-SAN block copolymers, starting with a SMAh block. 
Polymerizations were carried at 80 ˚C in a solvent mixture of toluene and butanone (70:30 w/w). 

entry macro 
CTA 

[STY] 
[mol/L] 

[CTA] 
[10-3 mol/L] 

[CTA]/ 
[In] 

time 
(hrs) 

STYconv 
(%) 

Mn,calc   Mn,SEC
  

(103 g/mol) 
PDI 

47 SMAh11 
(DTB) 

 

2.74 1.71 10.8 48 30 79.8 83.5 1.14 

48 SMAh14 
(DTB) 

2.20 4.23 10* 7.5 
24.5 
45 

18.85 
35.98 
47.00 

16.8 
28.8 
37.1 

15.4 
27.6 
35.5 

1.15 
1.17 
1.18 

 

49 3.37 4.33 10.1** 31 25.1 32.0 28.4 1.42 

50 2.23 12.3 8.2 40 61.3 20.1 19.3 1.21 

51 

SMAh12 
(TTC) 

2.70 0.80 22.6 46 29.0 138.1 154.0 1.38 

52 1.11 0.33 24.5 46 26.9 134.1 62.8 1.73 

53 2.53 0.76 24.5 46 28.8 142.6 183.0 1.40 

54 3.17 0.81 7.2 43 33.0 189.4 151.3 1.46 

55 

SMAh10 
(TTC) 

3.02 2.17 9.8 30 28.0 66.3 71.1 1.35 

56 3.52 0.88 8.2 41 33.5 180.3 135.4 1.38 

57 3.18 1.25 6.6 34 30.4 110.3 83.8 1.33 

58 

SMAh12 
(TTC) 

3.18 1.98 7.0 27 28.2 66.8 59.3 1.25 

Notes: [AN] is not presented in the Table, since [STY]:[AN]=63:37 mol/mol. ACHN was used as azo-
initiator (In) except for the preparation of block copolymer SMAh-b-SAN48, where a) AIBN was added as 
azo-initiator. The reaction temperature was 60 °C for this reaction, and the solvent used was toluene. b) 
Note, that experiment 49 was performed as a one pot synthesis and the amount of In represents freshly 
added In amount, (in the second step) and the final In concentration is higher.13 The conversion was 
determined by GC with toluene as reference standard, except for the reaction SMAh-b-SAN47, where the 
overall conversion was gravimetrically determined. Mn,SEC is the experimentally observed Mn value, 
determined by SEC, using the PSTY standards. Mn,calc, is the Mn value calculated with eq. 2.2 (see Chapter 
2). 
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Block copolymer 47 was also synthesized following a similar procedure (see entry 47 

in Table 2). 

 

5.2.2.3 Chain Extension of SMAh-TTC with STY-co-AN  

The chain extension of SMAh copolymer of higher molar mass, e.g. Mn ≥ 5x103 

g/mol, end-functionalized with a TTC-group (SMAh-TTC), was carried out following a 

procedure similar to the one described in Section 5.2.2.2. The only difference was that a 

mixture of butanone and toluene (70/30 w/w) was used as solvent medium to carry out 

these experiments. The experimental data for the SAN-b-SMAh (49-58) block copolymer 

formation, mediated by SMAh-TTC, are collected in Table 2. 

 

5.2.2.4 Chain Extension of P4VP-TTC with STY and AN 

The P4VP polymer was synthesized by RAFT-mediated polymerization resulting in a 

P4VP polymer end-functionalized with the TTC-group (P4VP-TTC), as reported in 

Chapter 3. Sample P4VP17 (Mn = 1.2x103 g/mol) was used for the chain extension with 

an azeotropic mixtureof STY and AN (63:37 mol/mol) for all experiments 59-61. The 

4,4'-azobis(4-cyanovaleric Acid) (ACVA) azo-initiator was added to reinitiate the 

copolymerization. 

0.304 g (2.46x10-4 mol) of the macro-CTA, P4VP17, 0.0187 g (6.67x10-5 mol) of 

ACVA and 1.15 g of the solvent mixture of toluene and ethanol (respectively 67:33 w/w) 

were mixed in a 25 mL round bottom flask equipped with a magnetic stirrer bar. Then, 

the monomers, STY (8.00 g, 7.7x10-2 mol) and AN (2.42 g, 4.5x10-2 mol), were added. 

The reaction mixture was deoxygenated and subsequently the flask was immersed in an 

oil bath which was kept at 67 °C. Gravimetric analysis of a sample showed that the 

overall monomer conversion was 75.3%, after 41 hrs. The reaction was stopped by 

cooling down the reaction mixture to 20°C and by exposing it to air. Subsequently, the 

reaction mixture was diluted with toluene (one-fold volumetric excess in comparison 

with the total polymer solution), and precipitated in an excess of cold n-pentane. After 
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decantation and filtration, the polymer was finally dried for 3 days in a vacuum oven at 

40 °C. The expected molar mass of the block copolymer was calculated on the basis of 

the ratio of converted monomer to macro-CTA (using eq. 2.2, see Chapter 2). The 

synthesized P4VP-b-SAN block copolymer for experiment 61 had an experimentally 

observed molar mass value of 32.8x103 g/mol and a PDI of 1.16. The calculated molar 

mass value, Mn,calc was 33.1x103 g/mol (see Table 3). 

 

Table 3. Syntheses of P4VP-b-SAN block copolymers, starting with a P4VP block. The 
polymerizations were carried at 67 ˚C in a solvent mixture of toluene and ethanol (67:33 w/w). 

entry [STY] 
(mol/L) 

[CTA] 
(mol/L) 

time 
(hrs) 

conv 
(%) 

Mn,calc    Mn,SEC  
(103g/mol) 

PDI 

59 5.22 1.2×10-1 26 71.5 5.39 5.96a 1.26 

60 5.90 1.9×10-2 41 75.3 33.09 32.83 1.16 

61 6.20 6.8×10-3 48 62.4 77.82 77.83 1.32 

Notes: [AN] is not presented in the Table since [STY]:[AN]= 63:37 mol/mol is always constant. P4VP17 
was used as a macro-CTA. ACVA was used as azo-initiator (In), [P4VP]/[Initiator] ≈ 3.6. The conversion 
was determined by gravimetric analysis. a) In addition to the SEC analysis, molar mass was also 
determined by MALDI-TOF-MS for experiment 59. Mn,SEC is the experimentally observed Mn value, 
measured by SEC, using PSTY standards. Mn,calc. is the Mn value calculated with eq. 2.2. 

 

5.2.3 Analysis and Measurements 

5.2.3.1 Determination of conversion and molar mass distribution 

The monomer conversion was determined: 

• By gas chromatography (GC) for the synthesis of SMAh-b-SAN block copolymer, 

as described in Section 3.2.3.1.  

• Gravimetrically for the synthesis of P4VP-b-SAN block copolymer, with a similar 

procedure to the one described in Section 6.2.3.1. 

Molar masses (Mn,SEC) and polydispersity indexes (PDI) were measured by size 

exclusion chromatography (SEC), as described in Section 3.2.3.1. 
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5.2.3.2 Elemental analysis 

Elemental analyses were carried out by using a Perkin Elmer 2400 CHN analyzer. All 

samples were measured in duplicate. 

 

5.2.3.3 Fourier-Transform InfraRed spectroscopy (FTIR) 

FTIR (indicated as IR in the text below) has been used to determine the content of 

AN.11 FTIR spectra were recorded with a BioRad Excalibur 3000 series spectrometer. 30 

scans, at a resolution of 2 cm-1, were signal-averaged and the BioRad Merlin software 

was used to analyze the spectra. The samples were dissolved in THF in a concentration of 

10 mg/mL. An Anadis sealed liquid cell, model SL3, with KBr windows and a path 

length of 1.0 mm, was used as sample holder.  

 

5.2.3.4 Gradient Polymer Elution Chromatography (GPEC) 

The gradient polymer elution chromatography (GPEC) measurements were carried 

out on an Agilent 1100 HPLC system consisting of a quaternary pump, auto sampler, 

column oven and a UV-Diode Array Detector (UV-DAD). An Alltech Evaporative Light 

Scattering Detector (ELSD), with nitrogen flow 1.6 mL/min and temperature 60 °C, was 

placed after the DAD detector. The temperature of the cyano column (Zorbax SbCN, 4.6 

x 150 mm, 5 μm) was 40 °C. HPLC grade solvents were purchased from BioSolve. The 

flow of the eluent was 1.0 mL/min. The injection volume was 1 µL. For the data 

acquisition, the version A10.01 of the Agilent Chem station software was used. 

 

GPEC for SMAh-based polymer 

The gradient of eluents used for the characterization of the SMAh-based polymer was 

based on a mixture of n-heptane, dichloromethane (DCM) and THF (Table 4). Note, that 

the copolymers SMAh and SAN, as well as the block copolymers, SMAh-b-SAN, are 

referred to as SMAh-based polymers. 
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In order to obtain peaks with a good resolution and to guarantee the reproducibility of 

the peak shape, a constant volume of THF had to be added to the gradient mixture. This 

volume was very critical. 5 vol% THF appeared to be the optimum volume fraction 

which was required.  

 

Table 4. Gradient used for the characterization of the SMAh-based polymers. 

time 
(min) 

Hept. DCM THF 

10 95 0 5 
10 0 95 5 
5 0 0 100 

Notes: The quantities given represent the volumetric ratio of eluents. 

 

GPEC for the P4VP-based polymer  

The gradient of eluents employed for the characterization of the P4VP-based polymer 

was based on a mixture of water, methanol and THF (Table 5). Note, that the polymers 

P4VP and SAN, as well as the block copolymers, P4VP-b-SAN, are referred to as P4VP-

based polymers. 

 

Table 5. Gradient used for the characterization of the P4VP-based polymers. 

time 
(min) 

water MeOH THF time 
(min) 

2 5 94 1 2 
10 0 99 1 10 
2 0 0 100 2 

Notes: The quantities given represent the volumetric ratio of eluents.  

 

The additional 1 vol% of THF which was added to the gradient mixture, was required 

to guarantee the reproducibility of the obtained peak shape. The peak area, for two 

subsequent measurements, was constant. 



Chapter 5

 

 108 

For these two systems, the column was reset for 14-20 min to the initial conditions at 

the end of the gradient time. 

 

5.3 Results and Discussion 

As reported in Chapter 3, RAFT-mediated polymerizations were successfully applied 

for the synthesis of SAN and of SMAh copolymers, and of P4VP homopolymers. These 

polymers had well-defined molar masses and narrow molar mass distributions.  

The MALDI-TOF-MS analysis confirmed the complete end-functionalization of the 

low molar mass SMAh copolymer and of the P4VP polymer with the desired RAFT 

group. The presence of the RAFT moiety, responsible for the living character of RAFT-

functional polymer chains, was also confirmed by using UV.12 Note that it is not possible 

to quantify the amount of end-functional groups attached to the polymer chain ends of 

either the SMAh starting block or the block copolymer (see Section 4.3.1). Since the 

original RAFT moiety retains at the SMAh and P4VP polymer chain end, these polymers 

are promising starting materials for chain extension leading to block copolymers. 

Initially, RAFT functionalized SAN copolymers were used as macro-CTAs to 

synthesize a block copolymer SMAh-b-SAN (see Chapter 4). The reported results 

revealed that the block copolymerization had a limited degree of control, and that it was 

not so efficient. As a consequence, RAFT-functional SMAh copolymers were now used 

as macro-CTAs, to produce block copolymers. The results of the chain extension of 

SMAh-based macro-CTAs are reported in this chapter. 

 

5.3.1 Chain extension of SMAh with an azeotropic mixture of STY and 

AN (63:37 mol/mol) 

A well defined SMAh copolymer, bearing a RAFT group, was used as macro-CTA. 

Note that the SMAh block used as macro-CTA is indicated as the starting block.  
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Since the block copolymerization was carried out at the azeotropic mixture of STY 

and AN, it was expected that both monomers were consumed with identical rate. As a 

result, the synthesized block copolymers should cotain 37 mol% (or 20 wt%) AN in the 

SAN second blocks. The fraction of AN, in the SAN second block of the block 

copolymer obtained, was identified by elemental analysis, as well as by IR analysis ( see 

the obtained results in this section, for example Table 7). All calculations of the predicted 

Mn values using eq. 2.2 (see Chapter 2) were based on the STY-consumption, assuming 

that AN-consumption was equal to the one of STY. No correction for the initiator derived 

chains was accounted in eq. 2.2, since relatively low concentration of initiator as 

compared to macro-CTA was used (see Table 2), the number of initiator-derived chains 

was then assumed to be negligible (see Section 2.4.1). 

 

5.3.1.1 Chain extension of SMAh copolymer end-functionalized with DTB-

group (SMAh-DTB), as macro-CTA 

A SMAh copolymer end-functionalized with the DTB end group (SMAh-DTB), and 

referred to as SMAh11 and SMAh14, are listed in Table 1. The experimental data for the 

chain extension of the SMAh-DTB block into block copolymers SMAh-b-SAN 47 and 48 

are listed in Table 2. Before using the higher molar mass SMAh (Mn ≈ 15x103 g/mol), it 

was important to test the living character and the control of the block copolymerization 

by using the low molar mass SMAh (Mn ≈ 1.9x103 g/mol).  

The targeted molar mass of the block copolymer for experiment 48 was 73x103 g/mol. 

Figure 1a shows the DRI traces of the SEC analysis for the obtained block copolymer. 

An increase of molar mass indicates that the SMAh  starting block was extended into the 

block copolymer. A monomodal molar mass distribution is obtained. For a more precise 

characterization of the obtained block copolymer, a UV detector was used. Figure 1b 

shows the UV traces at 320 nm of the SMAh starting block and of the growing block 

copolymer 48. The presence of the RAFT moiety in the growing block copolymer 

indicates the transformation of the starting SMAh14 block into the block copolymer 

SMAh-b-SAN48. However, the DRI and the UV signals in the SEC chromatogram of the 
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sample point to a strong tailing at the low molar mass side and to a marked shoulder at 

the high molar mass side. The presence of active RAFT group in the low molar mass 

fractions can be attributed to a slow transformation of the SMAh starting block into the 

block copolymer because of the low tendency of the RAFT intermediate radical to 

fragment. Their presence can actually influence the living character of the SAN polymer, 

as well as its complete transformation into the block copolymer. Nevertheless, these 

fractions clearly decrease with the monomer conversion, indicating the living character of 

the polymer chains initiated by SMAh14. Note, that MALDI-TOF-MS suggested that 

dead chains were not present (see Section 3.4.3). Furthermore, an increase of Mn and a 

good agreement between experimental and predicted Mn value, as well as the low PDI 

(see Table 2) of the obtained block copolymer, indicate an efficient control of the block 

copolymerization.  

 

 

Figure 1. SEC chromatograms a) the DRI signal scaled to conversion and b) the UV signals at 
a wavelength of 320 nm, for the chain extension of SMAh14 (end capped with DTB-group) 
with an azeotropic mixture of STY and AN. [SMAh]/[In] = 10. Reaction temperature was 60 
°C, see entry 48 in Table 2. 
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The influence of the higher molar mass of the SMAh starting block on the control of 

the block copolymerization was investigated. As already discussed in Chapter 4, the 

control of block copolymerization can be improved by increasing the reaction 

temperature. Therefore, experiment 47 was carried out at a higher reaction temperature 

(80 °C), using SMAh11 (see Table 2) as the macro-CTA. Figure 2 illustrates a clear shift 

of the growing block copolymer to the higher molar mass in comparison to the starting 

SMAh block. Figure 2a shows that the amount of residual starting material for 

experiment 47 was indeed reduced in comparison with experiment 48. Note that the 

presence of the UV signal (see Figure 2b) indicates that the RAFT group is present in the 

starting SMAh block, as well as in the synthesized block copolymer. The PDI remains 

low (PDI = 1.14). Furthermore, a good agreement between experimental and predicted 

Mn value is obtained (see entry 47 in Table 2). In addition, the obtained results of GPEC 

analysis (see Section 0) confirmed a complete transformation of the SMAh starting block 

into the block copolymer 47. Note that no traces of any remaining SMAh starting blocks 

were detected by GPEC (see Figure 12b). 

In summary, SMAh-b-SAN block copolymers were obtained by using a SMAh-based 

macro-CTA bearing a DTB group. The obtained results (experiments 47 and 48) 

demonstrated a good control of the copolymerization. Although the DRI signal and the 

UV signal of the SEC chromatograms indicated that most of the block copolymer chains 

were functionalized with the DTB-group, a small amount of low molar mass fraction was 

remaining. The presence of the active RAFT group in this low molar mass fraction could 

be attributed to the slow transformation of the SMAh-DTB starting block into the block 

copolymer. It might be that the resonance stabilization of the DTB group has an influence 

on the chain extension of SMAh-DTB (see Section 4.3.2.1). That is the reason why an 

alternative end group viz. the TTC group was attached to the SMAh chain end as an 

attempt to prevent this low tendency for fragmentation of the RAFT intermediate radical. 
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Figure 2. SEC chromatograms a) the DRI and b) the UV signals at a wavelength of 320 nm, 
for the chain extension reactions of the SMAh-DTB(11) starting block with an azeotropic 
mixture of STY and AN. [SMAh]/[In] = 10.8 . Reaction temperature was 80 °C, see entry 47 in 
Table 2. 

 

5.3.1.2 Chain Extension of SMAh copolymer end-functionalized withTTC-

group (SMAh-TTC), as macro-CTA 

TTC end-functional SMAh copolymers (SMAh10 and SMAh12) were chain extended 

with the azeotropic mixture of STY and AN (63 mol% of STY), see experiments 49-58. 

The experimental conditions were the same as for the chain extension of starting SMAh-

DTB block. The molar masses (Mn) and polyspersity indexes (PDI) of block copolymers 

49-58 are listed in Table 2. 

 

Chain Extension of SMAh-TTC. Influence of molar mass and monomer 
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experiment 49. The second approach is to start with the purified SMAh starting block, as 

a “two steps-two pot synthesis”, illustrated by experiments 50-51.  

The results of experiments 49 and 50 are discussed first. Initially, SMAh12 (Mn = 

5.5x103 g/mol) was used as macro-CTA. The initial concentration of azo-initiator, 

relative to the concentration of macro-CTA, was initially similar in both experiments. 

However, the final concentration of azo-initiator for experiment 49 was higher than the 

one for experiment 50 (see Table 2).13 The high initiator concentration can negatively 

influence the control of polymerization, resulting in a broad molar mass distribution. 

Figure 3 represents the SEC chromatograms (DRI traces) for the elution of molar 

masses obtained for the block copolymers SMAh-b-SAN (synthesized in experiments 49 

and 50). Obviously, the SEC curve of each synthesized block copolymer shows a single 

peak without remaining traces of any low molar mass. Mn and PDI values for these 

experiments are collected in Table 6 (see entries 49 and 50). An increase of Mn indicates 

that the SMAh starting block has been extended into the block copolymer. The PDI of 

1.42 of the obtained block copolymer for experiment 49 (“one-pot synthesis”) was 

significantly higher than the PDI of 1.21 for experiment 50 (“two-pot synthesis”).  

Figure 4 shows the Mn values as a function of monomer conversion. There is a linear 

increase of the experimental Mn values for experiments 49 and 50, although for 

experiment 49 this values are below the Mn values predicted by eq. 2.2 (see Table 6). 

