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Abstract 

During the past 40 years, the synthesis and application of functional polymers (i.e. polymers displaying the 

presence of functional groups along the backbone) has become a major research topic at both academic and 

industrial levels. Depending on the specific chemical structure, systems have been developed for electrical, 

biological, thermal, mechanical or medical applications. These functionalized systems are generally obtained 

by post-manufacturing modification of non-functionalized or pseudo-functionalized polymers. However, the 

functionalization pathways offer little flexibility and remain limited to a small class of readily available 

polymers. This thesis focuses on a new route to produce functional polymers, i.e. the use of the Paal-Knorr 

reaction applied to alternating aliphatic polyketones. The presence of 1,4-dicarbonyl units along the 

backbone constitutes an important chemical feature for these polymers. Indeed, it allows the post-

manufacturing functionalization through the so-called Paal-Knorr reaction, which introduces N-substituted 

pyrrole units along the polymer backbone. The synthesis and application of several novel polymers prepared 

in this way is the topic of this thesis.  
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1.1 Aim and structure of the thesis 

This thesis aims at offering a large perspective on the use of modified aliphatic polyketones that can be 

obtained by the Paal-Knorr reaction. In a brief history of polyketones, in particular, alternating ter-polymers 

of carbon monoxide, ethene and propene are reviewed. Next, the major modification methods available to 

produce functional polymers are presented, including an overview of the accessible polymer structures. 

Thereafter, the chemical modification schemes available for aliphatic polyketones are reviewed and 

discussed. In particular, the Paal-Knorr reaction is highlighted as an efficient tool for converting aliphatic 

polyketones to semi-aromatic backbones containing pyrrolic units substituted with a functional group.  

 

1.2 Polyketones: a relatively new class of thermoplastic and thermosetting materials 

Historically, polyketones have been attracting the attention of several scientists at both academic and 

industrial level due to the relative simplicity of the corresponding monomeric units, i.e.  carbon monoxide 

and unsaturated hydrocarbons. 

The first high pressure copolymerization of CO and ethene by radical co-polymerization was discovered in 

1941 by researchers of Farbenfabriken Bayer [1]. The applied process generated thermally instable, difficult 

to process, random olefin – CO copolymers with relatively low levels (10-20 mol %) of carbon monoxide. 

In 1953, Reppe and Magin [2] discovered alternating aliphatic polyketones by using milder conditions 

(2000C, 200 atm) using K2[Ni(CN)4] as catalyst in aqueous solution. The catalyst and ligand choice were 

optimized in order to achieve high molecular weight ethene/CO copolymers (ECO) as a new class of semi-

crystalline thermoplastics with a crystallinity degree in the range of 35-50 wt % [3]. However, these ECO 

polymers appeared to be unstable at high temperatures resulting in rapid decomposition just slightly above 

their melting temperature (around 268°C) [4], which hindered their processability. As a solution to this 

problem, propene has been incorporated in order to decrease the polymer melting point, thus decreasing the 

lower limit of the processing temperature window. In this respect, the design of such EPCO terpolymers 

(ethylene-propene-CO copolymers) was possible as a consequence of the discovery of new homogeneous 

catalytic systems based on Palladium (II) complexes with bidentate phosphine or nitrogen ligands [5]. In the 

1980s, Shell researchers patented the use of the same catalyst coupled with a Brønsted acid, such as tri-fluoro 

acetic compound, and methanol as reaction solvent. Production yields high enough for a market launch were 

achieved, i.e. 6 Kg of polymer (g of Pd)-1h-1 under mild conditions (90°C, 4-5 MPa) [6], while in 2002 even 

higher productivities were reported (i.e. 11.2 Kg of polymer (g of Pd)-1h-1) [7]. Shell introduced a series of 

ethene/propene/CO terpolymers in the polymer market under the trade name of Carilon [8] but, due to 

changing business strategies, stopped the production of this engineering thermoplastic in 2001. 

