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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.  

  

Chapter 1 

 

Introduction 
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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 
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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. 
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Abstract 

The interaction between 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin (TPPS) and different polycations 

is studied by UV-vis spectroscopy. Two polycations containing imidazolium and pyridinium residues have 

been easily synthesized by Paal-Knorr reaction of alternating aliphatic polyketones. It was found that these 

polymers stabilize the tetra-anionic form of the porphyrin at acidic conditions and avoid the formation of H- 

and J-type self-aggregates. Other polycations such as poly(allylamine) and poly(decylviologen) enhance 

porphyrin self-aggregation. As the latter polymer has aromatic charged groups too, the influence of the 

polymer structure as a whole in the behavior of the porphyrin / polycation system is highlighted. In this 

context, similar but not equal results have been found comparing the influence on TPPS self-aggregation of 

the pyridinium groups on modified polyketones with the ones on poly(4-vinylpyridine). 
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2.1 Introduction 

In the last few years, many publications have described that site-specific binding between charged 

polyelectrolytes bearing aromatic functional groups and aromatic water-soluble counterions such as dyes [1-

8], redox-active compounds [8-11], and drugs [12], can be held by means of aromatic-aromatic interactions. 

These interactions are particularly strong when the polyelectrolyte charge is supported on the polymeric 

aromatic ring, and may constitute the major driving force of the interaction with the aromatic counterions [5]. 

The planar structure of the aromatic groups affords a high surface to volume ratio, so that, upon stacking, a 

large amount of water molecules is released from their hydration sphere with a concomitant increase in 

entropy, related to the so-called classical hydrophobic effect [13]. Besides, the polarizability of the 

conjugated -system allows dispersion forces to stabilize the aggregates. Enthalpy driven complexation by 

aromatic-aromatic interactions has also been found related with non-classical hydrophobic effect [13]. Thus, 

intimate binding between the aromatic species allows short-range electrostatic interactions taking place 

between the complementary charges.  

In addition to the possibility of undergoing aromatic-aromatic interactions with polymeric charged aromatic 

groups, dyes have the ability to self-stack by means of aromatic-aromatic interactions, even though they bear 

the same charge [17-20]. Self-aggregation of dyes is enhanced as the concentration of the dyes increases, 

both in bulk or locally. In the latter case, a local higher concentration may be achieved upon interaction with 

several surfaces [21, 22]. A cooperative self-binding mechanism [23-26] usually accompanies the interaction 

between charged dyes and complementary charged surfaces, including polyelectrolytes, by means of which 

the dye molecules bind preferably adjacent to each other. The achieved stabilization in energy is higher as 

the degree of packing increases, thus the first bonds stimulate further binding, which then propagates towards 

the final self-assembled structures. Molecular aggregation drastically modifies the absorption characteristics 

(spectral shifts and band splitting) of the dyes, as well as the fluorescent quantum yield and decay time [27, 

28]. The exciton theory [29-31], a quantum mechanical method, which considers the electrostatic 

interactions between the dipole moments of monomeric units, can be applied to interpret the spectral changes. 

It predicts a different electronic energy diagram and photophysical behavior of dimers depending on the 

geometrical distribution of the monomer units. This theory suggests a two excited-state splitting of the 

monomer electronic transition for the dimer. The energy gap and the transition probabilities from the ground 

state to these excited states depend on the relative orientation of the transition moment vectors of the 

monomeric units in the aggregate. For arrangements where the transition moment vectors of the monomeric 

units are parallel, two specific cases can be considered taking into account the angle between the direction of 

the dipolar moments and the line linking the molecular centers () (see Figure 2.1).  
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Figure 2.1. Dimer aggregation in parallel vector dyes (left) and not-parallel vector dyes (right) according to 

the exciton theory.  

 

If  approaches 90º, the monomers form the so-called H-type (sandwich-like) dimer, and the allowed 

transition produces a shift of the absorption band to higher energies (H-band) and fluoresce quenching. If  

approaches 0º, the monomers form the so-called J-type (head-to-tail) dimer, the allowed transition produces a 

shift of the absorption band to lower energies (J-band), and the dimer fluoresces. Both H- and J-bands may 

appear when the transition moment vectors are not parallel, and their relative intensities depend on the angle 

between the transition moments of both molecules in the dimer (), forming twisted sandwich-like or 

oblique head-to-tail aggregates. 

Considering the tendency of dyes to aggregate, in the presence of polymers bearing complementary charged 

aromatic groups, a competition between self-aggregation and binding to the polymeric charged aromatic 

groups by means of aromatic-aromatic interactions is established. Under appropriate conditions, the self-

stacking of the cationic dyes have been overcome by the use of polyelectrolytes bearing negatively charged 

benzene sulfonate or benzene carboxylate groups, thus inhibiting their cooperative binding tendency [4, 5, 

8]. This property appeared to be of potential use in controlling the state of dye aggregation by the use of 

polymers. Other systems such as micelles [32, 33], vesicles [21], or less-polar solvents [34, 35], may also 

exhibit a dispersion effect on the dyes. However, it has been shown that the state of dye aggregation in the 

presence of polyanions strongly depends on the structure of the polymer as a whole [5, 8]. 