Note that the final concentration of azo-initiator was high in this experiment, suggesting 

that bimolecular termination due to the initiator decomposition was no longer negligible 

(as it was assumed applying eq. 2.2). So, over the time of the reactions, the amount of 

polymer chains formed from the azo-initiator can be similar to those formed by the 

macro-CTA, consequently reducing the Mn values (see Section 2.4.1). The deviation of 

Mn as well as high PDI obtained for experiment 49 were indeed caused by the high 

initiator concentration13 which was used in this experiment. In addition to those results, it 

is important to mention that the GPEC results (see discussion later, in this chapter) 

indicated complete transformation of the SMAh starting block into the block copolymer 
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synthesized during experiment 50. Since the results of experiment 50 point to the higher 

control of copolymerization, further experiments were carried out as “two-pot synthesis”.  

 

 

Figure 3. The DRI signal of SEC chromatograms for the chain extension reactions of SMAh-
TTC (12) with STY and AN for: a) experiment 49 (“one pot synthesis”) and b) experiment 50 
(“two pot synthesis”).  

 

The influence of the targeted Mn on the control of the block copolymerization was 

further investigated and the results of experiments 50-51 can thus be compared. Note that 

low concentration of starting block in the reaction mixture indicates a high targeted Mn of 

the block copolymer. The different molar masses in experiments 50-51 are expected since 

different concentrations of the macro-CTA were used (see Table 6). 

It is important to mention that the concentration of the starting block, i.e. the macro-

CTA, used in experiment 51 was lower than in experiment 50. In the case of targeted 

high molar mass for experiment 51, the initiator concentration was thus even lower than 

the concentration of macro-CTA (see Section 2.4.1). The polymerization reaction in this 

case was very slow, resulting in a low monomer conversion, which was only 29% after 

46hrs. Bimolecular termination becomes more probable in this case when low 
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concentration of macro-CTA was used (for experiment 51) leading to the broad molar 

mass distribution, a PDI was 1.38 as compared to 1.21 for experiment 50. However, the 

PDI value for experiment 51 slowly decreased during the reaction.  

 

 

Figure 4. Number average molar (Mn) mass as a function of conversion for the chain extension 
of SMAh12 (Mn = 5.5x103 g/mol). The straight lines represent predicted Mn values (Mn,calc) by 
using eq. 2.2 and the symbols represent experimentally observed values (Mn,SEC) of the molar 
mass for experiments 49, 50 and 51. 

 

Furthermore, Figure 4 clearly demonstrates that the molar masses for experiment 50 

and 51 increase linearly with the monomer conversions, although for experiment 51 it 

was significantly above the value predicted by eq. 2.2. It could be readily seen that the 

polymerization had a living character. Note that the molar mass deviation for experiment 

51 was certainly caused by termination reactions.14 
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Table 6. Results of the syntheses of block copolymers SMAh-b-SAN (49-53), using a starting 
SMAh12 block end-functionalized with a TTC-group. Polymerizations were carried out at 80 ˚C 
in a solvent mixture of toluene and butanone (70/30 w/w). 

entry macro 
CTA 

[STY] 
mol/L 

[CTA] 
(10-3 mol/L) 

time 
(hrs) 

conversion 
(%) 

Mn,calc    Mn,SEC 
(103g/mol) PDI 

49 3.37 4.330 
6.0 
24.0 
31.0 

5.8 
23.9 
25.1 

11.6 
30.7 
32.0 

10.2 
27.3 
28.4 

1.24 
1.28 
1.42 

50 2.23 12.300 
16 
24 
40 

32.8 
44.1 
61.3 

12.4 
14.9 
18.7 

15.4 
17.1 
19.2 

1.18 
1.17 
1.21 

51 

SMAh12 
(TTC) 

2.70 0.804 
22.5 
30.5 
46.0 

16.2 
21.0 
29.0 

79.4 
101.6 
138.2 

113.6 
134.9 
154.0 

1.46 
1.41 
1.38 

52 1.11 0.334 30.5 
46.0 

18.2 
26.9 

94.8 
134.2 

55.9 
62.8 

1.64 
1.73 

53 

SMAh10 
(TTC) 

2.53 0.764 
22.5 
30.5 
46.0 

17.2 
23.7 
28.8 

90.6 
119.7 
142.7 

126.3 
167.0 
183.0 

1.70 
1.50 
1.40 

Note: [AN] is not presented in the Table, since [STY]:[AN]=63:37 mol/mol. ACHN was used as azo-
initiator. The conversion was determined by GC with toluene as internal reference.  

 

The SEC chromatograms (the DRI and the UV signals) presented in Figure 5 also 

illustrates an increase of molar mass during the reaction of experiment 51. The molar 

mass distribution of block copolymer obtained in experiment 51 was monomodal. The 

presence of UV traces at 305 nm indicates that the RAFT moiety is present in the 

growing block copolymer SMAh-b-SAN (see Figure 5b). There is a strong tailing to the 

low molar mass fraction of the growing block copolymer. However, there is no remaining 

material at the position of the SMAh-TTC starting block. The results of the GPEC 

analysis indeed indicated that a block copolymer was formed. The influence of the higher 
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molar mass of the SMAh starting block (Mn = 13.1x103 g/mol) on the control of the block 

copolymerization was investigated in experiments 52-53. 

The experimental conditions, molar masses and PDI values for experiments 52 and 53 

are collected in Table 2 and Table 6. Figure 6 shows an increase of the molar mass with 

the monomer conversion, for both reactions. Note that the monomer concentration in 

experiment 52 was twice as low as the monomer concentration used in experiment 53. 

This relatively low monomer concentration certainly favored the side reactions, i.e. a 

transfer of radicals to the molecules of solvent instead of to the active RAFT moiety. In 

this specific case, the activity of the RAFT moiety decreases, resulting in a lower 

experimental Mn value than the one calculated by using eq. 2.2. 

 

 

Figure 5. SEC chromatograms a) the DRI and b) the UV signals at a wavelength of 305 nm, 
for the experiment 51 show the evolution of molar masses during reaction. SMAh (12) starting 
block was used as macro-CTA (Mn = 5.5x103 g/mol). Note that the arrows indicate increasing 
monomer conversion. 

  

The results presented in Figure 6 confirm the explanation given for the molar mass 

deviation, since the experimentally observed Mn value for experiment 52 is lower than 

the calculated Mn, whereas the opposite trend is observed for experiment 53. The 
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obtained results for experiment 53 are comparable to those obtained for experiment 51. 

Similar concentrations of monomer were used and high molar masses were targeted, in 

these experiments (51 and 53). Note that the only difference in these experiments was the 

molar mass of the starting block (see Table 6 and Table 1). 

 

 

Figure 6. Number average molar mass (Mn) as a function of conversion for the chain extension 
of SMAh10 (Mn = 13.1x103 g/mol). The solid line represents calculated Mn value (Mn,calc.) for 
both experiments, whereas the dashed lines with the symbols represent experimentally 
observed molar mass values (Mn,,SEC) for experiments 52-53. Note that the same molar masses 
of the block copolymers were targeted in these experiments. The monomer concentration in 
experiment 52 was twice lower than the one in experiment 53 (see Table 6). 

 

Furthermore, Figure 7a clearly shows a shift to higher molar mass with monomer 

conversion, indicating that the SMAh starting block was extended into the block 

copolymer. Figure 7b presents the UV traces at 305 nm of the same samples. The UV 

traces provide the evidence of the presence of the TTC moiety in the growing block 
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copolymer synthesized during experiment 53. Nevertheless, there is a strong tailing at the 

low molar mass side, similar to the one observed for experiment 51. Note that for both 

experiments 51 and 53 the high molar masses of the block copolymers were targeted, i.e. 

the concentration of macro-CTAs were low. Moreover, the PDI value for experiment 53 

decreased, from 1.70 to 1.40, with increasing monomer conversion (see entry 53 in Table 

6). Despite the molar mass deviations, a good control of the polymerization was obtained.  

 

 

Figure 7. SEC chromatograms a) the DRI and b) the UV signals at a wavelength of 305 nm, 
for the experiment 53 show the evolution of molar masses during reaction. SMAh (10) starting 
block was used as macro-CTA (Mn = 13.1x103 g/mol). Note that the arrows indicate increasing 
monomer conversion. 

 

In summary, the results presented point to an efficient control of the copolymerization 

by using a SMAh-TTC block as a macro-CTA. A strong tailing to the low molar mass 

fraction of the growing block copolymer was recorded. However, no remaining starting 

SMAh-TTC material could be detected. Compared to the experiments performed with the 

SMAh-DTB macro-CTA (47-48), it is difficult to elucidate an influence of the end 

groups on the block copolymerization just comparing results from SEC analysis. 

Therefore, GPEC analysis has to be used (see Section 5.3.3). Even if a very high molar 
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mass of the block copolymer was targeted, a good control of the copolymerization of 

STY and AN was observed. In addition to the presented experiments, it was decided to 

perform experiments 54-58 in order to obtain block copolymers of different SAN block 

lengths.  

 

5.3.2 SMAh-b-SAN block copolymers to be used as adhesion promoting 

linkers between ABS and copper 

As mentioned in the Introduction part, block copolymers SAN-b-SMAh are to be used 

as adhesion promoting linkers between a copper coating and an ABS substrate. The 

structure of the adsorbed polymer layer on ABS substrate is governed by the asymmetry 

of the block copolymer,15 which should phase separate.16 For optimal adhesion 

promotion, a SAN block provides interaction with the SAN continuous phase of ABS 

substrate via entanglement formation. This is only possible if the AN content in the SAN 

part of the block copolymer and in the SAN phase of ABS do not differ by more than 4 

wt%.17 As a consequence, the targeted SMAh-b-SAN block copolymer should be 

characterized by: 

- the AN content in the SAN block, and  

- the molar mass of the SAN block.  

The SAN matrix of the ABS substrate has a Mn value of approximately 70 kg/mol, a 

PDI value of 2, and an AN content of 24 wt%. That is why we aimed to synthesize block 

copolymers with a similar molar mass of the SAN block18 as well as a similar AN 

content.  

The experiments 54-55 and 56-58 were carried out in the presence of the TTC 

functional starting block of different molar masses, i.e. SMAh 10 and SMAh12, 

respectively (see Table 2). The experimental procedure (54-58) was similar to the one 

explained for experiments 51 and 53.  

All experiments were carried out at the azeotropic mixture of STY and AN (63 mol% 

of STY). In this case, the fraction of AN of the SAN block was expected to be the same 
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as the composition of the monomer feed, 37 mol% of AN which corresponds to the AN 

fraction of 20 wt%. The amount of AN was measured by elemental analysis (as direct 

measurement) and compared to the AN weight fraction calculated from the STY 

conversion determined by GC (see Table 7). Furthermore, the AN contents in 

experiments 54 and 56 were also measured by IR analysis and were in agreement with 

the one determined by elemental analysis. The results of the experimentally observed Mn 

values for the obtained block copolymers are presented in Table 7. The proof of block 

copolymer formations were obtained by performing GPEC measurements.  

 
Table 7. SMAh-b-SAN block copolymers of different molar masses and of different SAN block 
lengths suitable to be used as adhesion promoting linkers. 

entry Mn,SEC (103 g/mol) block length wt% AN 
in SAN block 

 Block 
copolymer

Starting 
SMAh 
block 

Second 
SAN 
block 

SAN/SMAh GC 
calcc 

elem. 
anal 

54 151.3 138.2 10.6 23.7 22.0 

55 71.1 

13.1a 

58.0 4.4 21.8 18.8 

56 135.4 129.9 23.6 21.3 19.3 

57 83.8 78.3 14.2 24.3 19.5 

58 59.3 

5.5b 

53.8 9.8 25.2 20.2 

Note: SMAh-TTC starting blocks referred to as a) SMAh10 and b) SMAh12 were used as macro-CTAs to 
mediate block copolymerization. c) The weight fraction of AN was calculated from the STY conversions 
determined by GC.  

 

Block copolymers of different SAN block lengths were obtained (see Table 7). The 

differences between the AN content of the SAN block and the SAN continuous phase (24 

wt%) in ABS are within the critical 4 wt%, which guarantee their compatibility. 
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5.3.3 Chain extension of P4VP with an azeotropic mixture of STY and 

AN 

As mentioned in the Introduction, the synthesis of block copolymers containing P4VP 

and PSTY individual blocks have already been reported by Yuan et al.10 In their article, 

the RAFT functionalized PSTY and P4VP homopolymers were synthesized by using a 

difunctional RAFT-agent with the active RAFT moiety located in the middle of the 

polymer chain. These authors reported a high efficiency of block copolymerization when 

PSTY was used as a starting block. A P4VP-b-PSTY-b-P4VP triblock copolymer 

mediated by a difunctional PSTY starting block had indeed a lower PDI than a PSTY-b-

P4VP-b-PSTY mediated by a difunctional P4VP starting block.  

In our work, SAN, SMAh and P4VP starting blocks were prepared by using 

monofunctional RAFT-agent, while the active RAFT moiety was located at the end of the 

polymer chain. These RAFT functional polymers were used as macro-CTAs to synthesize 

diblock copolymers. A monomodal molar mass distribution was obtained for the SAN-b-

SMAh block copolymer by using the SMAh starting block (see Section 5.3.1). It follows 

that the P4VP block should be prepared first. The P4VP starting block was thus used for 

the synthesis of the P4VP-b-SAN block copolymer and the obtained results are discussed 

in this section. Note that, the P4VP starting block is referred to as the macro-CTA. 

Before investigating the block copolymerization itself, the first step was to elucidate 

the end-functionality of the starting P4VP block. The UV-spectrum of a TTC-group, i.e. 

DIBTTC, has a maximum absorption at a wavelength of 305 nm. Figure 8 demonstrates 

that the TTC moiety is present in the obtained P4VP polymer. 

The P4VP17 polymer (Mn = 1.23x103 g/mol) contains 7 monomeric repeating units 

and the expected end groups originating from the RAFT agent, viz. C3H6COOH and 

C12H25CS3 were already identified by MALDI-TOF-MS (reported in Chapter 3). 

Combining both results of UV and MALDI-TOF-MS analysis, the presence of the active 

RAFT group, and consequently of the end-functionality of P4VP was confirmed. In this 

case, the RAFT functionalized P4VP polymer appears to be a promising starting material 

for chain extensions leading to block copolymers. 
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A P4VP-TTC of low molar mass (Mn = 1.23x103 g/mol), referred to as P4VP17, was 

used as a macro-CTA in order to carry out experiments 59-61. The experimental 

conditions of these experiments are described in the Experimental part. The results of the 

synthesized block copolymers P4VP-b-SAN are collected in Table 8. The presented 

results clearly demonstrate that block copolymers with different SAN block lengths were 

obtained. 

 

 

Figure 8. UV spectra of 4VP monomer, of DIBTTC used as CTA for the synthesis of P4VP, 
and of the final homopolymer, P4VP-TTC. 

 

The obtained block copolymer of the lowest molar mass, synthesized in experiment 

59, had a short block of SAN attached to the even shorter P4VP starting block. On the 

one hand, the Mn value calculated by eq. 2.2 for the obtained block copolymer in 

experiment 59 was lower than the experimentally observed Mn value measured by SEC, 

although the deviation was in the same order of magnitude (see Table 8). On the other 
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hand, a good agreement was observed between calculated Mn value and the one 

determined by MALDI-TOF-MS. It is important to mention that MALDI-TOF-MS is an 

absolute technique to determine molar masses, whereas SEC is a relative technique. 

Furthermore, MALDI-TOF-MS was used to determine the chemical composition of the 

obtained block copolymer (59) as presented in Figure 9. As already reported in Chapter 

3, the mass spectra of the analyzed polymer can be represented as a contour map,19 to 

give an overview of the chemical composition distribution.  

 

 Table 8. Block copolymers P4VP-b-SAN with different lengths of the SAN block. The starting 
P4VP-TTC (17) block was used as a macro-CTA (Mn = 1.23x103 g/mol).  

entry [CTA] 
(10-3 mol/L) 

time 
(hrs) 

conversion 
(%) 

Mn,calc        Mn,SEC       Mn,MALDI  
(103 g/mol) 

PDISEC 

2 59.7 4.7 5.72 4.49a 1.23 59 
 

12.0 

26 64.8 5.0 5.96 5.04a 1.26 

60 1.9 41 75.3 33.09 32.83 n.a. 1.16 

61 6.8 48 62.4 77.82 77.83 n.a. 1.32 

Note: In all experiments [STY] ≈ 6 mol/L, for more details see Table 3. a) The PDI value determined by 
MALDI for experiment 59 was 1.12 and 1.08, after 2hrs and 26hrs, respectively. 

 

Figure 9 shows the contour map of the block copolymer P4VP-b-SAN. A P4VP17 

was used as a starting block and had already been analyzed by MALDI-TOF-MS (see 

Chapter 3, Section 3.4.4.2). The SAN chain length contained approximately 10 to 50 

STY units, and 2 to 28 AN units. The highest intensity is at 32 STY and 17 AN units. 

Based on the MALDI-TOF-MS measurement, it was calculated that the block copolymer 

synthesized in experiment 59 had the expected composition of STY and AN (79:21 w/w, 

or 65:35 mol/mol, respectively). Note that the synthesis of block copolymer was carried 

out at the azeotropic mixture of STY and AN. In this case, the AN content in the SAN 

block was expected to be about 20 wt%, which was very close to the deduced value from 

MALDI-TOF-MS measurement. 
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Figure 9. Contour map of the P4VP-b-SAN block copolymer obtained in experiment 59. The 
P4VP17 starting block was used as a macro-CTA (see Chapter 3). The contour map represents 
the number of STY and of AN units in the second block SAN. 

 

A higher molar mass of the second SAN block, and therefore of the block copolymers 

P4VP-b-SAN, was targeted in the experiments 60-61. The results are presented in Table 

8. Figure 10 shows that the Mn value increased linearly with the monomer conversion for 

both experiments, indicating that the polymerization had a living character. The good 

agreement between the Mn value calculated by using eq. 2.2 and the experimentally 

observed Mn value pointed to an efficient control of the radical polymerization using the 

starting P4VP-TTC block as macro-CTA. 

Figure 11 shows the evolution of the molar mass distribution for experiment 60. The 

SEC chromatogram (DRI traces) of the sample points to a monomodal molar mass 

distribution (see Figure 11a). Note that traces of the low molar mass polymer eluted 

between 17 and 19 mL. This indicates that there is always some remaining starting P4VP 
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block present. However, these traces correspond to the minimum amount of materials, 

and can be neglected in comparison with the traces of the growing block copolymer. 

 

 

Figure 10. Number average molar mass (Mn ) as a function of conversion using the P4VP17 
starting block as a macro-CTA. The lines represent the Mn values calculated with eq. 2.2 
(Mn,calc), whereas the symbols represent the expected values (Mn,SEC) of the molar mass of the 
block copolymers during reactions. Note that symbols ▲ (respectively ■) represent results 
obtained in experiment 60 (respectively 61). 

 

Figure 11b represents the UV signals (at 305 nm) for the block copolymer P4VP-b-

SAN (60) and the starting P4VP block. The DRI signal and the UV signal of the SEC 

chromatograms indicate that the growing block copolymer chains obtained in experiment 

60 were indeed functionalized with the TTC-group. The P4VP starting block underwent 

subsequent addition of STY and AN units, resulting in a well-defined P4VP-b-SAN 

block copolymer. A relatively low PDI value was observed (see Table 8). The efficiency 

of the control of polymerization by using P4VP bearing a TTC group remained, even 

when a higher molar mass of the P4VP-b-SAN block copolymer was targeted. For 

example, in experiment 61, targeted molar mass was 124.0x103 g/mol. Note that at the 
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end of the reaction, after 48hrs, monomer conversion was 62 % (see Table 8) and the 

experimentally observed Mn value was thus 77.8x103 g/mol. 