 

1.2.1 ECO and EPCO properties and applications 

Two forms of crystalline structure ( and ) are known for ECO polymers. Lommerts et al. [9] calculated the 

dimensions of both cell types; for the α-form A = 6.91 Å, B = 5.12 Å, C = 7.60 Å; cryst. density = 1.382 

g/cm3 while for the β- form A = 7.97 Å, B = 4.76 Å, C = 7.57 Å; cryst. density = 1.297 g/cm3. Moreover, 
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DSC analysis allowed detecting the presence of small endotherms around 100°C associated with the 

transition from the α to the β phase. The choice of appropriate reaction conditions and the design of metal 

catalyst allow the tailoring of the EPCO copolymers structure and, as a result, the bulk properties of the 

material vary from highly crystalline thermoplastics to highly amorphous elastomers [10]. Indeed, when the 

ethene/propene molar ratio during the polymerization is less than 0.5, the materials exhibit properties typical 

of amorphous low molecular weight polymers, while above this ratio the terpolymers are crystalline 

thermoplastics [11]. Lagaron et al. [12] found that the α/β ratio of the two crystalline structures decreases 

with increasing propene content in ethene/propene/carbon monoxide alternating polyketones. Indeed, above 

2.9 mol % of propene intake, EPCO polymers show exclusively the presence of the β phase. The heat of 

fusion (degree of crystallinity) and melting point decrease with increasing propene level. Accordingly, 

crystalline density (as determined by WAXS) and lattice inter-chain interaction (as determined by Raman) 

were also found to decrease with the propene intake. Crystallinity influences inter-permeability gas diffusion 

and therefore aliphatic polyketones were found to have relevant barrier properties [13] towards gases such as 

oxygen or water vapor. As a consequence, such materials were recommended for food packaging 

applications. These require biocompatibility, which has been positively assessed for aliphatic polyketones 

produced by CO and several dienes [14]. Moreover, the chemical resistance against hydrocarbons was higher 

than for other commodity polymers (e.g. PS, PVC), thus encouraging application of these materials in fuel 

tank production [15] or as fire-retardant materials, fibers [16, 17], adhesives [18], membranes (micro-porous 

materials) [19].  

 

1.2.2 EPCO blends and composites  

Many blends have been realized by mixing polyketones with commodity polymers, such as polyamides [20, 

21], polyalkylene-terephtalates [22], polycarbonates [23], polyurethane [24], polyacrylates [25], 

polyethylene and polypropylene. In particular, relatively high impact resistance and toughness has been 

found for blends of polyketone and polyamides [26] probably as consequence of the hydrogen bonding 

between carbonyl and amide groups. 

Blends with polystyrene [27] as well as with PVC [28, 29] have been recommended for food packaging 

applications, with prominent oxygen barrier properties when used as multi-layered polymeric films [30]. 

Moreover, polyketones are also used in combination with fillers, such as hydroxyapatite and alumina [31], in 

order to improve the toughness and decrease the overall material cost. 

 

1.2.3 Chemical modification of EPCO copolymers 

Besides the previously described excellent properties of (high molecular weight) aliphatic polyketones and 

the number of fields in which these polymers have already been used, a main feature of these polymers is the 

presence of carbonyl groups, which makes them valuable starting materials for post-modification. Indeed, 

C=O groups are highly polarizable, thus displaying high reactivity towards nucleophilic addition [32].  
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The introduction of functional groups as pendant moieties along the backbone, such as alcohols [33,34], 

ketals [35, 36], thiols [37], oximes [38, 39], methylene [40], cyanohydrin [41, 42] (Figure 1.1), conceptually 

invites the manufacture of bulk materials (EPCO oligomers) with a large variation of physical, thermal and 

morphological properties. 