Polyketones (PK) represent a well-known class of polymeric materials that can be easily modified due to the 

presence of carbonyl groups along the backbone [36-39]. The simplest and cheapest synthesis of polyketones 

is achieved by copolymerization of ethylene and carbon monoxide with the use of palladium derivates as 

catalysts, resulting in a perfectly alternating copolymer bearing 1,4-dicarbonyl moieties. However, this 

copolymer presents low solubility and a high melting point, which makes its processing complicated. In fact, 

its decomposition temperature stands lower than the melting point. In order to improve its mold ability, 

propylene can be incorporated into the backbone at a desired ratio. The consequent terpolymerization brings 
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disorder to the macromolecular packing and decreases its melting point. Alternated ethene/propene/CO 

polyketones are active towards Paal-Knorr modification through the 1,4-dicarbonyl groups. Indeed, 1,4-

dicarbonyl moieties can react with a primary amine yielding N-substituted pyrrolic groups in its backbone. 

This reaction is solvent-free, carried out in one-pot, and yields water as sole by-product. Although the 

carbonyl conversion displays a maximum of 80 % due to statistical reasons, the main advantage of the 

reaction is represented by its extreme versatility. In previous works carried out in our group, primary amines 

bearing different functional groups (i.e. primary, tertiary amines, pyridine, furan) [37-39] have been attached 

to the backbone through the Paal-Knorr reaction. 

The aggregative properties of porphyrins such as 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin (TPPS) 

are well known [20 ,33, 40-46]. They can undergo both H-type or J-type aggregation. The latter case is found 

once the porphyrins are protonated at their pyrrole groups, so that interaction between the positively charged 

center of the molecule with the negatively charged periphery stabilizes the aggregates. In this case, long 

arrangements of dyes stack to each other so that supramolecular polymers of cylindrical shape have been 

described, as well as the induction of chirality in the presence of chiral seeds. H-type aggregates are found at 

relatively high porphyrin concentration or in the presence of complementary charged surfaces.  

The present work aims at investigating the aggregation state of TPPS by UV-vis spectroscopy in the 

presence of several polycations which includes modified polyketones with imidazole (PK-Im) and pyridine 

(PK-Py) pendant groups, obtained by Paal-Knorr reaction of a polyketone with histamine and 4-

picolylamine, respectively (see Figure 2.2 and Figure 2.3), as well as the aliphatic polycation 

poly(allylamine) (PALA), and the polycations bearing aromatic groups poly(4-vinylpyridine) (P4VPy) and 

poly(decylviologen) (PV10).  
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Figure 2.2. Paal-Knorr synthesis of imidazole and pyridine pendent groups by Paal-Knorr modification of 

aliphatic polyketone (PK50) 
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Figure 2.3. Molecular structures of TPPS, PK-Im and PK-Py, P4VPy, PALA and PV10. 

 

2.2 Experimental 

 
2.2.1 Reagents  

Poly(allylamine) (PALA) (Aldrich), poly(4-vinylpyridine) (P4VPy) (Sigma-Aldrich, 99%)), histamine 

(Sigma-Aldrich, 99%)), 4-picolylamine (Sigma-Aldrich, 99%)), 4,4’-bipyridine (TCI, 98%), and 1,10-

dibromodecane (TCI, 99%), were commercially available and used as received. Polyketones made of 

ethylene, propylene and carbon monoxide were synthesized according to a reported procedure [47]. In 

particular, we used a polyketone with 50 % ethylene and 50 % propylene (PK50, Mw 5350). CDCl3 

(Aldrich) was used as solvent for 1H-NMR analyses. 

 

2.2.2 Equipment  

Distilled water was deionized by a Simplicity Millipore deionizer. The pH was controlled on a UltraBasic 

Denver Instrument pH meter. UV-vis measurements were performed in a Heios  spectrophotometer. 1H-

NMR spectra were recorded on a Varian Mercury Plus 400 MHz NMR apparatus. IR spectra were recorded 

using a Perkin Elmer Spectrum 2000 FT-IR apparatus.  
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2.2.3 Procedures  

 

2.2.3.1 Synthesis of PK-Im and PK-Py  

The synthesis of the polyketone derivatives has been carried out according to Figure 2.2. About 40 grams of 

polyketone PK50 were weighed into a glass reactor fitted with a mechanical stirrer and a reflux condenser. 