 

 

Figure 11. SEC chromatograms: a) the DRI signals and b) the UV signals at 305 nm, for 
P4VP-b-SAN block copolymer (experiment 60) showing the evolution of molar masses with 
the increase of overall monomer conversion. Note that the arrows indicate increasing monomer 
conversion. 

 

In summary, the obtained results from experiments 59-61 clearly demonstrate an 

efficient control of polymerization by using the P4VP starting block end-functionalized 

with a TTC group. Subsequently, the GPEC analysis was used to confirm the block 

copolymer structure (see Section 5.3.3). 

 

5.3.4 Characterization of block copolymers by gradient polymer elution 

chromatography (GPEC) 

The SEC technique does not give an absolute proof of the existence of block 

copolymers and does not provide information of the chemical composition on molecular 

level. That is why gradient polymer elution chromatography (GPEC)20,21 was used to give 
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access to this information. Homopolymers and copolymers synthesized by RAFT-

mediated polymerization were used as well defined standards for the characterization by 

GPEC. 

In the case of P4VP and SMAh polymers, it is very difficult to optimize the 

separation conditions, due to the strong adsorption of the polymers on various stationary 

phases. As a matter of fact, even during the SEC analysis of the SMAh and P4VP 

polymers and their chain extended block copolymers, a small amount of acetic acid was 

added to avoid adsorption on the stationary phase (column). In order to find out the 

elution conditions of SAN, SMAh, P4VP blocks and of their block copolymers, different 

columns were tested. It appeared that the cyano (CN) bonded silica (SbCN) column was 

the most suitable one (see Section 5.2.3.4). The composition of the eluent at which the 

precipitated polymer sample redissolves depends on its chemical composition and on its 

molar mass. SAN is a statistical copolymer and its elution depends on its AN content.22 

In the present case, all analyzed SAN copolymers contain of approximately 37 mol% (or 

20 wt%) of AN. SMAh is a strictly alternating copolymer of STY and MAh (containing 

50 mol% STY). 

 

5.3.4.1. GPEC for SMAh-b-SAN block copolymers 

The separation efficiency of SAN and SMAh copolymers was investigated by using 

an HPLC column with a CN functionalized silica stationary phase (SbCN column), and 

an applied gradient from heptane to dichloromethane (DCM) to THF (Table 4). At least 

5 vol% THF was always present in the eluent, in order to obtain good peak resolution. 

It seems that the adsorption of SMAh block on the stationary phase could not be 

completely prevented under the experimental conditions chosen: broad SMAh peaks were 

observed, in conjunction with low intensity signals. That is why some cleaning steps 

were performed after each run in order to guarantee the reproducibility of the results. The 

cleaning step includes the flushing of the column with THF, followed by an injection of 

50 µm of formic acid.  
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The SAN and SMAh copolymers have different elution times, as illustrated in Figure 

12 and Figure 13. The SAN copolymers elute (about 8 min) at an eluent composition i.e. 

n-heptane/DCM/THF 73/22/5 (v/v/v), whereas the SMAh copolymer needs more time to 

elute (16 min) in a mixture of only DCM and THF. Note that copolymers molar masses 

ranging from 15x103 g/mol to 120x103 g/mol for SAN and from 5x103 g/mol to 15x103 

g/mol for SMAh were analyzed (see Table 9). The overall chemical composition of the 

copolymer in the analyzed samples remained constant. The obtained GPEC results are 

reproducible. All analyzed SAN and SMAh copolymers of the same type, even 

copolymers with different molar masses, elute at the same time, which is characteristic 

for the certain type of copolymer, e.g. 8 min is the characteristic elution time for the SAN 

copolymers, whereas SMAh copolymers elute after 16 min, under the conditions applied.   

 

 

Figure 12. The GPEC chromatograms for the DTB end-functional a) SAN-based and b) 
SMAh-based macro-CTA used for the synthesis of block copolymers SMAh-b-SAN 44 and 47, 
respectively 

 

The GPEC traces in Figure 12 and Figure 13 clearly show well-resolved peaks for 

the starting SAN and SMAh blocks as well as for the obtained block copolymer SAN-b-
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SMAh. The complete shift of the entire block copolymer peaks 47 and 50 away from the 

SMAh peak was the proof of the block copolymer formation (see Figure 12b and Figure 

13a). A detail of the obtained results will be discussed in the coming part. 

 

Table 9. SAN and SMAh copolymers and SAN-b-SMAh block copolymers analyzed by GPEC. 

entry Starting block Mn (SAN)    Mn(SMAh)  
             (103g/mol) 

Block  
length* 

3 SAN-DTB (SAN3) 15.9 - - 

5 SAN-TTC (SAN5) 29.8 - - 

6 SAN-TTC (SAN6) 74.6 - - 

X SAN-TTC 120.0 - - 

10 SMAh-TTC (SMAh10) - 13.1 - 

11 SMAh-DTB (SMAh11) - 14.3 - 

12 SMAh-TTC (SMAh12) - 5.5 - 

44 SAN-DTB (SAN3) 15.9 9.1 2:1 

45 SAN-TTC (SAN5) 29.8 62.2 1:2 

47 SMAh-DTB (SMAh11) 69.2 14.3 5:1 

50 13.8 5.5 3:1 

57 

SMAh-TTC (SMAh12) 
 

78.3 5.5 14:1 

Note: * ‘Block length’ represents the molar mass ratio of two individual SAN and SMAh blocks: Mn(SAN) 
: Mn (SMAh) 

 

The SAN-based macro-CTAs, end-functionalized with DTB and with TTC, were used 

for the synthesis of block copolymers in experiments 44 and 45, respectively (see Section 

4.3.3). The obtained block copolymers from these experiments, referred to as block 

copolymers 44 and 45, were initially analyzed by GPEC (see Table 9). The position of 

the entire block copolymer peaks 44 and 45 is shifted away from SAN peak, and moved 

towards the peak of SMAh, as illustrated in Figure 12a and Figure 13b, respectively.  
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On the one hand, a large fraction of block copolymer 44 eluted at the elution position 

of SAN, which may indicate the presence of a fraction of dead polymer chains. SEC 

analysis also gave a bimodal peak for this block copolymer (reported in Chapter 4), 

providing thus evidence of the presence of remaining low molar mass fractions. This is a 

direct indication for incomplete transformation of the starting SAN-DTB block into block 

copolymer 44. On the other hand, the evolution of the block copolymer 45 only gave a 

monomodal peak. The combined results of the GPEC and of the SEC (see Section 4.3.3) 

analysis are an indication of complete transformation of the starting SAN-TTC block into 

block copolymer 45. 

 

 

Figure 13. The GPEC chromatograms for the TTC end-functional a) SMAh-based and b) 
SAN-based macro-CTA used for the synthesis of SMAh-b-SAN block copolymers 50 and 45, 
respectively. 

 

A DTB and a TTC end-functional SMAh-based macro-CTA was used for the 

synthesis of block copolymers 47 and 50, respectively (see Section 5.3.1). The obtained 

block copolymers from these experiments, referred to as block copolymers 47 and 50, 

were afterwards analyzed by GPEC (see Table 9). Figure 12b and Figure 13a show that 
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the position of the entire block copolymer peak is shifted towards the peak of SAN for 

both block copolymers. However, the SMAh peak overlaps with the peak of block 

copolymer 50 (see Figure 13a). Note that in this case the SAN block length was three 

times as high as SMAh block length, whereas for the block copolymer 47 SAN block 

length was even higher (see Table 9). Therefore, it was very difficult to separate these 

block copolymers based on their block length. However, low molar mass fractions 

originating from the SMAh starting block could be not detected by GPEC. SEC analysis 

also showed a monomodal molar mass distribution and no remaining traces of the starting 

material (see Figure 2 and Figure 3). That is why these combined results can confirm 

that block copolymer was formed and indicate a complete transformation of the SMAh 

starting block into the block copolymer.  

To summarize, the results of GPEC analysis confirmed the formation of block 

copolymers. There was a clear difference between two types of block copolymers with 

respect to the starting SAN or SMAh block. The difference in elution behavior of the 

SAN and SMAh individual copolymers and of the obtained SMAh-b-SAN block 

copolymers was a direct indication of the efficiency of block copolymer formation. A 

transformation of the starting block into the block copolymer was complete by using the 

SMAh starting block as a macro-CTA (reported in this chapter of the thesis). On the 

contrary only partial transformation of the SAN-DTB starting block into a SAN-b-SMAh 

block copolymer was observed (reported in Chapter 4). To conclude, the control of block 

copolymerization was improved by using the SMAh-based macro-CTA compared to the 

SAN-based macro-CTA. Note that the separation of block copolymers in terms of the 

SAN block length was not clear. It is important to mention that the SMAh copolymer is 

rather difficult to be analyzed by GPEC and these results are already good indication of 

the block copolymer formation, particularly with respect to the type of the starting block. 

 

5.3.4.2 GPEC for P4VP-b-SAN block copolymers 

The block copolymers obtained in experiments 59-61 were analyzed by GPEC 

analysis. It is important to mention that the same P4VP starting block (referred to as 



Block copolymer synthesis in solution via RAFT-mediated polymerization

 

 133

P4VP17) was used for the syntheses of these block copolymers, whereas the SAN block 

length was increased. The Mn values of the P4VP-b-SAN block copolymers 59-61 are 

listed in Table 8. The separation efficiency of SAN and P4VP polymers was studied by 

using a CN functionalized silica column (see Section 5.2.3.4) and an applied eluent 

gradient from water to methanol to THF. The gradient used is shown in Table 5. Water is 

a non-solvent for both P4VP and SAN polymers, whereas methanol is a good solvent for 

P4VP and a non-solvent for SAN. The ratio between water and methanol (5/94 vol/vol) 

was chosen in such a way that the retention, and thus the adsorption of P4VP on the 

stationary phase, was prevented. Note that at least 1 vol% of THF was always present in 

the eluent gradient. SAN was still retained in the system, since it was not soluble in the 

mixture of water and methanol. The P4VP homopolymer (P4VP17) elutes after 2 min, at 

the moment when the volume of THF in the eluent just starts to increase. SAN copolymer 

elutes later (8.8 min) and requires a higher volume of THF (methanol/THF ≈ 81/19 v/v).  

The difference of the solubility of polymers in the mobile phase (eluent) was 

sufficient to separate P4VP and SAN copolymers. The GPEC chromatogram in Figure 

14 clearly shows well-resolved peaks for the separate P4VP and SAN blocks. Note that 

SAN copolymers of molar masses ranging from 15x103 g/mol to 120x103 g/mol (see 

SAN samples listed in Table 9), always contained 20 wt% of AN. The peaks of P4VP-b-

SAN block copolymers 59-61 elute between the peaks of the separated blocks. The 

position of the entire block copolymer peak points to the molar mass difference between 

the obtained block copolymers. The peak of the block copolymer of the higher molar 

mass i.e. Mn = 77.8x103 g/mol for block copolymer 61, is shifted towards the peak of 

SAN, compared to the peak of block copolymer 59. Note that the increase of the molar 

mass of the block copolymer is a direct indication of an increase of the block length of 

the SAN block.  

In summary, the results of GPEC analysis indicate that a P4VP-b-SAN block 

copolymer was formed. Initial P4VP starting block, used as a macro-CTA could not be 

detected with GPEC analysis. Combining the results of both SEC and GPEC analysis, the 

complete transformation of the P4VP starting block into P4VP-b-SAN block copolymer 

demonstrated an efficient control of the radical block copolymerization. 
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Figure 14. The GPEC chromatograms of P4VP and SAN individual blocks and of P4VP-b-
SAN block copolymers 59-61. 

 

5.4 Conclusion 

The formation of block copolymers SMAh-b-SAN and P4VP-b-SAN via RAFT-mediated 

polymerization, using a SMAh and P4VP starting block as a macro-CTA, was investigated.  

The SMAh block was end-functionalized with a dithiobenzoate or a trithiocarbonate end 

group (SMAh-DTB and SMAh-TTC, respectively). The efficiency of block copolymerizations 

using SMAh-based macro-CTAs was higher for a lower molar mass SMAh (Mn ≤ 5x103 g/mol) 

than for higher molar mass SMAh (Mn ≈ 15x103 g/mol). However, there was no significant 

difference between the chain extension reaction using a DTB or a TTC functional SMAh. On the 

basis of the presented experiments, we have demonstrated that the controlled chain extension of 

RAFT-functional SMAh with STY and AN was successful. The efficiency of control of the block 

copolymerization by using SMAh-based macro-CTA was better in comparison to the use of 

SAN-based macro-CTA (see Chapter4). The GPEC results confirmed the differences of the 

obtained block copolymers consisting of the SAN and SMAh starting block.  
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The P4VP starting block bearing trithiocarbonate end group (P4VP-TTC) was also 

successfully chain extended with STY and AN. The obtained results demonstrated that RAFT-

functional P4VP can be used as an effective macro-CTA to synthesize P4VP-b-SAN block 

copolymers of different molar masses and with monomodal molar mass distributions. The results 

of GPEC analyses confirmed their successful formation.  
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Chapter 6  

RAFT-functional SMAh and P4VP 

blocks as polymeric surfactants in 

emulsion polymerization 

 

Abstract: The RAFT-functional polymers such as poly(styrene-alt-maleic anhydride) 

(SMAh) and poly(4-vinyl pyridine) (P4VP) have already been used as macro-CTAs in solution 

polymerization. In that case, the formation of block copolymers SMAh-b-SAN and P4VP-b-SAN 

clearly demonstrated the living character of these RAFT-functional polymers. SMAh and P4VP 

are also water soluble polymers under alkaline and acidic condition, which can be used as 

polymeric reactive surfactants or as precursor for polymeric surfactant in emulsion 

polymerizations. Therefore, block copolymerization in emulsion was investigated in this chapter.  

In a first approach, the polymerization was carried out as a batch process using the RAFT-

functional SMAh block i.e. SMAh polymer bearing either a dithiobenzoate (DTB) or a 

trithiocarbonate (TTC) functionality. Since the SMAh-based emulsion polymerization was carried 

out in the presence of ammonia, aminolysis of the RAFT-group i.e. the DTB and the TTC end 

group, might occur. Nevertheless, stable latexes were formed in both cases. The efficiency of the 

control of RAFT-mediated emulsion polymerization was higher using the SMAh-TTC block than 

using the SMAh-DTB block.  

In a second approach, P4VP-TTC was used as a macro-CTA and as a precursor for polymeric 

surfactant in the RAFT-mediated emulsion polymerization. The polymerization started with a 

P4VP-TTC macro-CTA was carried out as a semi-continuous process. The complete 

transformation of the P4VP starting block into the P4VP-b-SAN block copolymer points to an 

efficient control of the polymerization in emulsion. This procedure leads to the formation of a 

stable latex. The results of GPEC analysis confirmed the successful block copolymer latex 

formation.  
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6.1 Introduction 

Our final aim is to apply block copolymers as adhesion promoting linkers between a 

thin copper layer and a polymer substrate, viz. acrylonitrile-butadiene-styrene (ABS). 

Since solvents damage the ABS surface, the block copolymer should be applied in a 

solvent-free manner to avoid any interference with the adhesion process. To circumvent 

this issue, the use of a water-borne block copolymer, made by surfactant free emulsion 

polymerization, becomes an interesting option for the direct application on the ABS 

substrate. Moreover, there is no influence of water on the ABS surface, at least not over a 

short term-period. 

Emulsion polymerization has received considerable industrial interest for the 

production of a wide range of synthetic latexes.1 A latex is a colloidally stable dispersion 

of submicron polymer particles in water. Colloidal stability is provided by a surfactant. 

Unfortunately, the presence of surfactants may affect the properties of the end-product. 

An emulsion polymerization in the absence of surfactant (referred to as surfactant free 

emulsion polymerization) may result in better properties of the end-product. 

 

 

Figure 1. Schematic representation of core-shell particles of an amphiphilic block copolymer 
in a surfactant free emulsion polymerization process. Water soluble blocks like e.g. SMAh or 
P4VP blocks form the outer shell, whereas SAN blocks remain in the core of the latex particle. 

 

SANSANSAN
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Tamai et al.2 reported that the surfactant free emulsion copolymerization of STY and 

hydrophilic monomers resulted in the water-borne polymer. Therefore, we can imagine 

that a homogeneous shell of water soluble blocks, like SMAh or P4VP should be present 

on the surface of the particles. The SAN block should form the core of the particle. As a 

consequence, the core-shell particles should consist of a single type of block copolymer 

chains (see Figure 1). A stable latex should be obtained. Note that core-shell particles of 

block copolymers are very different from conventional core-shell particles, which are 

usually composed of different types of polymer chains. 

In general, SMAh copolymers are used in various applications such as water soluble 

metallic and organic pigment dispersions, printing inks, carpet/textile cleaners, etc.3 The 

SMAh copolymer is readily soluble in an aqueous ammonia solution. However, the 

maleic anhydride ring can easily be hydrolyzed to form a carboxylic acid or the 

corresponding salt. As a consequence, the SMAh copolymer may adopt different 

structures through different degrees of ionization of the molecule, depending on the pH of 

the corresponding SMAh solution.4,9 SMAh copolymer resins have already been applied 

as polymeric surfactants in emulsion copolymerization of methyl methacrylate and n-

butyl acrylate.5 A completely alternating SMAh copolymer with an equimolar ratio of 

STY and MAh (1:1 mol/mol) was less efficient in stabilizing a latex than a SMAh 

copolymer with a higher STY content and accordingly resulted in the formation of a latex 

with a large particle size. Nzudie et al.5 reported that stable latex was formed via batch 

emulsion polymerization, using SMAh as surfactant with STY:MAh = 2:1 or 3:1 

mol/mol. SMAh resins can thus be used as effective polymeric surfactants in aqueous 

dispersions and emulsification applications. The products have excellent colloidal 

stability and a good pigment binding capacity. The SMAh copolymers act then as 

conventional surfactants. Only recently it was reported that the RAFT-functional SMAh 

polymer can behave as reactive surfactant.15 

The use of P4VP as an emulsifier for the polymerization of STY and AN in acid 

media has already been demonstrated in industry.6 In the absence of emulsifier, little (if 

any) polymer was obtained. However, additions of about 2.0 to 5.0 parts (relative to 

monomer) of P4VP were required as emulsifier to obtain a well-processable and flowing 
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polymer dispersion of a reasonable stability. In this specific case, the P4VP polymer acts 

as a conventional surfactant. Well-defined triblock copolymers, P4VP-b-PSTY-b-P4VP 

and PSTY-b-P4VP-b-PSTY were obtained by RAFT-mediated polymerization in 

solution.7 The self-assembled aggregates of these triblock copolymers have also been 

reported by Yuan et al.7 A reduction of the P4VP block length relative to the PSTY block 

led to the formation of rod-like aggregates. In this situation, the P4VP blocks form the 

aggregate corona and the PSTY blocks reside in the core. Stable aggregates were 

obtained thanks to the amphiphilic nature of the block copolymer.  

STY is a hydrophobic monomer and AN is a partially water soluble monomer. 