 

 

Figure 1.1. Chemical modification of carbonyl and dicarbonyl units 

 

Moreover, such reactivity can be also employed when using EPCO oligomers as starting material for thermo-

sets in the presence of bi-functional cross-linkers (Section 1.4.2). 

 

1.2.3.1 Paal-Knorr reaction 

Among all possible modification pathways listed in the previous section, 1,4-dicarbonyl moieties present in 

ethene-propene-CO terpolymers have shown peculiar reactivity towards thiol, alcohol or amines. Indeed, 

through a multiple steps mechanism, 1,4-dicarbonyl groups can be easily converted into thiophene [43], 

furan [43] or pyrrole [44] respectively. This reaction is known as the “Paal-Knorr” synthesis and it is 

particularly interesting when applied on EPCO alternating terpolymers and amine-substituted compounds, 

since it yields N-substituted pyrrolic units with functional groups remaining anchored along the main chain 

[45] (Figure 1.2).  

 

 

 

 

 

 

Figure 1.2 Paal-Knorr modification of thermosetting ethene/propene/CO terpolymer.  
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R can be any aliphatic functional group linked to at least a methylene unit, or an aromatic functional one. 

However, the latter has to be connected to the amine group by at least two carbon atoms.  

The Paal-Knorr reaction can be carried out without any solvent or catalyst and produces water as sole by-

product under relatively mild experimental conditions (i.e. atmospheric pressure, 1100C) [46].  Up to date, 

the Paal-Knorr mechanism constitutes a unique example of a functionalization reaction for which the 

aromatic density along the backbone (i.e. the relative amount of the rigid component in comparison with 

more flexible alkyl chains) and the functionalization degree can be simultaneously adjusted. This represents, 

to the best of our knowledge, a unique feature that polyketones have in comparison with the other functional 

polymers (e.g. polyolefins, styrenics and acrylates). The increased backbone aromaticity obviously hardens 

the polymer backbone and it might have an added value for specific applications, especially in dispersion of 

dyes through hydrophobic interactions. 

Furthermore, the Paal-Knorr reaction is sensitive to steric hindrance, thus rendering primary amine groups 

connected with secondary carbons less reactive than the ones connected to primary ones [45]. Such 

limitation (sensitivity to steric hindrance) can represent an advantage since it renders the reaction regio-

selective, hence allowing, upon appropriate choice of the reagents, the synthesis of polymeric aromatic 

amines. 

Although polyamines represent a class of polymeric materials particularly useful as chelating agents for 

metal ions [47], polymeric surfactants [48], polyelectrolytes [49], ion exchange resins [50], DNA carriers for 

gene delivery [51], controlled drug-release [52], and antibacterial coatings [53], their synthesis is generally 

rather complicated and it involves several synthetic steps [54]. Therefore, the Paal-Knorr modification of 

aliphatic polyketones might represent a valid alternative for the next generation of aromatic polyamines. 

Moreover, this synthetic pathway is also very flexible since it allows the synthesis of polymeric backbones 

with several different pendant N-containing groups (e.g. primary, secondary, tertiary and aromatic amine 

groups) [45]. 

The easiness of the modification reaction and its versatility are the key features of EPCO copolymers that 

might be appealing in the market of functional polymers. In the following section, a historical overview of 

functional polymer synthesis is presented in order to highlight the peculiar differences and advantages of the 

Paal-Knorr reaction on EPCO oligomers as compared to functional materials synthesized by using other 

modification strategies. 

 

1.3 Functional polymer synthesis: an historical overview 

Bulk polymers are chosen for their properties (e.g. mechanical strength, flexibility, chemical stability, and 

processability) and are used in the production of films, pipes, automobile parts, electric and electronic 

components, medical and sanitary products, toys, construction and agricultural materials. By 

functionalization of the bulk polymer, improvement of specific properties (e.g. compatibility in polymer 

blends) is observed with respect to the original ones.  
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A pioneering role in functionalization of bulk polymers was assumed, during the 1970–1980s [55, 56] 

(Figure 1.3), by the free radical-initiated post-modification of polyolefins (PO). This method involves the PO 

treatment with a peroxide as radical initiator and an unsaturated monomer (e.g. maleic anhydride and its 

derivatives) [57]. 