The reactor was heated to a temperature of 110 ºC and histamine or 4-picolylamine was added drop-wise 

during 1 hour. The amount of amine used depended on the aimed carbonyl conversion and, in this case, 

stoichiometric amounts were used. The reaction was allowed to proceed for another 3 hours. The reflux 

condenser was removed in the last hour to allow the produced water evaporation. The obtained dark brown 

product was ground into small particles (freezing the material if necessary). The obtained particles were 

washed with water, and then freeze-dried for 24 hours. In order to calculate the conversion of reacted 1,4-

dicarbonyl units (x) (see Figure 2.2), elemental analysis have been carried out and linked to the conversion 

by the following formula:  

)1(21 xMwxMw

nxM
N N




  (1) 

where MN represents the atomic mass of nitrogen, n is the number of nitrogen atoms in the repetitive unit of 

the reacted polyketone, N is the nitrogen content per gram calculated by elemental analysis, Mw1 is the 

molecular weight of a converted 1,4-dicarbonyl segment (215 g / mol for PK-Im, 199 g / mol for PK-Py) and 

Mw2 is the molecular weight of non-converted 1,4-dicarbonyl segment (125 g / mol) of PK50 (see Figure 2.2 

and Table 2.1). Mw1 and Mw2 are calculated taking into account the incorporation of ethylene and propylene 

in the terpolymers at a ratio of 1 : 1. 

From (1), x can be calculated by: 

)( 12

2

MwMwNnM

MwN
x

N 


  (2) 

In order to consider a correct ratio between the amount of basic pendant groups (imidazolium or pyridinium) 

and the amount of porphyrin rings, the molecular weight of the terpolymers has been calculated in mol of 

these groups per gram of polymer, using the following equation: 

xz

MwyMwx
Mw




 21

 (3) 

where Mw+ is the copolymer molecular weight in mol of basic units per gram, y = 1 – x is the fraction of non-

converted 1,4-dicarbonyl groups in the Paal-Knorr reaction, and z is the number of atoms susceptible to 

protonation in the converted repetitive unit, which in the case of both terpolymers is considered 1. 

 

 

 

 

 



Dye dispersion in modified polyketones 

19 

 

Polyketone 

derivative 

C % H % N % Conversion (x) 

1,4-dicarbonyl (%) 

Mw+ (g / mol of 

basic groups) 

PK-Im 71.4 7.9 15.8 71.1 266 

PK-Py 76.1 7.6 11.3 72.5 248 

                    Table 2.1 Elemental analysis and conversion 

 

The presence of aromatic groups in the polymer structures has been confirmed by the appearance of FT-IR 

absorption peaks around 3100 cm-1 (assigned to the aromatic C-H stretching vibration), 1630 cm−1 (C=N 

stretching mode of ring including conjugated C=C), 1290 cm−1 (C–H (ring) in-plane bending and C–N (ring) 

stretching modes), 1228 cm−1 (C–H (ring) in-plane bending and C–N (ring) stretching modes) and 915 cm−1 

(ring deformation mode). 1H-NMR signals allowed verifying the presence of pyrrole (5.5 – 6.0 ppm), 

imidazole (7.37 – 6.78 ppm) (3H, CH groups in imidazole ring), and pyridine (6.6 and 8.3 ppm) (2H, CH 

groups in meta and 2H, CH groups in ortho with respect to the pyridine nitrogen, respectively). The 1,4-

dicarbonyl groups conversion, as determined by elemental analysis and applying equation (2), is found to be 

higher than 70 % for both PK-Im and PK-Py (see Table 2.1). 

 

2.2.3.2 Synthesis of PV10 

Poly(decyl viologen) (PV10), was synthesized by a methodology previously reported in the literature [48, 

49]. 4,4’-bipyridine and 1,10-dibromodecane were reacted in a methanol / DMF mixture at 60 ºC overnight. 

The resulting yellow precipitate was collected, washed with chloroform and dried under vacuum to yield 

PV10 as a yellowish powder in 73 % yield. A degree of polymerization of 10 was determined by 1H NMR 

spectroscopy, by comparison of the intensities of the peaks ascribed to the protons on the terminal pyridyl 

group at 8.8, 8.7, 8.3 and 7.8 ppm, and those of the pyridyl groups in the main chain around 9.0 and 8.4 ppm. 

 

2.2.3.3 Interaction studies 

UV-vis analyses were performed with path lengths ranging between 1 and 10-2 cm in water following 

conventional and well-known procedures. All samples were prepared in pure water, and allowed to 

equilibrate after pH adjustment for several minutes. Particular experimental conditions are provided in the 

Figure captions. The polymer concentrations are given in mol of aromatic basic groups per liter for polymers 

containing these groups. 

 

2.3 Results and discussion 

 
2.3.1 Acid-base and self-aggregation properties of TPPS 

At dilute conditions (10-6 M or less) monomeric TPPS can be found in two forms depending on the pH. At 

acid pH, a di-anionic species (H4TPPS2-) is observed due to protonation of the pyrrole subunits, while, at 

neutral pH, the tetra-anionic H2TPPS4- is obtained [42]. H2TPPS4- Soret band is centered at 414 nm, while the 
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one corresponding to H4TPPS2- is centered at 434 nm, as can be seen in Figure 2.4 (left, a and b, 

respectively).  