Surfactant free emulsion polymerization has been used to prepare SAN copolymer with 

CN groups at the surface.8 Ammonium persulfate was used as the initiator. The reaction 

was carried out in a nitrogen atmosphere at 70 oC under mechanical stirring at 350 rpm. 

The particles were spherical in shape with an average size of 446 nm. 

The syntheses of SMAh-b-SAN and P4VP-b-SAN block copolymers via emulsion 

polymerization are reported in the present chapter of the thesis. These block copolymers 

were synthesized in aqueous dispersions, mediated by SMAh-based and P4VP-based 

macro-CTAs. No supplementary surfactant was used. The polymerization conditions and 

the requirements for the formation of SMAh-b-SAN and P4VP-b-SAN block copolymer 

latexes are discussed.  

 

6.2 Experimental Section 

6.2.1 Materials 

Monomers: Styrene (STY, Aldrich, 99+%) and acrylonitrile (AN, Aldrich, 99+%) 

were purified by filtration over a column. The column was packed either with inhibitor 

remover aluminium oxide (Al2O3, Aldrich, activated basic Brockmann I, standard grade, 

ca 150 mesh) for STY purification or with inhibitor remover for removing hydroquinone 

and monomethyl ether hydroquinone (Aldrich) for AN purification. The obtained SMAh 

and P4VP polymers, end-functionalized with a thiocarbonyl thio moiety, were 
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synthesized and purified prior to use (see Chapter 3). These polymers were used as 

macro-CTAs in the work described in this chapter. Commercial SMAh (Mn= 2611 g/mol 

and PDI= 1.86, SMA1000, Sartomer) was used without further purification. The azo-

initiator, 4,4'-azobis(4-cyanovaleric acid) (ACVA, Fluka, >98%) was used as received. 

Hydrochloric acid (HCl, Merck, 37%) and an aqueous solution of ammonia (NH3, Merck, 

32%) were used as received. Deionized water was used for all experiments. 

 

6.2.2 Emulsion polymerization procedure 

Surfactant free emulsion polymerizations were carried out in a three-necked jacketed 

glass reactor equipped with a mechanical stirrer, a reflux condenser and a thermostatic 

water bath. The macro-CTA (SMAh or P4VP) was dissolved in deionized water. The 

reaction mixture was stirred at 300 rpm and purged with argon for 45 minutes until a 

completely homogeneous solution was obtained. The monomers STY and AN were then 

added to the reactor and the mixture was stirred for a short time. Initiator, dissolved in the 

remaining amount of water was then added to the reactor (after deoxygenating). The 

batch or semi-continuous polymerizations were carried out at the reaction temperature. 

 

6.2.2.1 Emulsion Polymerization mediated by end-functionalized SMAh 

copolymer: Batch process 

0.250 g (4.88x10-5 mol) of SMAh12 (SMAh-TTC, Mn,SEC = 5.51x103 g/mol), 1.4 g 

NH3 ( 8 mol% NH3-solution) and 20 g of water were charged to a 50 mL three-necked 

jacketed glass reactor to carry out experiment 65. The reaction mixture was stirred at 300 

rpm until a completely homogeneous solution was obtained. 5.21 g (6.1x10-2 mol) of an 

azeotropic monomer mixture (STY:AN = 63:37 mol/mol) was then added to the reactor 

and the reaction mixture was stirred for 15 minutes. Then, 0.003 g (1.07x10-3 mmol) of 

ACVA (azo-initiator) was added to the reactor. The reaction mixture was purged with 

argon for 45 minutes after which the polymerization was carried out at 80 ˚C. Monomer 

conversion was determined by gravimetrically. The reaction was stopped after 5 hrs. 



Chapter 6

 

 142 

Complete conversion was reached. The block copolymerization resulted in a colloidally 

stable latex, with a particle size of 68 nm and with a monomodal particle size 

distribution. The experimentally observed molar mass value was 81.7x103 g/mol and a 

PDI value of 2.56 was obtained (see entry 65 in Table 1). 

 

Table 1. Recipes for emulsion polymerization, using SMAh as a starting block. 

entry SMAh block 
  name          Mn,SEC     (wt%)a 
                    (103 g/mol) 

t 
(hrs) 

mmon 
(g) 

conv 
(%) 

Mn,SEC 
103 g/mol 

PDI dn 
(nm) 

62 SMAh13 5.50 15.7 20 1.70 73 n.a. n.a.  

63 SMAh11 14.30 6.1 7 2.27 78 180.0 4.3 77 

64 19.6 8 4.56 100 10.9 3.21 38 

65 

SMAh12 
 

5.51 
 

4.6 5 5.21 100 81.7 2.56 68 

66 SMAh10 13.10 7.6 8 2.21 78 110.0 2.89 64 

67 1.2 22 2.32 22 n.a. n.a. 120 

68 

SMA1000 
 

2.61 

10.3 14 2.49 50 n.a. n.a. n.s. 

Note: mmon indicates the total amount of monomers added (where STY/AN = 63/37 mol/mol). SMAh 10 
and 12 and SMAh 11 and 13 are SMAh copolymers end-functionalized with TTC and with a DTB-group, 
respectively. SMAh1000 is a conventional SMAh copolymer without a RAFT end group. a) The amount of 
SMAh copolymer is represented by its weight fraction (wt%) relative to the amount of monomers. 20 g of 
water and ACVA (azo-initiator) were added to the reaction mixture. [SMAh]/[ACVA]≈ 4. Conversion was 
determined gravimetrically. dn is the Z-average particle size, measured by DLS, n.s. indicates instable latex 
formation. 

 

6.2.2.2 Emulsion Polymerization mediated by end-functionalized P4VP 

polymer: Semi-continuous process 

0.167 g (2.12x10-4 mol) of P4VP20 (P4VP-TTC, Mn,SEC = 800 g/mol), 0.3 g HCl ( 8 

mol% aqueous HCl-solution) and 35 g of water were charged to a 100 mL three-necked 

jacketed glass reactor to carry out experiment 69. The reaction mixture was stirred at 300 

rpm and purged with argon for 45 minutes until a completely homogeneous solution was 
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obtained. An initial amount of 0.015 g of the azeotropic monomer mixture (where 

STY:AN = 63:37 mol/mol) was added to the reactor, and the reaction mixture was stirred 

for 15 minutes. After deoxygenating with argon, 0.053 g (1.9x10-4 mol) of ACVA (azo-

initiator) dissolved in 3 g of water was added to the reactor. Then the polymerization was 

carried out at 80 ˚C and with a controlled feed of monomers (see Table 2), as a semi-

continuous process. Samples were withdrawn during the process to determine conversion 

gravimetrically and to provide samples for subsequent SEC and GPEC analysis. 

Complete conversion was reached. The P4VP-b-SAN69 block copolymer  product was a 

stable latex, with a particle size of 45 nm and with a monomodal particle size 

distribution. The experimentally observed molar mass value was 48.8x103 g/mol with a 

PDI of 4. 

 

Table 2. Monomer addition profile. 

add. 
step 

feed rate,  
(mL/hrs) 

time, 
(hrs) 

Vadd. 
(mL) 

step 1 0 0 0.014a 

step 2 0.60 3 1.8 

step 3 1.20 5 4.2 

step 4 4.64 6.7 12 

step 5b 0 11 12 

Note: a) An initial amount of monomers was added (as one drop), and then a controlled feed of monomers 
(2-4 steps) was started. The azeotropic monomer mixture of STY and AN (63 mol% of STY) was 
preformed and purged with argon prior to use. b) After the completion of the monomer mixture feed, the 
reaction was continued (indicated as step5) to reach full conversion. 
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6.2.3 Analysis and Measurements 

6.2.3.1 Determination of Conversion and Molar Mass Distribution 

Monomer conversion was determined gravimetrically, by measuring the solid content 

in a specific amount of sample. To remove water and residual monomer, the latex sample 

was transferred into aluminium cups and weighed. Subsequently, the sample was dried, 

first on a hotplate at 70 ºC, then in a vacuum oven overnight at 80 ºC. Afterwards, the 

sample was again weighted. The amount of solid was determined from the recorded 

weight difference. Conversion was estimated on the basis of the total amount of monomer 

used in the recipe. 

Molar mass (Mn,SEC) and the polydispersity index (PDI) were measured by size 

exclusion chromatography (SEC), see Section 3.2.3.1. 

 

6.2.3.2 Dynamic light scattering (DLS) 

The particle size distribution of the aqueous dispersion was determined by dynamic 

light scattering using a Malvern 4700 light scattering apparatus with a 488 nm laser, a 

Malvern 7032 correlator and a PCS7 stepper motor controller. The measurement 

temperature was 25 ºC and the scattering angle was 90 º. The intensity weighed mean-

average diameter was measured three times to obtain an average value (dn). 

 

6.2.3.3 Gradient Polymer Elution Chromatography (GPEC) 

The gradient of eluents employed for the characterization of the SMAh-based 

polymer is a mixture of n-heptane, DCM and THF, see Section 5.2.3.4. 

The gradient of eluents employed for the characterization of the P4VP-based polymer 

is a mixture of water, methanol and THF, see Section 5.2.3.4. 
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6.3 Results and Discussion 

A RAFT-functional SMAh copolymer and a RAFT-functional P4VP homopolymer 

were synthesized and purified prior to use, as reported in Chapter 3. The presence of a 

RAFT group at the SMAh and the P4VP polymer chain ends was a prerequisite for the 

preparation of block copolymers. Indeed, the SMAh-b-SAN and P4VP-b-SAN block 

copolymers in solution could be synthesized from the corresponding SMAh and P4VP 

macro-CTAs, see Chapter 5.  

The challenge of the work presented in this chapter is the synthesis of block 

copolymers SMAh-b-SAN and P4VP-b-SAN in a surfactant free ab-initio emulsion 

polymerization. The resulting block copolymer latexes can subsequently be used as 

adhesion promoting linkers between a thin copper layer and ABS. These water-borne 

block copolymers can be directly applied on ABS, without damaging its surface. The ab-

initio emulsion polymerization was carried out without supplementary surfactant. Instead, 

SMAh and P4VP water soluble polymers, under specific conditions (see Section 6.3.1), 

were used. These polymers could be incorporated in the growing latex particles because 

of the presence of RAFT-groups at the SMAh and the P4VP polymer chain ends. The 

RAFT-functional SMAh and P4VP act as macro-CTAs. It is expected that the block 

copolymers can self-assemble into micelles during the addition of hydrophobic 

monomers (STY and AN) to the polymer chains (see Figure 2).  

Subsequent polymerization with STY and AN results in particle formation. At this 

stage, the original RAFT-moiety, which largely retains at the polymer chain end, is 

located in the interior the particles. Once all the particles have been formed, the chains 

located inside the particles continue to grow in a similar way as in a conventional 

emulsion polymerization. Note that the particles grow by controlled RAFT-mediated 

emulsion polymerization. The SMAh-b-SAN or P4VP-b-SAN block copolymer will then 

be obtained as a stable latex with the hydrophilic SMAh or P4VP block extended into the 

water phase to stabilize block copolymer particles.  

It is also important to mention that water soluble azo-initiator, i.e. ACVA, which 

carries an acid-functionality was used in all reactions. The water solubility of STY and 
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AN is different. It might be that some of SAN particles are formed in the aqueous phase 

and are stabilized by the carboxylic groups from the azo-initiator. Furthermore, there is a 

possibility that the RAFT-moiety attached to the SMAh or P4VP starting block can be 

cleaved and be immobilized inside the particles. The RAFT-moiety can then continue 

polymerization with the STY and AN monomer leading to SAN-emulsifier i.e. RAFT-

functional SAN polymer chains. The particles formed in the aqueous phase without a 

RAFT agent can be also stabilized by the carboxylic groups from the azo-initiator. 

However, the carboxylic groups and/or the RAFT-functional SAN polymer chains will be 

less effective in stabilizing the particles than the RAFT-functional SMAh15 or the 

growing P4VP-b-SAN block copolymer. 

 

Figure 2. The RAFT-mediated emulsion polymerization by subsequent addition of STY and 
AN to either SMAh or P4VP starting block which acts as a macro-CTA, as well as a polymeric 
reactive surfactant. 
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6.3.1 Solubility of polymeric surfactant in water 

SMAh and P4VP are soluble polymers in aqueous alkaline (ammonia) and acidic 

solutions.  

 

6.3.1.1 Solubility of SMAh in water 

The SMAh used in this study is an alternating copolymer. This copolymer is 

composed of hydrophobic STY units and hydrophilic MAh units which are hydrolyzed in 

water. The SMAh copolymer is soluble in water due to ring opening of MAh and its 

structure is pH-dependent.9 In our experimental work, SMAh copolymers are soluble in 

an aqueous ammonia solution. The amount of ammonia (NH3) to be added to the reaction 

mixture was optimized. An accurate measurement of ammonia addition was carried out. 

Realizing that 2 moles of NH3 might ensure a complete aminolysis of 1 mol of MAh (see 

Figure 3), it was found that a pH 7 of the final solution was sufficient to solubilize the 

alternating SMAh copolymer in water. 

 

 

Figure 3. Aminolysis of SMAh in aqueous solution (pH 7). 

 

It is important to mention that NH3 was added to the reaction mixture in first place to 

solubilize SMAh in an aqueous solution. Upon addition of NH3 to water, the SMAh 

polymer becomes water soluble because of the MAh ring opening. However, an increased 

pH can also influence the stability of the thiocarbonyl thio (C(S)S) moiety. This effect is 

more prominent for DTB than for TTC.14-17 Therefore, a significant difference between 
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emulsion polymerization mediated by a DTB and by a TTC-functional SMAh was 

observed in our experiments (see discussion in Section 6.3.2). 

 

6.3.1.2 Solubility of P4VP in water  

On the one hand, P4VP is a weak base due to the presence of the unprotonated N-

atom in the pyridine ring. On the other hand, P4VP is also a weak acid, due to the 

presence of the α-H which can provide a proton due to the resonance stabilization of the 

pyridine ring.10 However, P4VP is not soluble in water at pH 7, due to its low acidic 

dissociation constant. Upon addition of HCl to water, the P4VP polymer is protonated 

(see Figure 4), and consequently becomes water soluble.11  

 

 

Figure 4. Protonation of P4VP upon addition of an acid. 

 

An accurate measurement of the HCl addition was carried out to determine the 
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The acidic conditions can also influence the stability of the thiocarbonyl thio (C(S)S) 

moiety. However, the TTC group only has a low reactivity towards hydrolysis in the pH 

range used here. Hydrolysis can occur under more alkaline conditions.12 

 

 

Emulsion Polymerization mediated by RAFT-functional SMAh and P4VP 

polymers 

The emulsion polymerization was carried out in a batch or in a semi-continuous 

process. The starting blocks are RAFT-functional blocks which were used as macro-

CTAs to synthesize SMAh-b-SAN and P4VP-b-SAN block copolymers in emulsion. 

SAN block forms the hydrophobic core, while SMAh and P4VP blocks form the 

hydrophilic shell. 

 

6.3.2 Emulsion polymerization using DTB and TTC end-functionalized 

SMAh copolymers 

The thiocarbonyl thio moiety i.e. the RAFT-moiety is thought to be responsible for 

the living character of the SMAh starting block as well as for the control of the RAFT-

mediated polymerization of block copolymers. Therefore, it is very important that the 

RAFT-group resides continuously at the polymer chain ends before and during the 

synthesis of block copolymers. The presence of RAFT moiety can be clarified by 

performing UV analysis (see discussion later in this chapter).  

As already mentioned, NH3 was added to the reaction mixture in first place to 

dissolve the SMAh copolymer (NH3:MAh = 1:2 mol/mol). The impact of NH3 on RAFT-

mediated emulsion polymerization is also a particularly important issue. In this case, the 

RAFT-moiety can undergo reaction with ammonia (or other primary amines)13 to be 

transformed into a thiol moiety (see Figure 5). The SMAh macro-CTA with the RAFT 

functionality, e.g. Z(S)SC-SMAh-R, is transformed in a conventional CTA with the thiol 

functionality, e.g. HS-SMAh-R, upon reaction with ammonia. Thiols are frequently used 
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as chain transfer agents in conventional emulsion polymerization to reduce the molar 

mass. Since the RAFT group can be lost in the presence of ammonia, the polymer in the 

resulting latex may show a higher PDI value,14 indicating uncontrolled RAFT-mediated 

polymerization. As a consequence a lower block copolymer yield might be obtained. 

However, it is important to mention that only recently reported data15 indicated that after 

aminolysis RAFT-functional SMAh copolymer become ampiphilic and self-organized at 

the oil/water interface, acting as a reactive oligomeric surfactant in miniemulsion 

polymerization. Basically, those results might support our study to use the RAFT-

functional SMAh as reactive surfactant. 

It was already reported that a DTB-group has a high reactivity towards aminolysis, 

although it could be avoided by working in a neutral or a weakly acidic solution.16,17  A 

TTC-group might react with NH3 under more alkaline conditions.12 However, it shows a 

lower reactivity towards to aminolysis at pH 6. In order to avoid such reactions, our 

experiments were carried out with the minimum amount of ammonia required only to 

dissolve SMAh. A high concentration of NH3 at one place was avoided by continuous 

stirring of the reaction mixture. It was hypothesized that the influence of ammonia on the 

end groups was negligible, although the obtained results suggested a significant influence 

(see discussion later in this section). It is important to mention that the reaction between 

the RAFT end groups, a DTB and TTC group, and NH3 becomes more prominent during 

the longer reaction time.  

 

 

Figure 5. Reaction of RAFT-functional SMAh with ammonia to form SMAh-SH. Z and R 
represent, respectively, the active and the leaving groups of the original RAFT-agent, which 
resides continuously at the SMAh polymer chain end. 
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initially solubilized in an aqueous ammonia solution (pH 7). In that case, the UV detector 

was used to analyze the RAFT-functional SMAh polymer. The presence of a DTB and a 

TTC group attached to the SMAh polymer chain ends were indeed identified by using a 

UV detector at a wavelength of 320 nm and of 305 nm, respectively. If the RAFT 

functional groups remained attached to the SMAh blocks after solubilization, it means 

that these starting blocks can be used as macro-CTAs for the synthesis of block 

copolymers in emulsion.  

Additionally, the RAFT-functional SMAh polymer of lower molar mass (Mn ≈ 2x103 

g/mol) solubilized in an aqueous ammonia solution (referred to as ‘ammonia treated 

SMAh’) was analyzed by MALDI-TOF-MS. The measurements were performed on the 

freshly solubilized sample, as well as after few hrs of reaction. The MALDI-TOF-MS 

spectrum of these samples were more complex than the ‘untreated’ SMAh sample 

(discussed in Section 3.3.3), because of the additional peaks assigned to the MAh ring 

opening. A significant amount of thiol polymer chains (HS-SMAh-R) were indeed 

identified in the sample obtained after few hrs of reaction with NH3. Although it is 

impossible to draw any quantitative conclusions from the MALDI-TOF-MS, significant 

amounts of both SMAh polymer chains end functional with the RAFT and thiol groups 

were obtained. Nevertheless, the difference between a DTB and a TTC functional SMAh 

sample upon aminolysis was difficult to obtain by MALDI-TOF-MS.  