 

 

Figure 1.3 Chronological development of functional polymers according to the different functionalization 

strategies 

 

These modified polymers showed enhanced affinity with polar organic molecules, metal and minerals, thus 

acting also as efficient compatibilizers for a large number of blends [58,59], composites [60] and 

nanocomposites [61, 62]. Such peculiar properties were obviously a consequence of the altered structure. 

However, the radical mechanism behind the functionalization process severely limits the kind (and amount) 

of functional groups which can be reacted with the polyolefin. This constitutes a relevant drawback if one 

takes into account that the degree by which a specific property (e.g. tensile modulus) can be improved is 

usually directly proportional to the functionalization degree. In order to increase the functionalization degree, 

several attempts have been carried out by changing the nature of the substrate, in particular by choosing a 

more reactive one with respect to the saturated aliphatic backbone of polyolefins. In this context, two basic 

strategies can be followed: post-functionalization or synthesis (and polymerization) of functionalized 

monomers. A typical example in this respect is constituted by styrenics and acrylates, which can be modified 

according to the routes described below (Figure 1.4). 

 

 

 

1960 1970 1980 1990 2000

Radical post-modification 

of polyolefins

Chemical modification of bulk polymers 

Polymerization of functionalized monomers 

Paal-Knorr chemical 

modification of EPCO polymers
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Figure 1.4 Routes for polymerization of functionalized monomers and post-modification of bulk polymers 

for styrene and acrylates. X represents a generic functional group. 

 

Therefore, polymers which bear aromatic groups (such as polystyrenes [63]), unsaturation, heteroatoms, 

either along the backbone or pendant from the main chain, such as poly(acrylate)s and poly(methacrylate)s 

[64] or others, such as poly(vinyl ester)s [65], cellulose [66], chitosan [67], silica [68], poly(urethane)s [69], 

have been used in literature as building blocks for functional polymers. 

While polymerization of functionalized monomers might present issues connected with side reactions and 

slower polymerization kinetics, post-modification of bulk polymers results generally in relatively low 

functionalization degrees. Both synthetic pathways have been used for the synthesis of several different 

kinds of functional polymers. However, all proposed strategies fail at fulfilling two precise and crucial 

requirements (in view of possible industrial applications): functionalization under mild conditions and with 

the minimum number of synthetic steps.  

In particular, acrylates, methacrylates and styrene have displayed to better achieve the supra-mentioned 

requirement and several modifications have been carried out by using poly(4-chlorostyrene), poly(tert-

butylmethacrylate) and poly(tert-butylacrylates) as precursors. However, this synthesis involves the use of 

solvents and catalysts, and it often occurs through several steps. 

Against this backdrop, the Paal-Knorr reaction of EPCO oligomers represents an easy, original and 

alternative route in order to prepare functional polymers with relatively high functionalization degree (vide 

supra).   

 

1.4 Functional polymers from chemically modified polyketones 

 

1.4.1 Polymeric amines 

Chemical modification of aliphatic polyketones by several kinds of di-amines (e.g. 1,2-di-amino-propane) 

has already been shown to constitute a simple synthetic approach towards the production of polyamines. The 

obtained materials have been tested as surfactants and the preparation of nano-sized emulsions (i.e. 

characterized by average particle size around 50 nm) with high stability (up to one month) has been reported 

[70]. Moreover, polymeric amines have been used as cross-linkers of multi-walled carbon nanotubes 

(MWNTs) by amidation-type reaction, with around 40 wt% polyamines grafted onto the surface of the 



Chapter 1 

8 
 

MWNTs [71]. The biological properties of polyamines synthesized by polyketone modification have also 

been assessed [72].  