 

 

Figure 2.4. Left: absorbance as a function of the excitation wavelength, normalized with respect to the 

maxima, of solutions containing 10-6 M of TPPS at pH 6.25 (a), 10-6 M of TPPS at pH 2.0 (b), 10-4 M of 

TPPS at pH 2.0 (c), 10-6 M of TPPS and 9 · 10-5 M of PALA at pH 6.5 (d), and 10-6 M of TPPS and 9 · 10-5 

M of PALA at pH 1.8 (e); right: normalized absorbance at 434 nm () and 414 nm () of solutions 

containing 10-6 M of TPPS, as a function of pH; normalized absorbance at 488 nm () and 400 nm () of 

solutions containing 10-6 M of TPPS and 9 · 10-5 M of PALA, as a function of pH. For every given 

composition and pH, the two considered values of absorbance have been normalized to the sum of both 

values. Arrows indicate the pH at which both normalized absorbance display the same value at a given 

composition (see Table 2.2). 

 

Polyelectrolyte pH max monomeric 

H2TPPS4- 

(nm) 

max H-aggregates of 

H2TPPS4- 

(nm) 

None 5.0 414 - 

PALA 2.2 - 402 

P4VPy 3.1 423  405 

PV10 3.3 - 393 

PK-Py 1.4 424 - 

PK-Im - 424 - 

Table 2.2 Transition pH between H2TPPS4- and H4TPPS2- forms, and maximum of absorbance for 

monomeric H2TPPS4- and H-aggregates of H2TPPS4-, in the presence of different polyelectrolytes. 

 

When protonation of H2TPPS4- is retained, the absorbance at 434 nm increases at expenses of that at 414 nm. 

In order to better observe this, in Figure 2.4 (right), the corresponding absorbances have been normalized to 
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the sum of both absorbances for every pH value, so that the sum of the two is 1. It can be seen that H4TPPS2- 

become the main species under pH 5.0 (see Table 2.2). 

At concentration of the dye higher than 10-6 M, the acid form tends to self-aggregate forming higher-order 

aggregates based on J-type (head-to-tail) contacts. As a consequence of this, the Soret band is shifted to 

lower energies, and an intense band at 491 nm appears, as can be also seen in Figure 2.4 (left, c). These 

higher order aggregates are known to fold and adopt a spiral conformation that may exhibit chirality. This 

folding may produce non parallel dipole moments, so that a small absorbance appears at around 418 nm 

corresponding to the H-band of an oblique head-to-tail aggregate. This dye easily form such aggregates, 

which can be explained by an adequate configuration of the charges in the zwitterionic molecule.Two 

positive charges are placed in the geometrical center of the molecule, while four negative charges are found 

in its periphery. Aromatic-aromatic interactions stabilize the stacking of one molecule to another, while 

short-range electrostatic interactions are held between the complementary charged groups. On the contrary, 

H2TPPS4- does not aggregate so easily due to its high net negative charge, and no change on the position of 

the maximum of absorbance is detected at pH 7 when the dye concentration is changed from 10-6 to 10-4 M.  

 

2.3.2 Self-aggregation of TPPS in the presence of a typical polycation such as PALA  

Typical polyelectrolytes produce long-range electrostatic interactions with their counterions as depicted in 

the counterion condensation theory of G. Manning [50, 51]. When the counterions are dyes with a high 

tendency to self-aggregate, a higher concentration of the dyes on the polymer domain produces their self-

aggregation. This behavior has been observed for cationic xanthene dyes interacting with polyanions [6-8, 

52]. In the case of TPPS, a typical polycation such as PALA produces H2TPPS4- self-aggregation based on 

sandwich-like H-type contacts [53]. Charge compensation furnished by the polyelectrolyte minimizes the 

self-repulsion of the tetra-anionic molecules. This can be seen in Figure 2.4 (left, d), where the shifting of the 

Soret band of the tetra-anionic form to higher energies in the presence of PALA (from 414 to around 400 

nm) can be seen. Lowering the pH induces TPPS protonation and formation of head-to-tail J-aggregates. 