Initially, a dithiobenzoate end-functional SMAh (SMAh-DTB11) was used as a 

macro-CTA. The SMAh-DTB block was dissolved in an aqueous ammonia solution (pH 

7), followed by the addition of monomers (STY and AN) and the initiator to synthesize 

the block copolymer latex. The freshly formed latex was stable. In the presence of the 

SMAh-DTB block, a latex particle size of approximately 80 nm (see entry 63 in Table 1) 

was obtained, with a monomodal particle size distribution. The obtained polymer was 

characterized by SEC. The DRI signal of the SEC chromatogram indicated that the molar 

mass of the obtained polymer was very high and even out of the range to be measured by 

SEC (Figure not shown). The absence of the characteristic UV signal (320 nm) for the 

DTB-moiety indicated that this moiety was not present in the obtained polymer. Note that 

the absence of this moiety may be an indication of the occurrence of the reaction between 
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the SMAh-DTB and ammonia (see Figure 5). Nevertheless, a stable latex was obtained. 

The formation of a block copolymer latex, by using the SMAh-DTB block of lower 

molar mass (SMAh13), was investigated in experiment 62. In this case, the molar mass of 

the obtained polymer was also very high. No influence of the molar mass of SMAh-DTB 

starting block on the efficiency of the control of the block copolymer formation was 

observed. Furthermore, the obtained latex was analyzed by using GPEC, which indicated 

that a SAN block of a very high molar mass was present. Furthermore, no block 

copolymer was detected. The presented results demonstrate that the SMAh-DTB block 

participated in the stabilization of the growing particle, in the form of SMAh-SH (since 

UV signal at 320 nm was absent). The loss of the DTB-group and the very high molar 

mass of the obtained polymer may be a direct indication that a conventional emulsion 

polymerization without the desired i.e. the RAFT control had taken place. The presented 

results may point to the SMAh-DTB block acting as a conventional surfactant in 

emulsion polymerization. The use of the SMAh-DTB macro-CTA in emulsion 

polymerization can not lead to block copolymer latex formation, at least not under the 

applied conditions. 

The influence of the type of RAFT-group, attached to the SMAh polymer chain ends, 

on the control of the block copolymerization in RAFT-mediated emulsion polymerization 

was investigated in experiments 64-66 by using a TTC functional SMAh as a macro-

CTA. The SMAh-TTC starting block was dissolved in an aqueous ammonia solution (pH 

7). The reaction conditions were the same as for the polymerization using the SMAh-

DTB starting block. The freshly formed latex was stable. Small particle sizes in the range 

of 38-64 nm (see Table 1) with a monomodal particle size distribution were obtained. 

Figure 6a shows a shift to higher molar mass with the increase of monomer conversion. 

In addition, Figure 6b shows that the characteristic UV signal (at 305nm) for the TTC-

moiety is present in the high molar mass range. These results indicate that the SMAh-

TTC starting block was extended into the block copolymer latex (for experiment 65). 

Furthermore, Figure 6 clearly illustrates a broadening of the molar mass distribution of 

the final product, compared to the SMAh starting block. The value of the PDI of 2.56 was 

relatively high (see entry 65 in Table 1).  
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Figure 6. SEC chromatograms a) the DRI signals and b) the UV signals at 305 nm, for SMAh-
b-SAN block copolymer in experiment 65 showing the evolution of molar mass with time. 
Note that the arrow indicates increasing monomer conversion. 

 

The experimentally observed molar mass value i.e. Mn,SEC = 81.7x103 g/mol was 

lower than the value calculated using eq. 2.2 (see Chapter 2) i.e. Mn,calc = 111.8x103 

g/mol (for experiment 65). In addition, the results of GPEC analysis indicated that 

SMAh-b-SAN block copolymer latex had been formed. Nevertheless, the SAN block was 

also detected with GPEC analysis. However, it was difficult to determine if the SAN 

block was formed by RAFT-controlled or by conventional emulsion polymerization. The 

obtained results suggest that the SMAh-TTC block underwent reaction with ammonia 

and was transformed into a thiol SMAh block (see Figure 5). However, the proof of the 

presence of a TTC-functionality in the obtained polymer latex was obtained by using a 

UV detector at 305 nm (see Figure 6b). In this case, the TTC-functionality is then not 

completely lost as was the case for the DTB-functional SMAh. That is why we expect 

that SMAh-TTC was only partially transformed into SMAh-SH, and that consequently a 

significant amount of SMAh-b-SAN block copolymer latex was formed by controlled 

RAFT-mediated emulsion polymerization. 
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In summary, the results obtained in experiments 64-66 suggest that the emulsion 

polymerization was partially stabilized by SMAh-SH and partially stabilized and 

controlled by SMAh-TTC (since the UV traces at 305 nm were present). It is also 

important to mention that the RAFT-functional SAN polymer chains formed at the 

beginning of the reaction, as well as the carboxylic groups from the initiator may also 

stabilize colloidal latex formation. However, it is difficult to derive its originality based 

on the results obtained from the performed experiments. Note that all these emulsion 

polymerizations were carried out in a batch process. As a result, a broad molar mass 

distribution can also be caused by secondary nucleation (see Section 6.3.4). However, the 

effect of aminolysis is very strong, and dominant. In order to increase the efficiency of 

control of RAFT-mediated block copolymerization in emulsion it would be necessary to 

investigate these polymerizations in a semi-continuous process and with a better control 

of pH.15  

 

6.3.3 Emulsion polymerization using commercial SMAh1000 without 

active RAFT-end groups 

In order to demonstrate the influence of end-functional SMAh on the emulsion 

polymerization of STY and AN, similar experiments were carried out by using 

commercial SMAh (SMAh1000). Note that this SMAh copolymer did not contain RAFT-

functional groups. On the one hand, low concentration of SMAh was used in experiment 

66. In this case, a stable latex with a particle size of 120 nm was obtained. On the other 

hand, experiment 67 was carried out in the presence of a higher concentration of SMAh. 

A lot of coagulum characteristic for an instable latex formation was then obtained. In 

addition, the molar mass value was out of the range to be measured in a reliable way by 

SEC, suggesting that the polymerization process proceeded as a conventional emulsion 

polymerization. Since the colloidal stability of the latex decreases with increasing 

concentration of SMAh, an additional surfactant would be required to stabilize the latex. 

We can conclude that commercial SMAh can not be used as an effective polymeric 

surfactant under the conditions which were used in our experimental work.  Moreover, 
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the desired SMAh-b-SAN block copolymer formation is impossible without the presence 

of a RAFT-group attached to the polymer chain end. 

In summary, the obtained results demonstrate that RAFT-functional SMAh could be 

used as polymeric surfactant. There is a clear influence of the type of RAFT-group 

attached to the SMAh polymer chain end on the control of the emulsion polymerization. 

The results of experiments 62-66 clearly show that the efficiency of control of RAFT-

mediated emulsion polymerization by using SMAh polymer bearing a TTC group is 

better as compared with the block copolymerization using SMAh-DTB as the starting 

block.  

 

6.3.4 Emulsion polymerization using TTC end-functionalized P4VP  

The P4VP starting block (referred to as P4VP-TTC) is a water soluble polymer under 

acidic conditions. This RAFT-functional polymer contains a large hydrophobic group i.e. 

the dodecyl thio group (S-C12H25) and a hydrophilic group, i.e. the isopropyl carboxylic 

group (C3H6COOH) attached to the P4VP polymer chain. P4VP-TTC acts as a macro-

CTA and remains soluble in water (at pH 4-5) until a sufficiently long SAN block has 

been incorporated. The growing block copolymer P4VP-b-SAN can form micelles in 

water. At this stage, the RAFT moiety i.e. S(S)C-S-C12H25 are located in the interior of 

micelle, while subsequent polymerization with STY and AN results in particles 

formation. 

Initially, emulsion polymerization of P4VP-b-SAN was carried out in a batch process 

(results not shown). A bimodal molar mass distribution of the latex product was obtained. 

and it might be caused by secondary nucleation18 or by the loss of control in the particles 

due to relatively high local initiator concentration. In this specific cases, addition of all of 

the monomer at the beginning of the reaction can also lead to monomer droplet formation 

where the relative concentrations of macro-CTA and of monomer are different from that 

in the growing particles. The droplet nucleation can take place in the monomer droplet. 

Droplet polymerization is very undesirable, since it might result in shear coagulation, 

large particles (> 10 µm). Therefore, it was important to avoid the presence of monomer 
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droplets i.e. high overall monomer concentrations in early stages of the polymerization.19 

Subsequently, the emulsion polymerization process was optimized. The feed rate of STY 

and AN monomers was carefully adjusted, in accordance with the suggested model by 

Ferguson et al.20 

Emulsion polymerization was then carried out in a semi-continuous process and with 

a predefined feed of STY and AN monomer (see Table 2). The presence of monomer 

droplets was avoided at the beginning of the reaction by using very low feed rates. Once 

the particles had been formed, the feed rate of the monomers was increased. As a 

consequence, the approximately monomer-saturated conditions in the particles led to fast 

polymerization. 

 

Table 3. Molar masses and PDIs of the obtained polymer as a function of reaction time in the 
semi-continuous emulsion polymerization of STY and AN started with the P4VP-TT macro-CTA 
in experiment 69. 

entry t 
(hrs) 

conv 
(%) 

Mn,calc Mn,SEC  
(103 g/mol) 

PDI 

69.2 3 11 6.1 4.1 1.9 
69.3 4 18 9.7 7.6 2.0 
69.4 5 23 12.0 11.0 2.3 
69.5 6 51 26.0 26.7 2.5 
69.6 8 77 39.0 37.1 2.8 
69.7 11 100 49.6 48.8 4.0 

 

The samples taken during the polymerization were analyzed by SEC to determine 

molar mass value. The monomer conversion was measured gravimetrically. The DRI 

signal and the UV signal (at 305 nm) of the SEC chromatograms in Figure 7 indicate that 

most of the polymer chains present in the polymerization latex mixture of experiment 69 

were indeed functionalized with the TTC-group. These chains underwent subsequent 

chain extension with STY and AN units. The obtained latex was colloidally stable, 

having average particle size of 45 nm and a monomodal particle size distribution. 
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Figure 7. SEC chromatograms a) the DRI signals and b) the UV signals at 305 nm, for P4VP-
b-SAN block copolymer in experiment 69 showing the evolution of molar mass with time. 
Note that the arrow indicates increasing monomer conversion. 

 

Figure 7a illustrates an increase of molar mass during the reaction. Nevertheless, the 

SEC chromatograms show that a low molar mass tail was present, as well as high molar 

mass shoulders. There are several possible reasons why this could occur in a RAFT-

mediated emulsion polymerization. First of all we mention the generation of new short 

chains by initiator decomposition, as well as the high efficiency of radical termination 

within the latex particles. An additional issue is the long feed time of monomer, which 

will reduce the propagation rate over an extended period. As the reaction goes to 

completion at the end of the monomer feed, the monomer concentration decreases, and 

therefore the probability of termination increases. So the probability for bimolecular 

termination during the whole course of the process will increase as compared with the 

situation of saturation swelling in the batch process. An increased probability for 

bimolecular termination is an important issue for the rather high PDI of the final product 

(i.e. PDI = 4, see Table 3). The UV traces of the P4VP starting block and of the growing 

polymer are presented in Figure 7b. The extensive presence of the UV signal (recorded 

at 305 nm) indicates that the TTC moiety i.e. the RAFT-moiety is evenly distributed over 
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the growing SAN block length. This observation clearly confirms that the slightly acidic 

conditions did not destroy the TTC-group. Therefore, the P4VP-TTC polymer was 

suitable for use as a macro-CTA in emulsion polymerization. 

The Mn values calculated using eq. 2.2 agree well with the experimentally observed 

molar mass values (see Table 3). The results in Figure 8 clearly demonstrate that the 

molar masses increase linearly with monomer conversion, indicating that the 

polymerization exhibited living characteristics in emulsion. These results are similar to 

those obtained in solution polymerization (see Section 5.4.2). 

 

 

Figure 8. Number average molar mass (Mn) as a function of conversion. The solid line 
represents molar mass values calculated with eq. 2.2 (Mn,calc). Symbols represent 
experimentally observed values of molar mass (Mn,SEC) for the obtained  block copolymer latex 
in experiment 69. 
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copolymers at different monomer conversions. The position of the entire block 

copolymer peak is shifted away from the P4VP peak, towards the peak of SAN. Note that 

the shift of the block copolymer peak towards the SAN peak is more pronounced for the 

higher monomer conversions. It is important to mention that the obtained latex was 

colloidally stable before, during and after the polymerization. After the polymerization, 

no coagulum was found in the reactor. 

 

 

Figure 9. GPEC traces of the P4VP and SAN separate blocks and of the P4VP-b-SAN block 
copolymer latex obtained in experiment 69. Note that the arrow indicates increase of the 
monomer conversion (after 11, 18, 23 and 51 % of monomer conversion, respectively) and of 
the SAN block length. Note that the peaks after 77 and 100 % of monomer conversion are 
overlapping with the one for 51 % of monomer conversion. 

 

In summary, the combined results of the SEC and of the GPEC analyses indicated that 

a block copolymer was formed. The P4VP-TTC starting block was transformed into a 

P4VP-b-SAN block copolymer latex, as illustrated by the results obtained in experiment 

69. The P4VP-TTC starting block is located on the particle surface. The colloidal 

stability of the latex was obtained in the presence of the P4VP-TTC starting block, which 
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is a precursor for a polymeric surfactant. The growing latex particles were stabilized by 

the P4VP-b-SAN, a polymeric surfactant, which plays a dominant role in the nucleation 

process in the latex particles. The block copolymer latex particles were increasing in size 

and in overall hydrophobicity by increasing the monomer conversion. It implies a basic 

difference in comparison to a conventional surfactant. The obtained results are 

comparable to those reported by Ferguson et al.20 

 

6.4 Conclusions 

Block copolymerization in emulsion was investigated using the RAFT-functional 

SMAh and P4VP blocks, which are water soluble under alkaline and acid conditions, 

respectively.  

The emulsion polymerization mediated by a RAFT-functional SMAh polymer 

resulted in a stable latex. Since SMAh-based emulsion polymerization experiment was 

carried out in the presence of ammonia, the RAFT-group can be detached from the 

SMAh polymer chain end due to aminolysis. However, there proved to be a significant 

difference between the DTB and the TTC end group. The emulsion polymerization in the 

presence of SMAh-DTB was not controlled by RAFT-mediated polymerization and no 

block copolymer latex was obtained. SMAh-DTB acts as a polymeric surfactant only to 

stabilize latex formation. SMAh-TTC shows greater stability in the presence of ammonia. 

The SMAh-TTC polymer could therefore be used as a polymeric reactive surfactant to 

stabilize latex formation and to be chain extended into desire block copolymer. Note that 

in this case, block copolymer latex was obtained. It is important to mention that the 

carboxylic groups from the initiator as well as SAN-emulsifier formed at the beginning of 

the reaction may also stabilize latex particles. The SMAh-TTC polymer is a potentially 

interesting candidate for further investigation.  

The obtained P4VP-b-SAN block copolymer latex was stable. Controlled monomer 

feed resulted in a gradually growing block copolymer in emulsion. The experimentally 

obtained molar mass increased linearly with monomer conversion and was in agreement 
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with the calculated value. This behavior clearly indicates the living character of P4VP-

TTC, as well as good control of the RAFT-mediated emulsion polymerization. The 

combined results of the GPEC and of the SEC analyses are an indication of a successful 

block copolymer latex formation. The SEC traces provide strong evidence that the great 

majority of the block copolymer latex was formed under the RAFT control. Furthermore, 

all particles contained macromolecules with the RAFT-group at the polymer chain end. 

Therefore, we can conclude that the P4VP-TTC starting block can successfully be used to 

synthesize block copolymers in aqueous despersions. The P4VP-TTC macro-CTA acts as 

a precursor for a polymeric reactive surfactant, in order to stabilize the latex and to 

produce a block copolymer in emulsion. 
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Adhesion between ABS and copper. 

Applying block copolymers as 

adhesion promoting linkers 

 

 

Abstract: The adhesion between the acrylonitrile-butadiene-styrene (ABS) substrate and a 

copper coating was controlled by using carefully designed block copolymers as adhesion 

promoting linkers. Block copolymers consisted of a poly(styrene-co-acrylonitrile) (SAN) block 

and of a polar block, i.e a poly(styrene-alt-maleic anhydride) (SMAh) or a poly(4-vinylpyridine) 

(P4VP) block. A phase separating block copolymer is expected to promote a good interaction 

with the SAN phase of ABS by entanglement formation, whereas the polar block contains the 

MAh or 4VP polar groups, which might enhance the interaction with the copper coating. The 

related SAN and SMAh model copolymers were initially investigated to understand the adhesive 

interaction with the copper coating on the nanoscopic as well as on the macroscopic scale. That is 

why both scanning force spectroscopy (SFS) measurements and macroscopic pull-off 

measurements, respectively, were performed. The obtained results of both tests pointed to a 

stronger adhesion between the copper and the SMAh model sample than between the copper and 

the SAN model sample. Finally, the SMAh-b-SAN and P4VP-b-SAN targeted block copolymers 

were also evaluated as adhesion promoting linkers. The obtained results of macroscopic tests 

demonstrate that both targeted block copolymers can be used to increase the adhesive interaction 

between the ABS substrate and a copper coating. Note that there is a strong influence of solvent, 

used for the application of the block copolymers on the ABS substrate, on the adhesive 

interaction. 
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7.1 Introduction 

Acrylonitrile-butadiene-styrene (ABS) is a two-phase engineering plastic, which 

consists of a continuous poly(styrene-co-acrylonitrile) (SAN) phase with poly(butadiene) 

(pBD) rubber particles dispersed therein.1 The SAN phase contains polar nitrile groups 

which are attracted to each other, making the ABS plastic very strong. Moreover, the 

relatively high entanglement density of the SAN matrix gives the material a high impact 

resistance. The addition of the pBD phase as an elastomeric polymer gives additional 

toughness to ABS. ABS is one of the most commonly metallized plastics because of its 

excellent toughness, its good dimensional stability, its good processability and chemical 

resistance as well as its low price.2 Metallized ABS, that is to say an ABS substrate 

covered by a thin layer of metal, is used in a broad range of applications such as picture 

frames, furniture, electrical appliance etc. The electroless plating process is the frequently 

used process to deposit a copper coating on the ABS substrate.3 Nevertheless, this wet 

chemical treatment with a strong oxidizing agent, e.g. chromic acid, is not preferable 

because of the environmental and safety concerns. That is why physical vapor deposition 

(PVD) is the process which is nowadays more often used than electroless plating.4 The 

copper coating studied within this work was deposited by the PVD process. In industry, 

in most cases sufficient adhesion between a copper coating and the ABS substrate is 

obtained. Nevertheless, sometimes the adhesion failure, i.e. delamination, still remains a 

critical issue, and a treatment which guarantees good adhesion under all circumstances is 

desirable.  

The interaction between a metal layer and a polymer substrate depends on the type of 

metal and on the functional groups present on the polymer surface. One of the most 

frequently applied methods for improving the adhesion between a metal coating and a 

polymer substrate is based on the chemical modification5 of the interfacial polymer 

chains with polar groups, like hydroxyl, carbonyl and carboxylic acid moieties.6 That is 

why in the present study a well-defined polymer material, which contains these polar 

groups, was used as surface modifier on the ABS substrate in order to favour stronger 

interactions with a copper coating. Hereto, a well-defined polymer material, referred to as 

a block copolymer, is used to overrule the uncontrolled effects responsible for the 
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occasionally observed delamination. The designed block copolymers are composed of 

two different blocks, whose compatibility with the respective layers of the laminate (viz. 

the SAN phase of the ABS substrate and the copper coating) is controlled by their 

chemical composition and structure (see Section 7.3). For the SAN-compatible block, a 

similar SAN copolymer was the obvious choice. An alternating copolymer, poly(styrene-

alt-maleic anhydride) (SMAh) or a homopolymer, poly(4-vinylpyridine) (P4VP), 

containing polar groups were chosen for the block sticking to the copper layer. 