 

1.4.2 Thermo-reversible thermosets 

Modified aliphatic polyketones bearing furan moieties (with a 1,4-dicarbonyl conversion around 80 %) were 

found to undergo to Diels-Alder/retro Diels-Alder reactions by employing 1,1'-(Methylene-di-p-

phenylene)bismaleimide as the cross-linker. Because of the thermo-reversibility of this Diels-Alder 

cycloaddition, the resulting network displays typical thermoset properties but behave as a thermoplastic upon 

heating. Once cross-linked at 50°C, they can be re-processed at temperatures above 110°C. The results 

indicated 100% reversibility and recovery of mechanical properties as measured by the three-point bending 

test, DMA analysis and DSC [73]. The potential of using this reversible cross-linking and the modification of 

the polyketone backbone structure as tools to tailor the properties of the obtained materials will be 

investigated in this thesis.  

 

1.4.3 Wood adhesives 

Another application for functional materials derived from polyketones resides in the glue industry. On the 

basis of an earlier investigation at industrial level on the use of aliphatic polyketones emulsions in wood-glue 

industry [74, 75, 76, 77], important results have been achieved by Y.Zhang et al. [45]. Highly stable 

emulsions (up to 360 days) were obtained by using a primary amine-modified polyketone derivative in 

combination with virgin polyketone. The effect of physical factors, such as temperature, time and rotor speed 

and chemical ones such as protonation level and polyamine/polyketone ratio on the performance of the final 

product as wood adhesive were studied. Comparable shear strengths were found compared to the main 

commercial products, urea-formaldehyde and phenol-formaldehyde. The use of an environmentally safe 

cross-linker (i.e. amine-modified polyketones vs. formaldehyde) and excellent adhesion strength values 

constitute the main advantage of this pathway. Moreover, the original polyketone-based formulation can be 

successfully combined with natural products (such as proteins [78, 79]), resulting in a more prominent 

“green” character of the glue and in better properties. Indeed, a broadening of the glue lines (i.e. improved 

glue penetration in the wood) in the presence of polyketone water-based emulsion and soy proteins has been 

reported [78]. The use of soy proteins does not alter the satisfying adhesive properties with all the prepared 

protein-containing emulsions passing the European standard (EN-314) wood test with higher shear strength 

(1 MPa) than required. The use of Jatropha proteins (only partially soluble in water as compared to the fully 

soluble soy ones) resulted in even better performance as wood adhesive [79]. 

 

1.5 Thesis outline 

This study aims at studying novel polyketones derivatives able to expand the current number and kind of 

applications for modified aliphatic polyketones obtained by the Paal-Knorr reaction.  
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Chapter 2 deals with the dispersion behavior of a water-soluble photosensitizer (i.e. tetraphenyl sulfonated 

porphyrine, TPPS) in the presence of two modified polyketones bearing imidazole (PK-Im) and pyridine 

(PK-Pyr) moieties. UV-Vis studies of aqueous solution TPPS with PK-Im and PK-Pyr were recorded at 

different pH and TPPS/polymer ratios. Two commercial polyelectrolytes, one aliphatic (polyallylamine) and 

one aromatic (poly(4-vinylpyridine) were employed as reference systems. Finally the dispersion of TPPS 

induced by PK-Im and PK-Pyr were investigated when an acceptor polymer (Poly(viologen), PV10) is 

introduced in the system.  

 

In Chapter 3, furan-modified polyketone by Paal-Knorr reaction are synthesized at different 1,4-dicarbonyl 

conversion levels and the thermal reversibility behavior is investigated at different furan/aromatic 

bismaleimide molar ratios . DMTA and DSC studies were used to investigate the differences between the 

prepared materials in terms of macro- (i.e. mechanical properties) and micro- (i.e. Diels-Alder reaction) 

reversibility achieved by varying the cross-linking density. Chapter 4 describes the use of cyclopentadiene-

functionalized polyketones in the synthesis of thermally reversible thermosets. In analogy to the previous 

chapter, DMTA and DSC analysis were carried out in order to study the recovery of mechanical properties 

upon several different thermal cycles.  