However, the corresponding band at lower energies is centered at 488 nm and it is broader if compared to 

that in absence of polyelectrolyte (Figure 2.4 left, e), indicating the formation of aggregates with different 

structure and size. Up to pH lower than 1.8, a contribution of the band at around 400 nm is still detectable 

(Figure 2.4 right). A residual absorption at around 418 nm, linked to that at around 488 nm, is still found at 

very low pH, which indicates the presence of non parallel dipole moments in oblique head-to-tail aggregates, 

for which both H- and J- bands appear (the former less intense than the latter). As upon protonation the band 

at 488 nm increases at expenses of that at 400 nm, in Figure 2.4 (right), it seemed convenient to plot the 

corresponding absorbances as normalized values to the sum of both absorbances for every pH, so that the 

sum is 1. As deduced from Figure 2.4 (right) and seen in Table 2.2, protonation of TPPS in the presence of 

this polyelectrolyte is shifted to pH 2.2, due to the stabilization of the tetra-anionic form by the positive 

charges of the polyelectrolyte. This behavior has been already described in the literature [53-55]. 
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2.3.3 Self-aggregation of TPPS in the presence of a typical poly-aromatic-cation such as P4VPy 

When polyelectrolytes bear charged aromatic groups, aromatic-aromatic interactions between these charged 

aromatic groups and the aromatic counterions such as TPPS molecules compete with the self-stacking 

tendency of the dyes. This behavior has been also observed for cationic xanthene dyes and polyelectrolytes 

such as poly(sodium 4-styrenesulfonate) [3-8]. In some cases, this interaction becomes intense, and the self-

stacking of the dyes may be inhibited. This is the case of the interaction between TPPS and P4VPy [44-46]. 

In order to examine the protonation influence in P4VPy, the maximum working pH in this case has been set 

to 5. However, it has been shown that the interaction with this polymer stabilizes the tetra-anionic form of 

TPPS up to pH 3.6. The stacking of H2TPPS4- on the pyridinium residues produces a shift of 9 nm of the 

corresponding Soret band to lower energies, as can be seen in Figure 2.5 (left). Concomitantly, a band at 423 

nm appears, whose corresponding Q-bands are related with characteristic D2h symmetry of H2TPPS4- [33,44].  

 

Figure 2.5. Left: absorbance as a function of the excitation wavelength, of solutions containing 10-6 M of 

TPPS and 9 · 10-5 M of P4VPy at pH 4.5 (a), 3.6 (b), 3.2 (c), 3.0 (d), 2.6 (e), 1.5 (f); right: normalized 

absorbance at 488 nm (), 405 nm (▲), and 423 nm () of solutions containing 10-6 M of TPPS and 9 · 10-5 

M of P4VPy, as a function of pH. For every given pH, the values of absorbance have been normalized with 

respect to the sum of the two (from pH 1.5 to 3.0) or the three values (from pH 3.2 to 4.5) considered. The 

arrow indicates the pH where the projection of the normalized absorbance at 423 nm crosses the plot of the 

normalized absorbance at 488 nm (see Table 2.2). 

 

Formation of H-type aggregates is only slightly observed by the appearance of the band at around 405 nm 

when lowering the pH from 3.6 to 3.0, as reported in literature [46]. However, as long as the extent of 

diprotonation increases at pH values below 3.0, the dyes rotate around their mass center, and shifted 

sandwich-like evolving to oblique head-to-tail aggregates before that the molecules spread in more regular 

disposition. Thus, at pH 3.0, an intense band at 418 nm appears, together with a broad band centered at 488 

nm. By lowering the pH, the intensity of the band at 418 nm decreases, while the band at 488 nm becomes 

narrower, as the molecules accommodate in the form of large J-aggregates.  

According to the evolution of the intensity of the band at 488 nm with the pH, we can consider that the 

molecule protonates at pH below 3.1, as can be seen in Figure 2.5 (right). The overlap produced between the 
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band at 423 nm, ascribed to H2TPPS4- stacked on the pyridinium residues, and that at 418 nm, ascribed to H-

band corresponding to oblique head-to-tail aggregates of H4TPPS2-, makes difficult to distinguish their 

evolution, so that the decrease on the band at 423 nm has been plotted only up to pH 3.2. The intensity of this 

band decreases at expenses of the increase on the bands at 405 nm and 488 nm (the latter nearly negligible) 

in the range of pH 3.2-4.0, so the corresponding absorbances have been plotted in Figure 2.5 (right) 

normalized to the sum of the absorbances at these three wavelengths. In the range of pH 3.0 – 1.5, it can be 

considered that the increase on the band at 488 nm occurs mainly at expenses of that at 405 nm, since the 

decrease on the band at 423 nm is masked by the appearance of the band at 418 nm. Thus, in this pH range, 

the absorbances at 488 and 405 nm have been plotted normalized to the sum of both values for a given pH. 

The transition between H2TPPS4- and H4TPPS2- forms has been set at pH 3.1 (see Table 2.2), although the 

formation of H-aggregates could also be related to the presence of other species such as H3TPPS3- in a 

narrow range of pH around pH 3.2. 