The adhesive interaction between a metal coating and a polymer substrate is generally 

evaluated through the process of detaching the coatings from the substrate (see Section 

7.6). In our study, pull-off and scanning force spectroscopy (SFS) tests were initially 

carried out to determine possible differences in adhesion between selected model samples 

(namely SMAh and SAN) and a copper coating on macroscopic and nanoscopic scale, 

respectively (see Section 7.8.2). Furthermore, the macroscopic adhesion measurements 

were performed to quantify the adhesion strength between the ABS substrate and a 

copper coating. In this specific case, measurements were performed either on the 

reference system (referred as to only the ABS substrate and a copper coating), or on more 

complex systems which contain surface modifiers, i.e. block copolymers. These block 

copolymers were applied as the interface-active compounds between the ABS substrate 

and the copper coating. These tests provided reliable information on the adhesive 

interaction with copper, as will be discussed in this chapter of the thesis. 

 

7.2 Acrylonitrile-butadiene-styrene (ABS) as substrate 

Acrylonitrile-butadiene-styrene (ABS) polymer is a mixture of poly(styrene-co-

acrylonitrile) (SAN) and poly(butadiene) (pBD), which are in principle two distinct 

incompatible phases. SAN is partially grafted onto the surface of dispersed pBD rubber 

particles or inside the pBD rubber particles. The non-grafted SAN together with the SAN 

chains grafted on the surface of the pBD particles forms a SAN continuous phase 

(matrix) of the ABS. It is the grafted SAN that makes these two phases compatible. This 

essentially gives ABS its strength and toughness. A broad range of ABS materials can be 
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obtained from different combinations of the SAN and pBD. Due to the amorphous 

character of the SAN matrix, ABS materials have poor solvent resistance, but they have 

high impact strength and can then be processed by injection moulding.  

The ABS polymer used in our study (see Figure 1) consists of a continuous SAN 

phase, which contains 24 wt% of AN, and grafted SAN which contains 20 wt% of AN. In 

addition, this ABS contains 25 wt% of dispersed rubbery pBD particles (φ = 100-200 

nm). It is important to mention that the ABS used in this study is a commercial product 

and the presence of some additives, salts, surfactant etc. can not be excluded. However, 

all samples were injection molded from the same ABS batch. 

 

 

Figure 1. TEM picture of the ABS used in our study. The light grey, part in the picture is the 

continues SAN phase. The darker grey dispersed particles are the pBD rubbery particles. The 

black parts are residues of the staining agent (OsO4). Note that the pBD particles contain 

‘occlusion’ SAN. 

 

7.3 Block Copolymers as adhesion promoting linkers 

For an optimal adhesion promotion a SAN block provides interaction with the SAN 

continuous phase of the ABS substrate via entanglement formation. This is only possible 

if the AN content in the SAN block of the block copolymer and in the SAN phase of the 
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ABS substrate do not differ to much (not more than 4 wt%), since for entanglement 

formation miscibility on a molecular scale is required.7 Furthermore, the molecular 

weight of the SAN block should be roughly a factor 7-8 higher than the average molar 

mass between the entanglements,8 which for SAN is typically 10-11 kg/mol.9 A polar 

block, poly(styrene-alt-maleic anhydride) (SMAh) or a poly(4-vinylpyridine) (P4VP) 

block, contains the polar moieties (MAh or 4VP) which might enhance the interaction 

with the copper coating.10,11  

A microphase separating block copolymer12 demixes into a SAN block, which is 

strongly entangled with the SAN phase in an ABS substrate, and a polar block which is 

free for the interaction with the applied metal coating. Carefully designed block 

copolymers are easily adsorbed onto a substrate from dilute solution at ambient 

temperature as a result of their high adsorption energy.13 

The simplest approach for application of a block copolymer onto a substrate would be 

from a non-selective solvent in which both blocks are soluble.14 However, since the ABS 

substrate consists of a continuous SAN phase, there is a clear influence of such a solvent 

on its surface. An addition of solvent on the ABS surface will influence its surface (see 

Section 7.8.1). Alternatively, the block copolymer could be applied in a solvent-free 

manner to avoid any damage of the surface and therefore interference with the adhesion 

process. That is why the use of water-borne block copolymer becomes an interesting 

option. There is indeed no influence of water, neither on the ABS surface nor on its 

interference with the adhesion process.15 

 

7.4 Metallization coating: nucleation and growth 

The exact nature of the ABS-copper adhesive interaction is still a matter of 

controversy. Metallization of copper by carrying out an electroless plating process is an 

industrially frequently used process to enhance the adhesion with an ABS substrate. The 

adhesion in this case is the result of the combined influence of both physical and 

chemical effects. The oxidation of the elastomeric pBD phase causes a physical change 
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on the ABS surface, resulting in an actual mechanical interlocking mechanism in the 

holes of the roughened surface.16 The chemical modification of the ABS surface with 

polar groups, such as carbonyl, carboxyl and sulphate groups, enhances the chemical 

interaction with the metal coating.17 

The physical vapor deposition (PVD)18 of copper (Cu) is a type of vacuum 

metallization process, which was used in the work described in this thesis. It is important 

to mention that the nucleation and growth process of the metal layer deposited in this 

process is rather different compared to the electroless plating process (see Figure 2). An 

etching pre-treatment and seed layer production are involved in the electroless plating 

process. Holes are etched in the ABS, metal (usually Pd) seeds are deposited and then 

covered with copper by electroless deposition. In the PVD process, except cleaning of the 

ABS surface (see Section 7.7.3), no pre-treatment is carried out, leaving the skin intact as 

generated by the injection molding. The nucleation centers are then formed in the first 

part of the process and exhibit columnar growth by the metal vapor deposition.19 A 

columnar structure is composed of columns which show also a tendency to grow in the 

lateral direction, implying that the width of the column is increasing (lateral growth). 

 

 

Figure 2. Nucleation and growth process of deposited coatings by a) electroless plating and b) 
PVD processes. 
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7.5 Metal-polymer interaction 

Adhesion is a complex phenomenon related to physical interactions and chemical 

reactions at the interface. Therefore, the nature and structure of the interface ultimately 

determine the quality of the copper-polymer laminate. The magnitude of the adhesive 

forces obviously depends on the nature of the copper surface and the polymer surface, 

and the forces may broadly be classified into two types: 

• the primary forces (interatomic bonds) corresponding to ionic, covalent, 

metallic and hydrogen bonds in the energy range of 15-1050 kJ, and 

• the secondary forces (intermolecular bonds) including London (dispersion), 

dipole-dipole (excluding hydrogen bonds) and dipole-induced dipole forces, 

with a much lower energy in the range of 0.5-12 kJ.20,21  

All these forces are assumed to participate in the adhesion of copper coatings on 

polymer, among which the hydrogen bonding (or more general acid-base interactions) 

and coordinating interactions are accepted to be the most important ones, even if the 

actual mechanism of attachment is not yet fully understood.  

Moreover, the adhesion between metals and polymers is known to be a balance 

between wetting, chemical and physicochemical bonds formed at the interface and the 

bulk features of the adhering materials. The nature of these adhesions, the eventual 

diffusion of copper into the polymer, and the role of metal surface oxide are still under 

discussion.22,23 Furthermore, adhesion promoting linkers are used to improve such 

adhesion. Even though frequently used, their effect on the improvement of the adhesion 

of metal layers on polymers is not yet well understood. 

In the present study, ABS substrate was coated with copper and the adhesion between 

these materials was tested. Furthermore, block copolymers located between the ABS 

substrate and the copper coating were used, as adhesion promoting linkers, to improve 

adhesion. The adhesive interactions (strengths) have been investigated by performing 

adhesion tests (see Section 7.6). The metal-polymer interaction is based on the chemical 
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composition of the (co)polymer, i.e. SAN, SMAh and P4VP, and of the copper surface 

(see Figure 3). 

 

 

Figure 3. Schematic representation of the chemical structure of the SMAh and SAN 
copolymers and P4VP homopolymer and their potential interaction with copper coatings. 
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It is important to mention that it is very difficult to obtain a pure copper surface, since 

the oxidation of copper is very fast in an air atmosphere. Furthermore, copper oxides are 

an essential part in the vacuum metallization process of ABS.24 The main oxide types on 

the copper surface are CuO, Cu2O, Cu(OH) and Cu(OH)2, which can interact with the 

polar groups of the (co)polymers. 

Most interaction between the copper and the styrene-copolymers are archived via the 

styrene rings, which are parallel to the copper surface25 causing the highest contribution 

to the interaction energy. In addition, on the one hand, SAN copolymer contains nitrile 

groups of the AN residues, which are available for bonding with metal atoms.26 The 

bonding of AN to copper involves coordination through the lone electron pair on the N 

atom and through the π-system of the triple bond of pendant CN groups, resulting in a 

relatively weak bond between the SAN copolymer and the metal. The random nature of 

SAN copolymers implies a random distribution of active sites, available for the 

interaction with active copper sites. On the other hand, SMAh copolymer contains the 

anhydride groups of the MAh residues which react rapidly with metal to form metal 

carboxylates,27 resulting in a strong acid-base interaction.10 The anhydride group is 

readily hydrolyzed upon water adsorption, resulting in a carboxylic acid group.28 

Subsequently, both the carboxylic acid groups become deprotonated, to form 

coordinativly bonded carboxylates, which are stable in the presence of water, for an 

expanded period of time, even enhancing the adhesion strength.29 The alternating nature 

of SMAh copolymers implies a regular and more dense distribution of the active sites 

available for the interaction with copper in comparison to the random nature of SAN 

copolymers. 

P4VP homopolymer contains 4-pyridine groups which provide strong interactions 

with copper.30 Electronegative N atoms contain pairs of unshared electrons in the 

outermost valence shell, which coordinate with the metal cations to form complexes.31  
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7.6 Adhesion tests 

The adhesion between a metal coating and the substrate is generally evaluated 

through the process of detaching the coatings from the substrate. Nowadays, two main 

groups of adhesion tests are in use, namely a destructive and a non-destructive test.32 The 

destructive tests, which are most readily used, are peel-off and pull-off tests, whereas 

surface force measurements are typically used as non-destructive tests. Destructive 

adhesion tests measure the fracture force necessary for destruction of the formed interface 

(fracture force), i.e. the maximum adhesion force between the metal and the polymer 

substrate. Non-destructive adhesion tests measure the actual surface forces (work of 

adhesion) between the polymer and a tip (in a case of nanoscopic measurements) while 

measuring the adhesion on a molecular level. Although the measured quantities are 

different it has been shown that they can be correlated and that small changes of the work 

of adhesion cause large changes of the fracture energy.33  

 

7.6.1 Pull-off measurements and requirements 

The pull-off adhesion test is a more quantitative test for adhesion than the peel test. 

This test determines the force which is required to pull a coating away from its substrate. 

The measured pull-off force provides a direct indication of the strength of adhesion 

between the coating and the substrate.  

Prior to performing the of pull-off test, the sample has to be coated with the metal, 

which in our case is copper. The copper deposition onto the polymer surface was 

performed by using the PVD process (see Section 7.4 and 7.7.4). After the metallization 

of the polymer surface, the adhesion between polymer and copper was determined by 

performing a macroscopic adhesion measurement. In this specific case, the pull-off test 

was performed.  

The simplified principle of the pull-off test is shown in Figure 4. In the test a pull-off 

stud is connected to a metallized substrate. The sample is then clamped and the force is 

applied under a 90o angle. Maintaining the exact angle throughout the measurement is 
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very important, since any deviation will lead to the “peeling-off” of the coating rather 

than to the direct pulling-off. During the macroscopic adhesion measurement, forces vs. 

time plots are recorded. The only important information obtained from the pull-off test is 

the value of the force at which the adhesive failure, i.e. the detaching process of the joint, 

occurs. 

A closer look to Figure 4 learns that, during the pulling-off test, the adhesive bonds 

between the substrate and the coating may be broken. However, the glue and the film 

around the stud may also be broken, as well as the film itself. In this specific case, it 

would applied that the maximum force measured comprises all of these processes. To get 

the real pull-off strength of the adhesive joint investigated (in our case the copper-

polymer interface), breaking of the glue and the film has to be avoided, and the surface 

area which is debonded has to be controlled. Note that it is important to fulfill all these 

requirements in order to obtain reliable results which can be compared with one another 

results.  

 

 

Figure 4. Schematic drawing of the pull-off test. 

 

7.6.2 Scanning force spectroscopic (SFS) measurements and 

representations41 
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with SFM fuels a sustained research in the investigation of interaction forces, not only in 

the field of biological35 samples but offers also numerous possibilities in polymer 

research.36  

For probing the adhesion forces between copper and polymer substrate on a 

nanoscopic scale, scanning force spectroscopy (SFS) measurements can be performed by 

using copper-coated tips. The force-vs.-distance curves reveal the force of the SFM tip 

interacting with a sample surface and display the deflection of the cantilever. Thereby the 

tip is locally lowered onto the sample, while the deflection of the cantilever is observed 

and recorded.  

The result is commonly plotted as a deflection-vs.-z-displacement diagram (in the 

following referred to as force curve), which is schematically depicted in Figure 5a. 

 

 

Figure 5. a) Schematic representation of a force-vs.-distance curve. b) Representation of 
curves in a false color scheme. To separate the snap-in and snap-out events approaching 
retraction traces are separated from each other. c) An easy comparison of many curves is thus 
possible, when plotted next to each other. The set consists of 50 individual force curves 
recorded in one surface spot. 
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Force curves can be used to study different properties of a sample system. Different 

sections of these curves can be assigned to special interactions between the tip and the 

sample. The first characteristic point within a force curve is the snap-in point (1). At this 

point the first intimate contact between tip and sample is established by forming a stable 

water meniscus between the two counterparts. After forming the contact the cantilever is 

mechanically deformed and the force that is applied to the sample system is gradually 

increased upon further approach of the tip towards the sample (2). If soft samples are 

investigated mechanical deformation of the sample might occur, which results in a non-

linear slope of this section of the force curve. The same is certainly valid for the 

retraction regime (3) where mechanical stress is gradually released.37 It is observed that 

the retraction section of the force curve exceeds the z-displacement that is usually 

necessary to establish the snap-in event. This effect is caused in general by adhesion 

forces and mainly two effects are contributing, such as the water meniscus38 that was 

established during the snap-in and its mechanical deformation, and the adhesion forces 

between the tip and the sample. Because of the latter effect this section of the force curve 

is of utmost importance for the analysis of the adhesion forces. Therefore, the role of the 

water meniscus should remain negligible, which can be achieved by performing the 

experiments in rather dry atmosphere (17% humidity) and a careful analysis of the snap-

in events can be utilized to obtain comparable results for the adhesion measurements.39  

The reproducibility of the measurements can then be checked by a slightly different 

representation of the force curves (see Figure 5b). The deflection signal is displayed in a 

false-colour scale and the approach and retraction cycle are separated. Plotting 50 of such 

curves (Figure 5c), recorded at the same spot, next to each other then allows the easy 

comparison of e.g. the snap-in (dark region on the left (1)) and the snap-out events (dark 

region on the right (4)). The slopes of the repulsive forces in the approach (2) and 

retraction cycle (3) can also be compared.  

It is very important to carefully check that the recording of the force curves does not 

modify or destroy the sample surface. Reducing the interaction time and interaction 

strength in the repulsive force regime to a minimum avoids sample and/or tip damage, 
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and moreover contributes to eliminate the influence of elastic deformation from the force 

curves. 

 

7.7 Experimental Section 

7.7.1 Materials 

Polymers: Well-defined block copolymers and copolymers were synthesized and 

purified prior to use (see Chapter 5 and Chapter 6, and Chapter 3, respectively). These 

polymers (see Table 1) were applied on the ABS panels in order to promote adhesion 

with the copper coating. Solvents: toluene (Hi-DryTM, anhydrous solvent, Romil Ltd), 

butanone (Merck, 99%), 1,4-dioxane (Biosolve), ethyl acetate (EtAc, Biosolve, AR), 

water (Milli-Q). Acrylonitrile-butadiene-styrene (ABS pellets, BASF, Terluran GP35).  

 

Table 12 The SAN and SMAh model copolymers, and SMAh-b-SAN and P4VP-b-SAN block 
copolymers of different molar masses and of different SAN block lengths, used as adhesion 
promoting linkers. 

entry sample name media Block              SAN         SMAh/P4VP   
copolymer               block 
                    Mn,SEC (×103 g/mol) 

6 SAN - 74.6 - 

10 SMAh 

solution 

- - 13.1 

54 151.3 138.2 13.1 

56 

SMAh-b-SAN solution 

135.4 129.9 5.5 

65 SMAh-b-SAN 81.7 76.2 5.5 

69 P4VP-b-SAN 

latex 

48.8 47.6 1.2 
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7.7.2 Injection molding of ABS 

ABS pellets (BASF, Terluran GP35) were injection moulded into ABS sheets 

(70×75×1 mm). The injection molding was carried out by using an Engel ES 80/25 

injection molding machine. ABS pellets were dried in the oven at 80 °C for 2 days in 

order to minimize the amount of water therein. The mould temperature was 60 °C and the 

cylinder temperature was 225 °C. A clamping force of 250 kN and 1500 bar injection 

pressure were applied. The ABS sheets were cut into a smaller rectangular slides referred 

to as ABS panels (10×10×1 mm). Afterwards these panels were coated with the polymer 

films via spin-coating (see Section 7.7.3). Finally the copper coating was deposited by a 

PVD process (see Section 7.7.4).  

 

7.7.3 Polymer film formation by spin-coating and application of block 

copolymer latex 

Substrates: ABS panels and regular glass microscope slides (25×25×1 mm) were 

cleaned prior to spin-coating. 

The glass substrates were cleaned with iso-propanol and exposed to UV light-B, (UV-

Ozone PhotoreactorTM, UVP ULTRA-VIOLET, PR-100) for 20 minutes. The ABS panels 

were ultrasonically treated for 15 minutes in a 1:10 solution of soap in water (Milli-Q). 

After this step the ABS substrates were washed several times with Milli-Q water and then 

heated up to 60 °C for 60 minutes in a vacuum oven prior to use. 

A thin polymer layer (~ 100 nm) was applied on the ABS substrate by spin-coating 

either from the polymer solution (referred to as samples 54 and 56 in Table 1) or from 

the aqueous dispersion (referred to as samples 65 and 69 in Table 1). The polymers were 

dissolved in an appropriate solvent, i.e. ethyl acetate, at a 30 mg/mL concentration 

(referred to as SAN, SMAh copolymers and block copolymers 54 and 56) prior to spin-

coating. The aqueous dispersions (referred as to the latexes) were used as obtained after 

the performed emulsion polymer reaction (see Chapter 6). The polymer solutions as well 

as aqueous dispersions were applied on the ABS panels by spin-coating, using a KarlSus, 
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RC8 apparatus, at 2500 rpm for 45 sec and with an acceleration of 1500 rpm/sec. Thin 

polymer films were dried under vacuum at 40 °C for 3 days to remove the residual 

solvent. It is important to mention that the latex coated ABS panels were post-treated 

after the application. Thin latex films were dried under vacuum at 80 °C for 4hrs in order 

to strongly adhere to the ABS substrate.  