 

Chapter 5 describes the synthesis and use of three cross-linked modified polyketones bearing piperazine, 

glycine-like and primary amino groups as pendent units, and their application as macromolecular chelating 

agents for metal ion removal (e.g. Cu(II), Ni(II), Co(II), Fe(III), Cr(III), Ag(I) and Hg(II)) from water 

solutions. The role of each functional group contained in these polymers (i.e. primary, secondary and tertiary 

amine, carboxylic acid, carbonyls, pyrrole, imine) in the interaction with different metal ions has been 

qualitatively established by FT-IR studies.  Metal ion uptake at different contact times and temperatures, as 

measured by atomic adsorption spectroscopy (AAS), allows quantification of the material absorption and 

capacity for the selected polymer-metal ion combinations. 

 

Finally Chapter 6 shows the use of aliphatic polyketones as cross-linkers for amine-modified epoxy resins 

in electro-deposition coatings for automotive applications. An earlier study reported excellent adhesion, 

mechanical and anti-corrosion properties for the same cross-linking system, but low bath stability due to a 

high system reactivity. As the rate of the Paal-Knorr reaction was found to be sensitive to steric hindrance, 4-

aminopiperidine (AP) and 4-aminomethyl piperidine (AMP) were selected as components to control the 

reactivity of the resin system. Several factors were considered, such as electrode distance, potential, and 

electro-deposition time. In order to optimize the annealing stage, temperature and curing time were varied 

too. 

  



Chapter 1 

10 
 

1.6 References 

[1] Ballauf, F.; Bayer, O.; Teichmann, L. DE863711, 1941. 

[2] Reppe, W.; Magin, A. US 2577208, 1951. 

[3] Sommazzi, A.; Garbassi, F. Progr.Polym.Sci. 1997, 22, 1547. 

[4] Zuiderduin, W.C.J.; Homminga, D.S.; Huétink, J.; Gaymans, R.J. Polymer 2005, 46, 6, 1921.  

[5] Drent, E. EP0121965, 1984. 

[6] Van Broekhoven, J.A.M.; Drent, E. EP0235865, 1987. 

[7] Mul, W.P.; Dirkzwager, H.; Broekhuis, A.A.; Heeres, H.J; Van der Linden, A.J.; Orpen, A.G. 

Inorg.Chim. Acta 2002, 327, 147. 

[8] Alperowicz, N. Chem. Week 1995, July 2, 22. 

[9] Lommerts, B.J.; Klop, E.A.; Aerts, J. J.Pol.Sci. Part B: Pol.Phys. 1993, 31, 1319.  

[10] Abu-Surrah, A.S.; Rieger, B. Top.Cat. 1999, 7, 165. 

[11] Klop, E.A.; Lommerts, B.J.; Veurink, J.; Aerts, J.; Van Puijenbroek, R.R. J.Pol.Sci. Part B: Pol.Phys. 

1995, 33, 2, 315. 

[12] Lagaron, J.M.; Vickers, M.E.; Powell, A.K.; Davidson, N.S. Polymer 2000, 41, 8, 3011. 

[13] Del Nobile, M.A.; Mensitieri, G. Polymer 1995, 36, 26, 4943.  

[14] Reuter, P.; Fuhrmann, R.; Mucke, A.; Voegele, J.; Rieger, B.; Franke, R.-P. Macromol.Biosci. 2003, 3, 

123. 

[15] Barton, R. EP0828626, 1998. 

[16]Bakis, G.; Flood, G.B. GB2309712, 1997. 

[17] Middeljans, H.; Veurink, J.; Juijn, J.A., US6495075 2002. 