 

2.3.4 Self-aggregation of TPPS in the presence of PV10  

The aggregation patterns of dyes around different polyelectrolytes strongly depend on the polymer structure 

[5-8]. Variables such as functional groups, localization of the charge in the polymer structure, flexibility, 

hydrophobicity, linear charge density and linear aromatic density seem to determine the behavior of the 

system and the state of dye aggregation. PV10 bears bipyridinium residues with two positive charges 

separated by ten methylene groups. The latter afford flexibility and a low linear aromatic density to the 

polymer. This influences the state of aggregation of TPPS in the presence of this polymer. Similarly to 

PALA, this polymer enhances the formation of H2TPPS4- H-aggregates as can be seen in Figure 2.6 (left), 

and at pHs lower than 3.3 (see Figure 2.6 right), the dyes form J-aggregates.  

 

Figure 2.6. Left: absorbance as a function of the excitation wavelength of solutions containing 10-5 M of 

TPPS and 10-3 M of PV10 at pH 5.0 (a), 3.5 (b), 2.5 (c), and 2.0 (d); right: normalized absorbance at 491 nm 

() and 393 nm (▲) of solutions containing 10
-5

 M of TPPS and 10
-3

 M of PV10, as a function of pH. For 

every given pH, the values of absorbance have been normalized with respect to the sum of the two values 

considered. The arrow indicates the pH where both normalized absorbance reach the same value (see Table 

2.2). 
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The band at 491 nm is sharp, indicating a regular disposition of the dye molecules. The H-band appears at 

393 nm, showing a shifting of 7 nm to higher energies with respect to the band corresponding to H-

aggregates in the presence of PALA. According to the exciton theory, this shift may be explained by means 

of two interpretations that do not exclude each other. It may indicate the formation of longer higher-order 

arrangements of dyes [30], and / or aggregates for which the angle  is more close to 90º than in the case of 

PALA [31]. The interaction of these aggregates with the surrounding molecules may also produce a shift on 

the maximum of absorbance. Thus, the dyes may be considered stacked one on the other, and the resulting 

aggregates stabilized by the flexible, complementary charged PV10 chains that may coil around. As the 

linear charge density of this polymer is lower than in PALA, the transition between H- and J-aggregation 

occurs at higher pH values in the presence of PV10 (see Table 2.2). 

 

2.3.5 Self-aggregation of TPPS in the presence of PK-Py  

The complex structure of PK-Py and PK-Im provides rigidity to the polymeric main chains (due to aromatic 

moieties along the macromolecule backbone), charged aromatic groups in their pendant groups, and a certain 

degree of hydrophobicity. The spectral changes of TPPS in the presence of PK-Py at different pH are plotted 

in Figure 2.7 (left).  

 

Figure 2.7. Left: absorbance as a function of the excitation wavelength of solutions containing 10-6 M of 

TPPS and 9 · 10-5 M of PK-Py at pH 3.7 (a), 2.3 (b), 1.5 (c), and 1.0 (d); right: normalized absorbance at 488 

nm () and 424 nm () of solutions containing 10-6 M of TPPS and 9 · 10-5 M of PK-Py, as a function of 

pH. For every given pH, the values of absorbance have been normalized to the sum of the two values 

considered. The arrow indicates the pH where both normalized absorbance take the same value (see Table 

2.2). 

 

Similarly to its analogous P4VPy, monomeric H2TPPS4- stacked on the pyridinium group is found, as 

revealed by the shift of the Soret band to 424 nm (see Table 2.2). At acid pH values, J-aggregates are 

allowed to be formed. However, some differences between the effects of these two polymers on TPPS 
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aggregation patterns can be remarked. A lower tendency to produce H-aggregates is found, since a less 

intense band at around 400 nm appears before the J-aggregates are formed, as can be seen in Figure 2.7 

(left). Besides, the transition to J-aggregates occurs at pH 1.4, while in the case of P4VPy it occurs at pH 3.1, 

as can be seen in Figure 2.7 (right) and Table 2.2. This indicates a higher ability of this polymer to stabilize 

the tetra-anionic form stacked on the polymeric aromatic ring, avoiding its self-aggregation.  

 

2.3.6 Self-aggregation of TPPS in the presence of PK-Im  

It can be seen in Figure 2.8 that PK-Im shows unique interaction properties, since TPPS Soret band stays 

centered at 424 nm in a wide range of pH. Its monomeric, tetra-anionic form (H2TPPS4-) is stabilized not 

only at moderately acidic pH such as 3.2, but also at strongly acidic conditions such as pH 1.3.  

 

Figure 2.8. Normalized UV-vis spectra of 10-6 M of TPPS in the absence of any polyelectrolyte at pH 6.25 

(a), and in the presence of 9 · 10-5 M of PK-Im at pH 5.0 (b), 2.5 (c), 2.1 (d), 1.9 (e), 1.6 (f), 1.5 (g), and 1.3 

(h). 