Note that the SAN and SMAh model copolymers were also applied on clean glass 

substrates following the same procedure. 

 

7.7.4 Physical Vapor Deposition (PVD) of copper  

Deposition of 500 nm thick copper layer was carried out by magnetron sputtering 

from a 99.9% copper target under 0.03 mbar argon (Ar+) plasma and at an RF power of 

500 W. An AlcatelTM SCM 850 device with 2×10-7 mbar background pressure was used 

for all physical vapor depositions (PVDs). 

 

7.7.5 Preparation of copper-coated SFM tip (home-made copper tip) 

A copper coating on Cr/Au coated SFM tips (MikroMasch, Estonia, NSG18, D = 2.0-

5.5 Nm-1) was deposited by an electroplating process. The aqueous electroplating 

solution consisted of 45 g/L H3BO4 and 1.76 g/L CuSO4×5H2O. A platinum wire was 

used as counter-electrode. 

 

7.7.6 Analysis and Measurements 

7.7.6.1 Polymer film characterization 

The average thickness of the films applied on the glass substrate (after being dried) 

was ca. 100±10 nm as determined by using an atom force microscope (AFM). Samples 

were kept under an argon atmosphere without any thermal treatment prior to use. 
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Contact angle measurements were preformed on an OCA30, Dataphysics Instruments 

GmbH, Filderstadt, using deionized water and ethylene glycol (>99.5 %, Aldrich) as 

probe liquids. The droplet was monitored by a CCD-camera and analyzed by Drop Shape 

Analysis software (DSA Version 1.0, Krüss). The complete profile of the sessile droplet 

was fitted by the software, employing the tangent method for the determination of the 

contact angle. The contact angles were averaged from measurements on three drops for 

each sample. Deionized water and ethylene glycol (>99%, Merck) were used as probe 

liquids. Afterwards, the Owens/Wendt method40 was employed to calculate the surface 

free energy of the copolymer surface from the contact angle measurements. 

 

7.7.6.2 Copper tip characterization 

After the deposition of copper, home-made copper tip (see Section 7.7.5) was 

characterized. The tip characterization sample was prepared by self-assembling 

commercially available Au nanoparticles (Ted Pella, Inc.) on a clean silicon wafer coated 

with aminopropyltrimethoxysilane (APTMS) to improve the stability of the particles on 

the substrate. Characterization was performed in tapping mode SFM with a Nanoscope 

IIIa Multimode system (Digital Instruments, CA, US). Note that the results of this 

characterization will not be presented within this thesis.41 

 

7.7.6.3 Nanoscopic scanning force spectroscopic (SFS) measurements 

Force curves and imaging of the sample systems has been performed with a Solver 

P47H SFM (NT-MDT, Russia), partially under controlled humidity conditions inside a 

home-build chamber. The relative humidity was reduced to 17% by flushing the chamber 

with nitrogen. For the comparison, normal office environment is about 55% humidity. 

Force curves were recorded either with standard silicon tips (NSG01, NT-MDT, Russia. 

Force constant was 2.5-10.0 Nm-1), with home-made copper-coated tips (see Section 

7.7.5) or with prototype copper-coated tips from NT-MDT. 
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7.7.6.4 Macroscopic pull-off measurements 

The tests were performed in an air atmosphere at room temperature using a modified 

tensile test machine (TesT 810) with a cross-head velocity of 1 mm/min. Pull-off studs 

(stainless steel, d = 8mm) were connected to the metallized plastic substrates by 3M DP 

460 epoxy glue. After the glue solidified, a precut was made around the stud to remove 

the remains of the glue and the metallic film. The stud was moved up at a constant speed 

until the copper/polymer interface failed. Therefore, the time scale could be directly 

transformed into z-displacement information.  

 

7.8 Results and Discussion 

Since the laminate of block copolymers in between an ABS sheet and a copper 

coating is a rather complex system, two related model copolymers, namely poly(styrene-

co-acrylonitrile) (SAN) as random copolymer and poly(styrene-alt-maleic anhydride) 

(SMAh) as alternating copolymer, were initially investigated to gain basic understanding 

of the adhesive interactions between copper and polymeric systems. That is why the 

adhesion measurements on these model copolymers were performed on the nanoscopic 

and on the macroscopic scale. The appropriate technique should then be chosen for the 

evaluation of the adhesive interactions between the copper coating and the ABS 

substrate, between which the block copolymers are applied as surface modifiers.  

 

7.8.1 Influence of Solvent on the ABS surface 

For spin-coating of the block copolymers on the ABS surface, a common solvent for 

both SAN and SMAh blocks is required. Since ABS consists of a continuous SAN phase, 

a clear influence of this solvent on its surface, and thus on its interference with the 

adhesion process can be expected. Application of the selected solvent, ethyl acetate 

(EtAc), on the ABS is changing its surface (see Figure 6). Figure 6b illustrates that the 

ABS surface becomes smoother upon solvent application on the ABS substrate 

(compared to Figure 6a). Furthermore, more holes are present on its surface.  
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It is hypothesized that the presences of these holes are related to the pBD rubbery 

particles. Note that SAN copolymer is soluble in the applied solvent i.e. ethyl acetate, 

whereas pBD is not. When the ABS substrate is exposed to the solvent treatment, the 

pBD rubber particles containing the EtAc soluble ‘occlusion’ SAN (see Figure 1) might 

swell. Furthermore, non-grafted SAN polymer chains dissolve and are pushed away from 

the swollen rubber particles and are deposited elsewhere on the surface (see Figure 8 A-

B).  

 

 

Figure 6. SFM investigation a) topography and b) phase images, as well as c) schematic figure 
of the ABS surface. All figures represent top view. A) bare ABS substrate without any 
treatment and B) solvent treated ABS. Note that pictures (B) were taken after complete 
evaporation of solvent (ethyl acetate). 

 

Upon evaporation of solvent, there is a shrinking of the pBD particles, but there is no 

reason why the transported loose SAN polymer chains would return to their original 

a) b) c)

A

B

a) b) c)a) b) c)

A

B
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position, during and after the evaporation of the EtAc. This might explain why the 

number of new holes seems to increase (see Figure 6 and Figure 7). The transported 

loose SAN phase left behind on another part of the ABS surface might fill-up small 

irregularities in the SAN phase after evaporation of the solvent, thereby giving the total 

surface a somewhat smoother appearance.  

Nevertheless, upon solvent evaporation and centrifugation, additional film with the 

perfect surface can also be formed. In this case, irregularities from the ABS surface after 

the molding viz. as an additional layer of dirt or material of low molar mass e.g. 

originating from additives should disappear (compare Figure 7a and Figure 7b).  

 

 

Figure 7. TEM pictures, cross sections of a) bare ABS and b) solvent treated ABS, which were then 
coated with copper by PVD process. The dark part represents copper layer and the bulk of ABS is 
presented with the lighter color. TEM samples were prepared in staining solution of OsO4, on grid 
by vapor staining. Thickness of the TEM area was 80 nm.  

 

Part of SAN matrix is also dissolved, and transported into a perfect film on the ABS 

surface. The consequence of this process is a rearrangement of the ABS surface, on 

which new and even bigger holes might be formed (see Figure 6c and Figure 8B). The 

freshly formed, relatively deep holes can act as new nucleation centers for the copper 

growth. It is important to mention that the measured roughness of the ABS surface was 
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unchanged in this case as compared to the roughness of the bare ABS substrate (without 

solvent treatment). 

 

 

Figure 8. Schematic figures related to Figure 6c, side view of the ABS substrate A) without 
any treatment, A-B) during and B) after the treatment with the ethyl acetate. 

 

The metal-polymer interface formation during metal evaporation onto a polymer can 

thus be influenced by the solvent treatment of the ABS substrate. The new holes can be 

potential places for the nucleation process and for the growth of the columnar structure42 

of the copper during the PVD process.19 The number of nucleation sites created on the 

ABS surface can thus be increased and the columnar growth can be influenced by 

pretreatment by solvent. Preliminary pull-off test experiments showed enhanced adhesion 

between the solvent treated ABS substrate and the copper coating with respect to the non-

treated system (see Section 7.8.3). It is important to mention that the holes may cause 

mechanical interlocking like in electroless treatment or only increase of the surface, 

assuring enhanced adhesion. However, in order to check the interface between the ABS 

and copper, cross-sectional TEM measurements should be performed. 

 

7.8.2 Adhesion on model samples41  

For probing the adhesion forces of copper on a nanoscopic scale, scanning force 

spectroscopy (SFS) and macroscopic pull-off tests were initially performed on the freshly 

made SAN and SMAh model copolymer films. Model copolymers were applied on glass 

substrates by spin-coating. They readily adsorbed from polymer solution due to their 

A

+ EtAc

B

evap of solv

A-BA

+ EtAc+ EtAc

B

evap of solvevap of solv
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relatively high adsorption energy.43 The presence of the model copolymer film on the 

glass substrate was initially identified by performing contact angle measurements. The 

obtained results show that surface tension increased indicated that the glass was covered 

by the model sample films. Furthermore, the quality of the spin-coated films was checked 

with tapping mode SFM (see Figure 9) which reveals a smooth and homogeneous 

morphology of the films with a typical surface roughness of ~ 2 nm (peak-to-peak height 

over a distance of 1.5 µm). These samples were kept under an argon atmosphere until 

further testing. Furthermore, these model copolymer films were coated by copper prior to 

perform macroscopic measurements. 

 

 

Figure 9. Tapping mode SFM topography images of the a) SAN and b) SMAh model copolymer 
films using standard silicon tip. 

 

7.8.2.1 Nanoscopic adhesion test on the model samples by performing SFS  

measurements  

For probing the adhesive interaction between copper and the model copolymers, on 

the nanoscopic scale, SFS measurements have initially been performed to compare 

adhesive interaction between the model copolymers and copper. That is why the force 

curves have been recorded on both model copolymer samples by using standard silicon 
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and copper-coated SFM tips (see Figure 10). Note that the presenting results were 

obtained from the measurements performed by using home-made copper-coated tips (see 

Section 7.7.5). 

 

 

Figure 10. Force curves recorded with different tips on both model polymer films. Force 
curves recorded on the SAN sample by using a) a standard silicon SFM tip and b) a copper-
coated SFM tip are compared with measurements performed on the SMAh sample (by using c) 
a standard silicon and d) a copper-coated SFM tip). Reproducibility tests for the adhesion 
measurements on the e) SAN and f) SMAh model copolymers with a copper-coated SFM tip. 
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The force curves recorded with standard silicon SFM tips (see Figure 10a and Figure 

10c) exhibit a sudden snap-out characteristic. The tip returns instantaneously back into 

the zero deflection position, which suggests that the slightly retained snap-out position is 

exclusively caused by the stretching of the water meniscus between tip and sample39 

which suddenly breaks at a critical distance between tip and sample. 

The qualitative differences between these force curves and the curves measured with 

a copper-coated SFM tip (see Figure 10b and Figure 10d) are evident, as they exhibit a 

characteristic slow gradual decay of the cantilever deflection signal. The shape of these 

curves is highly reproducible in either case. Two typical examples are shown in Figure 

10e and Figure 10f. Both sets of force curves consist of 50 force curves recorded on the 

same surface spot and are plotted according to the scheme depicted in Figure 10c. No 

deviation between the curves is observed, showing the high reproducibility of the 

measurements. Moreover, to ensure that the surface was not damaged by the force curve 

measurement, subsequent tapping mode imaging was performed with the same tip that 

was used for recording the force curve.  

The characteristic retained return of the cantilever in case of measurements performed 

by copper-coated tips to the zero deflection position is caused by the expected adhesion 

between the tip and the model copolymers. The results of these measurements can be 

compared in a reference measurement with a copper-coated tip on a glass substrate (see 

Figure 11a). Also in this case, the force curves are characterized by a sudden snap-out 

event, suggesting no specific interaction between tip and the sample, with exception of 

the stretching of the water meniscus. These results have been verified comparing the 

obtained results with home-made copper-coated (by electrochemical deposition) and with 

prototype copper-coated (by chemical vapour deposition) SFM tips. Note that the details 

of obtained results are reported in Supporting Material of the submitted manuscript.25 The 

performances of both tips on the model copolymers have additionally been checked. 

These cross-checks revealed a good reproducibility of the obtained results. Moreover, it 

is demonstrated that the much larger surface area of the home-made copper-coated SFM 

tip is not the reason for the characteristic shape of the retraction curves. 
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Figure 11. a) Reference measurement on a glass substrate (snap-out curve). Measurement 
performed with a copper-coated SFM tip. b) Results of the snap-out curves comparing 
differences between the copper-coated SFM tip and the SAN and SMAh model copolymer 
films. c) An enlargement of these differences. 

 

A detailed analysis of the snap-out curves moreover allows developing a model for 

the adhesion between the copolymer film and the copper-coated SFM tip upon the 

gradual increase of the tip-sample separation. The characteristic shapes of the snap-out 

section of the force curves suggest that the copolymers adhere to the tip and are partially 

pulled out of the copolymer film and ruptures off in a continuous process as the tip is 

slowly retracted from the surface. Figure 11b shows two representative snap-out sections 

of force curves recorded on the model systems. These measurements have been 

performed with the same copper-coated SFM tip. Their complete release requires a 

significantly higher separation distance for the SMAh copolymer films compared to the 

SAN system. The total difference between both curves is a longer retraction path required 

for the SMAh system (see Figure 11c). A gradual release of the cantilever bending is 

also observed here. These differences might be due to a higher binding affinity between 

the copper and the SMAh copolymer film. Furthermore, the different mechanical 

properties of both films will affect the required separation distance to completely release 

the cantilever deflection. It is also important to mention that the molecular weight of the 

c)c)
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SAN block is roughly a factor 7-8 higher than the average molar mass between the 

entanglements which ensures the entanglements with the ABS substrate. However, Me 

value of SMAh copolymer is in the order of 18-25 kg/mol, which is higher than the molar 

mass of SMAh model sample (Mn = 13.1 kg/mol). Note that the SMAh copolymer is 

more rigid polymer material than the SAN copolymer. The superposition of different 

surface properties makes it actually very difficult to quantitatively determine adhesion 

differences and to effectively compare the adhesion forces between both samples, 

although the effect of different binding strength is well detectable within the force curves. 

 

7.8.2.2 Macroscopic adhesion test on the model samples by performing pull-

off measurements  

Besides the investigation of the adhesion measurements on the nanoscopic scale by 

SFS tests, pull-off tests have also been performed to investigate the adhesive interactions 

between a copper coating and the model samples on a macroscopic scale. In this case, the 

model samples were coated by copper which was deposited by PVD process (see Section 

7.7.4).  

The results of pull-off measurements point to a relatively high adhesion force required 

for the removal of the copper-coating from the SMAh sample, at least compared to the 

corresponding force required for the SAN system (see Figure 12). XPS characterization 

of freshly pulled-off samples confirmed that more residual copper remained on the SMAh 

as compared to the amount left on the SAN sample. These differences in the binding 

strength appear to be more pronounced than in the nanoscopic SFS investigations. 

Therefore, tapping mode of SFM (TM-SFM) was used to investigate both fracture 

surfaces after the performed pull-off tests. 

 



Adhesion between ABS and copper. Applying block copolymers as adhesion promoting linkers

 

 189

 

Figure 12. Macroscopic pull-off tests on the model copolymer systems covered by a copper 
film. The required force to pull-off the copper film on SMAh significantly exceeds the force 
that has to be applied to SAN, suggesting a better adhesion of copper to SMAh. 

 

Figure 13 shows the topography and phase SFM images of the two interfaces, the 

polymer side and the pulled-off copper side. The obtained results reveal that the SMAh 

polymer side and the corresponding pulled-off copper side show homogeneous grainy 

structures. In this case, both sides exhibit complementary surface textures (SMAh 

polymer on copper side and vice versa). The different characteristics are found in the case 

of the SAN samples after the pull-off test. New features, e.g. circular and strand-like 

depletions on the copper side and corresponding protrusions on the SAN polymer side 

have been found, which were not observed on the bare spin-coated SAN films (see 

Figure 9). There is a possibility that these structures might have been induced during the 

PVD deposition process of copper due to the elevated temperatures. 

In order to check the influence of the elevated temperatures on the bare spin-coated 

SAN films, they have been annealed at comparable temperatures for a time period that 

equals the duration of the evaporation process (3 hours). Note that within the PVD 

chamber the temperature i.e. 80 °C is well below the glass transition temperature of SAN, 
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which is ~104 °C. Subsequent TM-SFM measurements of the film structure revealed no 

evidence for the presence of the characteristic structural features, observed on the films 

after the pull-off test. This suggests a critical influence of the PVD process on the 

morphology of the SAN copolymer, e.g. due to the diffusion of copper atoms within the 

layer, or local heat generation (transfer of energy) etc., which has certainly also a 

tremendous influence on the adhesion properties of the polymer system and has to be 

taken into account for the interpretation of the macroscopic pull-off tests and the obtained 

XPS data. These tests suggest a large difference in the required pull-off forces for SAN 

and SMAh, which might appear to be overestimated due to the structural effects on the 

SAN copolymer system. 

 

 

Figure 13. TM-SFM investigations on the two surfaces separated in the macroscopic pull-off 
test from a) SMAh and b) SAN films. 

 

In summary, model copolymer samples i.e. SAN and SMAh have been investigated 

by scanning force spectroscopy and by pull-off tests to provide information of theirs 

adhesive interactions with the copper on the nanoscopic and the macroscopic scale, 



Adhesion between ABS and copper. Applying block copolymers as adhesion promoting linkers

 

 191

respectively. The obtained results of both tests provide evidence for the different 

adhesion of copper on different model copolymers, suggesting higher adhesion between 

copper and the SMAh model sample, rather than between copper and the SAN model 

sample. That is why the targeted block copolymers were further used to control the 

interactions between the ABS substrate and a copper coating. The adhesion tests were 

also performed on these samples (see Section 7.8.3).  

 

7.8.3 Adhesion on block copolymer system  

The obtained results of determination of the adhesive interactions between SMAh and 

SAN model copolymer samples and copper, respectively, encouraged us to use the block 

copolymers as adhesion promoting linkers between a copper coating and the ABS 

substrate to control the interfacial interaction (referred to as ‘the complex system’).  

The differences of the adhesion forces obtained for the model samples were more 

pronounced by performing macroscopic measurements than by the nanoscopic 

measurements. The macroscopic pull-off adhesion measurements were thus performed in 

order to evaluate the adhesion force for the complex system. The SAN-b-SMAh and 

SAN-b-P4VP block copolymers were applied on the ABS substrate by spin-coating and 

subsequently coated with copper (500nm, by PVD process, see Section 7.7.4). Note that 

there are two sets of samples. The one set is applied from the ethyl-acetate polymer 

solutions (referred to as samples 54 and 56) and the other set is applied from the aqueous 

dispersions i.e. latex block copolymer formations (referred to as samples 65 and 69).  

In a first approach, the macroscopic pull-off measurements were performed on the 

samples for which the block copolymers were applied from polymer solutions on the 

ABS substrate. The reference sample was initially bare ABS substrate, not treated with 

ethyl acetate (EtAc), which was subsequently coated with copper (referred to as ‘bare 

ABS’ in Figure 14). However, the first obtained results for the systems applied from the 

(EtAc) solvent showed that there was a strong influence of solvent on the adhesion force, 

very likely related due to the influence of the solvent on the ABS surface (see Section 

7.8.1). That is why afterwards the reference ABS sample was washed with the solvent 
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(referred to as ‘EtAc treated ABS’ in Figure 14). Note that no block copolymer as 

interface-active compound was used in this second reference sample. All experiments for 

the block copolymer applications were carried out by using the same solvent (ethyl 

acetate) in order to obtain adhesion results that can be compared with each other in a 

reliable way.  