[18] Kinneberg, P.A.; Armer, T.A.; Van Breen, A.W.; Klei, E. US4880904, 1989. 

[19] Handlin, D.L.Jr. EP0322975, 1989. 

[20] Flood, J.E.; Kelly, J.W. US5719238, 1998. 

[21] Gingrich, R.P.; Londa, M.; Flood, J.E. US5486594, 1996. 

[22] Schmidt, S.L.; Collette, W.N.; Colamena, E.A. EP0797627, 1995. 

[23] Machado, J.M.; Grinrich, R.P. US4880908, 1989. 

[24] Danforth, R.L.; Handlin, Jr.D.L.; Lutz, R.G. US4851482, 1989. 

[25] Machado, J.M.; Gergen, W.P. US5132360, 1992. 

[26] Flood, J.E.; Gringrich, R.P.; Londa, M. GB2291062, 1995. 

[27] Bonner, J.G.; Powell, A.K. US5792530, 1998. 

[28] Gray, A.; Bonner, J.G.; Loch, R.J.M.; Dexarcis, F.M. EP0839866, 1998. 

[29] Bonner, J.G. EP0669375, 1995. 

[30] Patrice, R. EP0816067, 1997. 

[31] George, E.R. US5122565, 1992. 

[32] March, J.; Smith, D. Advanced Organic Chemistry, 5th ed., New York, 2001.  

[33] Drent, E. US5071926, 1991. 



Introduction 

11 
 

[34] Lommerts, B.L.; Sikkema, D.J. Macromolecules 2000, 33, 7950. 

[35] Green, M.J.; Lucy, A.R.; Lu, S.; Paton, R. J.Chem.Soc.Chem.Commun. 1994, 2063. 

[36] Lucy, A.R. US5091486, 1992. 

[37] Scott, S.L.; Del, W. US2495293, 1950. 

[38] Lu, S.; Paton, R.M.; Green, M.J.; Lucy, A.R. Eur.Pol.J. 1996, 32, 1285. 

[39] Khansawai, P.; Paton, R.M.; Reed, D. Chem.Commun. 1999, 1297. 

[40] Nozaki, N.; Kosaka, N.; Grabner, V.M.; Hiyama, T. Macromolecules 2001, 34, 6167. 

[41] Brubaker, M.M.; Coffman, D.D.; Hoehn, H.H. J.Am.Chem.Soc. 1952, 74, 1509.  

[42] Chen, J.; Yeh, Y.; Sen, A.J. Chem.Soc.Chem.Commun. 1989, 965. 

[43] Jiang, Z.; Sanganeria, S.; Sen, A. J.Pol.Sci.Pol.Chem. 1994, 32, 841. 

[44] Broekhuis, A.A.; Freriks, J.; Wong, P.K. EP0970138, 2000. 

[45] Zhang, Y.; Broekhuis, A.A.; Stuart, M.C.A.; Picchioni, F. J.Appl.Pol.Sci. 2008, 107, 1, 262.  

[46] Zhang, Y. PhD thesis University of Groningen, 2007. 

[47] Rivas, B.L.; Pereira, E.D.; Moreno-Villoslada, I. Prog.Pol.Sci. 2003, 28, 173.    

[48] Liu, S.; Armes, S.P. Curr.Opin.Col.Int.Sci. 2001, 6, 249. 

[49] Radeva, T. Physical chemistry of polyelectrolytes, CRC Press, 2001. 

[50] Zagorodni, A.A. Ion exchange materials: properties and applications, Elsevier, 2006. 

[51] De-Smedt, S.C.; Demeester, J.; Hennink, W.E. Pharmacol.Res. 2000, 17, 113. 

[52] Dhal, P.K.; Huval, C.C.; Holmes-Farley, S.R. Ind.Eng.Chem.Res. 2005, 44, 8593. 

[53] Tashiro, T. Macromol.Mater.Eng. 2001, 286, 63. 