 

This fact is related to an interaction between imidazolium groups and TPPS which appear to be stronger than 

that with pyridinium groups. Besides, the specific characteristics of this polymer in terms of rigidity and 

hydrophobicity, may be pivotal for its behavior. In order to know the minimum amount of PK-Im necessary 

to produce monomeric H2TPPS4- on its environment, experiments have been performed by changing the 

polymer concentration. It can be seen in Figure 2.9 (left) that an excess of 20-fold more polymeric functional 

groups is enough to achieve a complete stable PK-Im / TPPS complex, with all the dyes dispersed in the 

polymer chains, as reflected by the position (424 nm) and shape of the Soret band.  
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Figure 2.9. Left: normalized UV-vis spectra of 10-6 M of TPPS at pH 3.6 in the presence of PK-Im at ratio 

polymer / TPPS of 5 (a), 10 (b), 20 (c), 50 (d) and 70 (e); right: normalized UV-vis spectra of 10-6 M of 

TPPS at pH 3.6 in the presence of PV10 and PK-Im at ratios PK-Im/PV10/TPPS of 0/90/1 (a), 10/80/1 (b), 

30/60/1 (c), 50/40/1 (d). 

 

At lower pH values, aggregates appear caused by the close confinement of the dyes in the polymer domain. 

On the other hand, a higher tendency of TPPS to bind PK-Im can be seen in Figure 2.9 (right) in the presence 

of both PV10 and PK-Im. For this experiment, the total amount of polymeric positive charges has been set 

constant, and the ability of PV10 to induce TPPS self-aggregation is overcome by the presence of low 

concentrations of PK-Im relative to PV10 concentration. All this indicates the ability of this polymer to bind 

and disperse TPPS.  

 

2.3.7 Dispersion ability of TPPS in the presence of PK-Py and PK-Im  

In the above sections, we have used TPPS solutions at a concentration of 10-6 M, at which the pristine dye 

does not aggregate. However, at a concentration of 10-4 M, the dye self-aggregates at acid pH, as can be seen 

in Figure 2.4 (left). While in the diluted regime PALA and PV10 induce TPPS self-aggregation, PK-Py and 

PK-Im showed the ability to stabilize the tetra-anionic form of TPPS dispersing it on the polymeric chains at 

acid pH. On the contrary, P4VPy cannot prevent TPPS self-aggregation at pH 2. Thus, the ability of these 

polymers to disperse the dye in the concentrated regime (10-4 M) at pH 2 is investigated. It can be seen in 

Figure 2.10 that in the presence of 9-fold excess of the polymers, dispersion of the dye on the polymeric 

binding sites is observed at this pH for PK-Im and PK-Py, since the sharp Soret band appears at 424 nm, 

while TPPS J-aggregates appear in the presence of P4VPy, as seen by the broad band centered at 488 nm.  
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Figure 2.10. Normalized UV-vis spectra of 10-4 M of TPPS at pH 2 in the absence of any polyelectrolyte (a) 

and in the presence of 9 · 10-4 M of P4VPy (b), PK-Py (c), and PK-Im (d). 

 

These facts can then be correlated with the findings at a TPPS diluted regime (10-6 M), as shown in Table 2.2. 

 

2.3.8 Polycations interaction with TPPS  

The experiments shown in this work highlight the sensitivity of polycations to the binding of aromatic 

counterions such as dyes that have the ability to self-aggregate. All the polymers studied here influence the 

aggregation patterns of TPPS, all in a different way, although they bear, in some cases, the same aromatic 

functional groups. Typical polyelectrolytes such as PALA enhance TPPS self-aggregation by a cooperative 

mechanism, since at both low and moderate excess of the polymer the dye self-aggregate (data not shown), 

and stabilizes the tetra-anionic form of the dye up to pH 2.2. The presence of aromatic moieties in the 

polymers may provide different characteristics to the TPPS / polymer systems. As seen with polyanions and 

positively charged dyes, the behavior of the system strongly depends on variables among which the nature of 

the functional groups, the localization of the charges in the polymer structure (mainly on aromatic rings or in 

aliphatic groups), flexibility, hydrophobicity, linear charge density, and linear aromatic density in the 

polyelectrolytes are determinant [5-8]. Thus, a flexible polymer presenting a low linear aromatic density 

such as PV10, also enhances TPPS self-aggregation at neutral pH, but do not stabilize the tetra-anionic form 

of TPPS as much as PALA does, despite the transition pH between H2TPPS4- and H4TPPS2- is lowered 

almost of two units with respect to the case in which no polyelectrolyte is present. A similar transition pH 

shift of around two units is found for P4VPy. However, this polymer, which exhibits a higher linear aromatic 

density than PV10, not only presents a lower tendency to enhance the formation of H-aggregates, but 

produces association between the dye and the pyridinium groups by means of aromatic-aromatic interactions, 

reflected in a shift of the monomer band to lower energies [45]. PK-Py and PK-Im, by providing rigidity and 

hydrophobicity, produce aromatic-aromatic interactions between their aromatic charged groups and the dye. 