 

 

Figure 14. Macroscopic pull-off tests on bare and solvent (EtAc) treated ABS, which were 
subsequently coated by copper (500 nm, by PVD). There is a clear influence of EtAc on the 
ABS substrate. Note that the sample ‘bare ABS’ represents bare ABS sample, not treated with 
EtAc, whereas ‘EtAc treated ABS’ represents ABS sample that was washed with EtAc. 

 

Subsequently the SAN and SMAh copolymers were applied on the ABS substrate 

from EtAc solution. Figure 15a shows that the adhesion force for the SMAh sample was 

lower, whereas for the SAN sample it was the same as compared to the ‘EtAc treated 

ABS’ reference sample. On the one hand, the obtained result for SMAh-based samples 

indicates that there is no strong interaction between SMAh and the SAN phase of the 

ABS substrate. Indeed, the contents of STY in the SMAh alternating copolymer and in 

the SAN phase of the ABS substrate are differing roughly 30 wt%, suggesting that these 
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two phases are incompatible.44 However, the SMAh copolymer is applied from a (EtAc) 

polymer solution, whereas its concentration is very low. The strong effect of EtAc on the 

adhesion was already discussed. However, an addition of the SMAh copolymer decreases 

its adhesion force, as compared to the ‘EtAc treated ABS’ reference sample. On the other 

hand, the obtained result for SAN-based sample indicates that there is no remarkable 

influence of the SAN copolymer, which was applied on the ABS substrate from a (EtAc) 

polymer solution, on the adhesion with the copper coating. Note that the contents of AN 

in the SAN sample (ca.  20 wt% of AN) and in the ABS substrate (ca. 24 wt% of AN) do 

not differ more than 4 wt%, which guarantees their good miscibility.7 One may argue that 

the SAN layer, deposited on the ABS, should counteract the solvent effect, in which the 

pBD rubber particles play a crucial role (see Figure 6 and Figure 8). However, the 

deposited SAN layer is thinner than the diameter of the pBD spheres, which will 

definitely swell and shrink upon the solvent treatment and evaporation, respectively, 

thereby enhancing the surface roughness in spite of the presence of the additional SAN 

(see Section 7.8.1). Significantly higher adhesion forces were required to detach the 

copper coating from the block copolymer samples, compared to the corresponding forces 

required for the ‘bare ABS’ substrate and for the ‘EtAc treated ABS’ substrate’, as well 

as for the SAN system (see Figure 14 and Figure 15b). The differences of the adhesion 

forces between two block copolymers (54 and 56) are not remarkable. Note that the 

differences between these block copolymers were related to the SMAh block lengths, 

whereas SAN block lengths were the similar.  

A possible explanation for the superior adhesion observed when both the solvent and 

a block copolymer was used, is that the SAN polymer chains at the surface of the ABS 

are dissolved in the ethyl acetate, in which the block copolymer has already been 

dissolved. This assures a very efficient entanglement formation during evaporation of the 

solvent after the spin-coating process. It is important to mention that a commercially used 

terpolymer, i.e. random SAN-co-MAh sample, containing 2 wt% MAh, was also applied 

on the ABS surface by spin-coating from EtAc. The obtained adhesion results were 

similar to those obtained for the pure SAN sample applied on the ABS (figure not 

shown). It seems that the concentration of the MAh residues, which are responsible for 



Chapter 7

 

 194 

the interaction with the copper, is too low for these terpolymers. The interaction between 

this sample and a copper coating could not be enhanced. The obtained results indicate 

that the presence of a block copolymer, in which an SAN and an SMAh block are 

covalently linked together, is crucial for obtaining good adhesion between copper and 

ABS. This block copolymer acts as an interface-active compound, and clearly enhances 

the interfacial adhesion. Note that the use of a solvent has an enormous influence on the 

ABS surface texture, and possibly also on the indispensable entanglement formation, and 

consequently shows strong interference with the adhesion process. 

 

 

Figure 15. Macroscopic pull-off tests a) SAN and SMAh copolymers applied on the ABS 
substrate from the EtAc polymer solution. b) The SMAh-b-SAN block copolymers referred to 
as samples 54 and 56 were applied from the EtAc polymer solution on the ABS substrate by 
spin-coating. See Table 1 for characteristics of polymers. Note that in both cases (a and b) the 
sample ‘EtAc treated ABS’ represents the reference ABS sample that was washed with EtAc. 
After the application of polymers films on the ABS substrate (SAN, SMAh or block 
copolymers, as well as reference ABS sample) all samples were subsequently coated with 
copper (500 nm, by PVD). 
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In a second approach, the macroscopic pull-off measurements were performed on the 

samples where water-borne block copolymer latexes were used as interface-active 

compounds between the ABS substrate and a copper coating. The reference sample was 

bare ABS substrate which was coated with copper. Note that no interface-active 

compound was used in this sample, and that the reference ABS sample was not treated 

with EtAc. Furthermore, an SAN copolymer free-film was applied on the ABS substrate. 

In this specific case, the SAN film was pre-formed by spin-coating on a glass substrate, 

and subsequently transferred to the ABS substrate. In order to enable the deposited SAN 

to form entanglements with the polymer chains present in the SAN phase of the ABS 

substrate, the sample was annealed for 3hrs at 90 °C. Note that this temperature is below, 

although close to the Tg of SAN (~104 °C). Anyway, the applied temperature proved to 

be high enough to provide relatively strong interaction between the SAN copolymer film 

and the ABS substrate. This sample was subsequently coated with copper (500nm, by 

PVD) and the adhesion test was performed. Figure 16a shows that the adhesion force for 

this sample is comparable to the adhesion force recorded for the reference ABS sample, 

ABS substrate which was not treated with the solvent. Note that SAN sample applied 

from EtAc solution is also presented in the same figure (Figure 16a) for the comparison. 

The obtained results indicate that there is no influence of the SAN film, which is applied 

on the ABS surface as SAN copolymer free-film, on the adhesive interaction with the 

copper coating. An interesting result is the higher adhesion in the case of an SAN film, 

deposited from EtAc solution (see also Figure 15a), in comparison with the adhesion 

recorded for the SAN copolymer free-film, for which only annealing just below Tg was 

applied. We believe that the difference is explained by the more efficient entanglement 

formation in the case where the solvent was used for the deposition of the SAN.  

Furthermore, Figure 16b illustrates that the adhesion forces increase, as compared 

with the adhesion force of the bare ABS reference sample (see full thin line which 

represents bare ABS reference samples) when block copolymer latexes (see lines 

corresponding to samples 65 and 69) were applied as interface-active compounds.   
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Figure 16. Macroscopic pull-off tests on bare ABS reference sample and polymer coated ABS 
substrate, which were subsequently coated by copper (500 nm, by PVD). a) Sample SAN was 

applied on the ABS substrate as: 1) the SAN copolymer free-film (no solvent treatment) and 
annealed for 3hrs at 90 ˚C, referred to as ‘SAN-free film’ on ABS (presented by dotted line). 2) 
the SAN from EtAc solution, referred to as SAN from Et Ac solution applied on ABS, 
presented by full-thin line. Note this sample is also presented in Figure 13a. b) Polymer 
samples 65 and 69 were applied from aqueous dispersions, containing block copolymer latex 
particles.  
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solvent is crucial for obtaining good adhesion. 

 

0 20 40 60 80 100
0

50

100

150

200

a)

Fo
rc

e,
 N

Time, s

 'SAN-free film' on ABS
 SAN from EtAc solution applyed on ABS
 bare ABS

0 20 40 60 80 100 120
0

40

80

120

160

200

240
b)

Fo
rc

e,
 N

Time, s

 P4VP-b-SAN69
 bare ABS-reference sample
 SMAh-b-SAN65

0 20 40 60 80 100
0

50

100

150

200

a)

Fo
rc

e,
 N

Time, s

 'SAN-free film' on ABS
 SAN from EtAc solution applyed on ABS
 bare ABS

0 20 40 60 80 100 120
0

40

80

120

160

200

240
b)

Fo
rc

e,
 N

Time, s

 P4VP-b-SAN69
 bare ABS-reference sample
 SMAh-b-SAN65



Adhesion between ABS and copper. Applying block copolymers as adhesion promoting linkers

 

 197

7.9 Conclusions 

The block copolymers consisting of an SAN block and a second block, which 

contains polar groups like maleic anhydride or 4-vinyl pyridine, were investigated as 

interface-active compounds between ABS and copper. The adhesion measurements on 

macroscopic scale were performed in order to evaluate the influence of these block 

copolymers on the adhesive interactions.  

The system with the block copolymers is rather complex. That is why the adhesive 

interactions of the SAN and SMAh model copolymers with copper were initially 

investigated on both nanoscopic and macroscopic scale. Scanning force spectroscopy and 

macroscopic pull-off tests, respectively, were thus performed. A comparison of these 

measurement techniques reveals information on the adhesion characteristics.  

A comparative study of the shape of force curves, recorded with silicon and copper 

coated tips, could be performed and demonstrated the different adhesion strength of the 

copper coated tips on the two model copolymer systems. A strong dependence of the 

adhesion properties on the mechanical properties was found for SFM nanoscopic 

investigations and prohibits the quantitative analysis of the absolute adhesion strength, 

even if the results are in qualitative agreement with additionally performed macroscopic 

pull-off tests. An investigation of the compartments that have been pulled apart revealed 

that both sides of the system, e.g. the copolymer film and the pulled-off copper layer, 

exhibit complementary features for both model copolymers, which could be identified as 

complementary structures. 

To conclude, the results obtained from both measurements provide evidence that there 

is a higher adhesive interaction between copper and the SMAh model sample than 

between copper and the SAN model sample. That is why SAN-b-SMAh (and SAN-b-

P4VP) block copolymers were afterwards applied on the ABS substrate, and macroscopic 

adhesion tests were performed. The obtained results demonstrate that block copolymers 

increase the adhesive interactions as compared to the bare ABS substrate. There are clear 

differences when applying these polymers from solution and from aqueous dispersion. 

Although the application of block copolymer latexes clearly increases the adhesion force 

as compared to the force recorded for the bare ABS, the increase of the adhesion force is 
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lower in this case than when a similar block copolymer is applied from solution. In the 

former case any interference/damage of the ABS surface is avoided. There is indeed no 

influence of water on the ABS surface. On the other hand, in the latter case, there is a 

clear influence of such a solvent on the surface texture and roughness, and most probably 

also on the efficiency of entanglement formation.  Both effects are favorable for the 

adhesion process. The combination of the use of a solvent and a block copolymer 

enhances the adhesion between copper and ABS by roughly a factor three, which is very 

significant.  

Finally, the obtained results demonstrate that targeted block copolymers can be used 

as adhesion promoting linkers to control the adhesion between the ABS substrate and a 

copper coating. 
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Summary 

 

The research described in this thesis is part of project #IOT01008 of the Innovation 

Oriented research Program Surface Technology (IOP-OT). The IOP program is 

sponsored by the Dutch Ministry of Economic Affairs. The objective of this project was 

to explore the potential of block copolymers as adhesion promoting linkers in order to 

control the interactions between an industrially relevant substrate, acrylonitrile-

butadiene-styrene (ABS) and a copper coating. One of the challenges described in this 

thesis was to synthesize block copolymers consisting of a poly(styrene-co-acrylonitrile), 

(SAN) block and either a poly(styrene-alt-maleic anhydride) (SMAh) block or a poly(4-

vinyl pyridine) (P4VP) block.  

The reversible addition fragmentation chain transfer (RAFT) mediated polymerization 

has been chosen over other living radical polymerization (LRP) techniques. In order to 

obtain RAFT-functional SAN, SMAh and P4VP starting blocks, a dithiobenzoate (DTB) 

and a trithiocarbonate (TTC) functional RAFT agent were used. These RAFT-functional 

starting blocks were then chain extended in the presence of other monomers in order to 

obtain block copolymers, i.e. SAN-b-SMAh or SAN-b-P4VP. Syntheses of the carefully 

designed block copolymers, having well-defined molar masses and low polydispersity 

indexes, were carried out via two approaches. In a first approach, the RAFT-functional 

SAN block was synthesized first and then used as the starting block. In a second 

approach, either SMAh or P4VP blocks were synthesized first and subsequently used as 

the starting blocks. The SAN block was synthesized as the second block of such block 

copolymers. The resulting block copolymers obtained, in solution and in emulsion, were 

characterized by size exclusion chromatography (SEC) and by gradient polymer elution 

chromatography (GPEC). We evidenced that the chain extension of the RAFT-functional 

SMAh or P4VP starting blocks resulted in efficient block copolymer formation, whereas 

the SAN starting block can only be partially transformed into the targeted block 

copolymers. At the same time, it is important to note that the molar mass distribution of 

the SAN-b-SMAh block copolymers was monomodal in the case when the SMAh block 
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was the starting block. In contrast, chain extension of the SAN starting block resulted in a 

bimodal molar mass distribution of the block copolymer.  

Finally, these synthesized block copolymers were used as surface modifiers in order 

to evaluate the potential benefit that can be obtained in the adhesive interaction between 

ABS and copper. There was a strong effect of solvent, such as ethyl acetate, on the ABS 

substrate. When applying the block copolymers from solution, the solvent interfered with 

the adhesive interaction between the ABS substrate and the additional block copolymer 

layer. Alternatively, in order to avoid any influence of the solvent on the ABS surface 

and therefore interference with the adhesion process, the block copolymers were applied 

as aqueous dispersions on the ABS substrate. The results of macroscopic tests 

demonstrated that both targeted block copolymers, i.e. SAN-b-SMAh and SAN-b-P4VP, 

can be used to enhance the adhesive interaction between the ABS substrate and a copper 

coating.  

The general conclusion of this thesis is that the SAN-b-SMAh and SAN-b-P4VP 

targeted block copolymers can be synthesized by RAFT-mediated polymerization. The 

adhesive interactions between the ABS substrate and the copper coating can be enhanced 

by using a layer of these block copolymers between substrate and coating. It is important 

to mention that in this case, the adhesive interaction significantly improved when using 

block copolymer solutions instead of aqueous dispersions of block copolymers, meaning 

that there was a strong influence of the solvent, most probably resulting in an enhanced 

entanglement formation. For industrial applications of this concept, 2K-injection 

moulding might be a suitable technique to apply a layer of the block copolymers on the 

ABS substrate.  
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Samenvatting 

 

Het onderzoek beschreven in dit proefschrift maakt deel uit van project #IOT01008 

van het Innovatiegerichte Onderzoeksprogramma Oppervlaktechnologie (IOP-OT). IOP 

is een subsidieregeling van het Nederlands Ministerie van Economische Zaken. Het doel 

van dit project is het onderzoeken van het potentieel van blokcopolymeren als adhesie-

bevorderende schakel Deze schakel dient om de interactie tussen een industrieel 

interessant substraat, acrylonitril-butadieen-styreen (ABS) en een koper coating te 

reguleren. Een van de uitdagingen beschreven in dit proefschrift was de synthese van 

blokcopolymeren bestaande uit een poly(styreen-co-acrylonitril) (SAN) blok in 

combinatie met een poly(styreen-alt-maleïnezuuranhydride) (SMAh) blok of een poly(4-

vinylpyridine) (P4VP) blok.  

De reversibele additie fragmentatie keten-overdracht (RAFT) polymerisatie werd 

verkozen boven andere levende radicaal polymerisatie (LRP) technieken. Om RAFT-

functionele SAN, SMAh en P4VP blokken als uitgangsstoffen te verkrijgen, werden 

dithiobenzoaat (DTB) en trithiocarbonaat (TTC) functionele RAFT verbindingen 

gebruikt. Het RAFT-functionele startmateriaal werd vervolgens verlengd in 

aanwezigheid van andere monomeren, om zo blokcopolymeren te verkrijgen, te weten 

SAN-b-SMAh of SAN-b-P4VP. Synthese van de zorgvuldig ontworpen 

blokcopolymeren, met goed gedefinieerde molmassa’s en lage polydispersiteitsindices, 

zijn uitgevoerd volgens twee verschillende benaderingen. De eerste benadering behelste 

de synthese van het RAFT-functionele SAN blok, dat vervolgens werd gebruikt als 

startmateriaal. De alternatieve aanpak bestond uit de synthese van SMAh of P4VP 

blokken voor toepassing als uitgangsmaterialen. In deze blokcopolymeren werd het SAN 

blok als het tweede blok gesynthetiseerd. De resulterende blokcopolymeren, verkregen 

uit oplossing en emulsie, zijn gekarakteriseerd met size exclusion chromatography (SEC) 

en gradient polymer elution chromatography (GPEC). We hebben aangetoond dat de 

ketenverlenging van de RAFT-functionele SMAh of P4VP blokken leidde tot de vorming 
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van blokcopolymeren, terwijl een SAN blok slechts gedeeltelijk kon worden omgezet in 

de gewenste blokcopolymeren. Tegelijkertijd is het van belang om op te merken dat de 

molmassadistributie van de SAN-b-SMAh blokcopolymeren monomodaal was wanneer 

het SMAh blok als uitgangsmateriaal werd gebruikt. Dit in tegenstelling tot 

blokcopolymeren gesynthetiseerd door ketenverlenging van het SAN blok, waarvan de 

molmassaverdeling bimodaal was.  

Tenslotte werden deze gesynthetiseerde blokcopolymeren gebruikt voor oppervlak 

modificatie om de potentiële voordelen met betrekking tot adhesieve interactie tussen 

ABS en koper te evalueren. Oplosmiddelen, zoals ethylacetaat, hadden grote invloed op 

het ABS substraat. Wanneer de blokcopolymeren vanuit oplossing werden aangebracht, 

beïnvloedde het oplosmiddel de adhesie tussen het ABS substraat en de blokcopolymeer 

laag. Teneinde de invloed van het oplosmiddel op het ABS substraat en op de adhesie te 

vermijden, zijn de blokcopolymeren op het ABS aangebracht als waterige dispersies. De 

resultaten van macroscopische tests wijzen uit dat beide blokcopolymeren, SAN-b-SMAh 

en SAN-b-P4VP, kunnen worden toegepast om adhesieve interactie tussen het ABS 

substraat en een kopercoating te verbeteren.  

De algemene conclusie van dit proefschrift is dat de nagestreefde SAN-b-SMAh en 

SAN-b-P4VP blokcopolymeren kunnen worden gesynthetiseerd via RAFT polymerisatie. 

De adhesieve interactie tussen het ABS substraat en de koper coating kan worden 

verbeterd door een tussenlaag van deze blokcopolymeren aan te brengen. Hierbij moet 

worden opgemerkt dat de adhesieve interactie significant verbeterde als gebruik werd 

gemaakt van blokcopolymeeroplossingen in plaats van waterige dispersies van deze 

blokcopolymeren, hoopt waarschijnlijk door het vormen van effectievere 

omstrengelingen. Dit betekent dat het oplosmiddel een sterke invloed uitoefent op deze 

interactie. Voor industriële toepossingen van dit concept is 2K-spuitgieten wellicht een 

geschikte techniek om een extra laag van de blokcopolymeren op het ABS substraat aan 

te brengen. 
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