[54] Pinschmidt, R.K.Jr. J.Pol.Sci.Pol.Chem 2010, 48, 2257. 

[55] Kaufman, H.S.; Falcetta, J.J. Introduction to polymer science and technology: an SPE Text-book, Wiley, 

1977.  

[56] Gaylord, N.G.; Mehta, M.; Kumar, V. Pol.Sci.Tech. 1983, 21, 171. 

[57] Passaglia, E.; Coiai, S.; Augier, S. Progr.Pol.Sci. 2009, 34, 911. 

[58] Feldman, D. J. Macromol.Sci. Part A: Pure Appl.Chem. 2005, 42, 587. 

[59] Koning, C.; Van Duin, M.; Pagnoulle, C; Jerome, R. Prog.Polym.Sci. 1998, 23, 707. 

[60] Avella, M.; Laurienzo, P.; Malinconico, M.; Martuscelli, E.; Volpe, M.G. Handbook of polyolefins, 

2000. 

[61] Alexandre, M; Dubois, P. Mat.Sci.Eng. 2000, 28, 1. 

[62] Sinha Ray, S.; Okamoto, M. Prog.Pol.Sci. 2003, 28, 1539. 

[63] Zinck, P.; Bonnet, F.; Mortreux, A.; Visseaux, M. Prog.Pol.Sci. 2009, 34, 4, 369. 

[64] Nahar, M.; Dutta, T.; Murugesan, S.; Asthana, A.; Mishra, D.; Rajkumar, V.; Tare, M.; Jain, N.K. 

Crit.Rev.Therap. Drug Carrier Sys. 2006, 23, 4, 259. 

[65] Dreerman, E.; Narkis, M.; Siegmann, A.; Joseph, R.; Dodiuk, H.; Di Benedetto, A.T. J.Appl.Pol.Sci. 

1999, 72, 5, 647. 

[66] O'Connell, D.W.; Birkinshaw, C.; O'Dwyer, T.F. Biores.Tech. 2008, 99, 15, 6709. 



Chapter 1 

12 
 

[67] Mourya, V.K.; Inamdar, N.N. Reac.Funct.Pol. 2008, 68, 6, 1013. 

[68] Rampazzo, E.; Brasola, E.; Marcuz, S.; Mancin, F.; Tecilla, P.; Tonellato, U. J.Mat.Chem. 2005, 15, 

2687. 

[69] Howarth, G.A. Surf.Coat.Int. Part B: Coat.Trans. 2003, 86, 2, 111. 

[70] Zhang, Y.; Broekhuis, A.A.; Picchioni, F. J.Appl.Pol.Sci. 2007, 106, 3237. 

[71] Zhang, Y.; Broekhuis, A.A.; Stuart, M.C.A.; Fernandez-Landaluce, T.; Fausti, D.; Rudolf, P.; Picchioni, 

F. Macromolecules 2008, 41, 6141. 

[72] Picchioni, F.; Zhang, Y.; Broekhuis, A.A. EP2174973, 2010. 

[73] Zhang, Y.; Broekhuis, A.A.; Picchioni, F. Macromolecules 2009, 42, 6, 1906. 

[74] Van Der Heide, E.; Vietje, G.; Wang, P. C. US5684080, 1997. 

[75] Wong, P.K.; Pace, A.R.; Weber, R.C. US5955563, 1999. 

[76] Broekhuis, A.A.; Freriks, J. US5952459, 1999. 

[77] Wong, P.K. US6214941, 2001. 

[78] Hamarneh, A.I.; Heeres, H.J.; Broekhuis, A.A.; Picchioni, F. Int.J. of Adh. and Adh. 2010, 30, 7, 615. 

[79] Hamarneh, A.I.; Heeres, H.J.; Broekhuis, A.A.; Sjollema, K.A.; Zhang, Y.; Picchioni, F. Int.J. of Ad. 

and Adh. 2010, 30, 7, 626. 

 