Consequently, the tetra-anionic H2TPPS4- is stabilized up to pH lower than 2, and the formation of H-
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aggregates is practically prevented in the presence of a sufficient excess of the polymers. In particular, the 

polymer bearing imidazolium groups appears to produce stronger interactions than the one bearing 

pyridinium moieties. Besides, it is able to disrupt H2TPPS4- H-aggregates stabilized by PV-10, although a 

higher excess of the latter is present in solution. 

 

2.4 Conclusions 

Polyketone derivatives containing imidazolium (PK-Im) and pyridinium (PK-Py) groups have been 

successfully synthesized by Paal-Knorr modification of aliphatic polyketones and their structures have been 

investigated by elemental analysis, FT-IR and 1H-NMR spectroscopies. These polymers undergo aromatic-

aromatic interactions with H2TPPS4- as evidenced by a shift of 10 nm of the Soret band to lower energies. 

Besides, the interaction produces a stabilization of the tetra-anionic form of TPPS, avoiding the formation of 

the di-anionic H4TPPS2- and its self-aggregation up to pH lower than 2. In the presence of a large excess of 

PK-Py (90-fold), H4TPPS2- is formed at pH 1.4 or lower, while in the presence of PK-Im, it is not formed at 

all even in strong acidic conditions such as pH 1.3. As in the case of P4VPy, a low excess of these polymers 

is enough to produce dispersion of H2TPPS4- on their environment, while other polycations such as PALA 

and PV10 enhance its self-aggregation in the form of H-aggregates. While the aliphatic polyamine PALA 

stabilizes these H2TPPS4- aggregates up to pH 2.2, below which H4TPPS2- J-aggregates appear, the 

polyelectrolytes containing aromatic groups (P4VPy and PV10) prevents the formation of H4TPPS2- J-

aggregates only up to pH around 3.2. The influence of the polyelectrolytes on the aggregation patterns of 

TPPS strongly depends on the polymer structure as a whole: low linear aromatic density and flexibility 

enhances H-aggregation of H2TPPS4-; higher linear aromatic density and rigidity helps preventing the 

formation of these H-aggregates. 
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Abstract 

Thermally reversible thermosets based on furan functionalized polyketones cross-linked with (methylene-di-

p-phenylene)bis-maleimide are synthesized. The number of furan groups present along the backbone and the 

cross-linker/furan molar ratio are varied.  

According to DSC measurements, the de-cross-linking temperature does not change significantly as function 

of the furan intake and its molar ratio with the cross-linker. All samples show an almost complete recovery 

of storage and loss modulus.  

The cross-linked samples are recycled up to seven times without significant quality loss in terms of 

mechanical properties. This suggests that a change in conformation does not result in different visco-elastic 

behavior. The most cross-linked sample is able to fully repair itself within 1 hour. A number of low cross-

link density materials additionally show a shape memory effect. 
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3.1 Introduction 

Thermosetting materials are often used because their properties differ from thermoplastic ones or because 

manufacturing technologies demand relatively low viscosity polymeric systems. Many of these materials are 

known to have, for example, a high modulus, high fracture strength, and good solvent resistance [1]. In 

addition, because cross-linked materials do not melt, they can be generally used in a broader temperature 

range than thermoplastic ones [2]. Thermosets are used in a number of applications, such as adhesives, 

coatings, rubbers, abrasives, polymer composites, electrical insulation, and printed circuit boards [3, 4]. 

Unfortunately, such excellent mechanical properties represent the main challenge once the need to re-

process, recycle, reshape or repair cross-linked materials occurs [5]. Re-workable thermosets aim at 

combining the positive properties of cross-linked materials with the processability and recyclability of 

thermoplastic ones [6]. The concept behind re-workable thermosets is that (part of) the polymer network can 

be de-cross-linked by applying an external stimulus, the latter being for example light [7] or heat. These 

networks can either consist of covalent or non-covalent cross-links. Examples of non-covalent reversible 

cross-links are based on hydrogen bonds [8, 9] and ionic [10] or Van der Waals interactions (e.g. SBS 

rubber) [11, 12]. All these physical bonds have been demonstrated to selectively break at a given de-cross-

linking temperature. On the other hand, covalently reversible chemical cross-links are based on chemical 

bonds that can be broken by external influences, mainly heat or radiation energy. The most studied 

covalently thermo-reversible systems are based on the Diels-Alder (DA) reaction [13], probably because it 

ensures fast kinetics and a high number of recycles with little, if any, degradation [14] between 50 °C and 

200 °C. 

In order to create a 3D cross-linked network, several systems have been employed based on the [4 + 2] DA 

reaction and its reverse. These systems consist of multiple dienophile and diene moieties of low molecular 

weight [15], dienes or dienophiles attached to polymer backbones cross-linked with bi-functional low 

molecular weight cross-linker, or polymeric chains containing both diene and dienophile [16].  

Among the many chemical groups able to react via DA mechanism including fulvenes [17], cyclopentadiene 

[18, 19], anthracene [20] and others [21], the most investigated ones involves furan as diene and maleimide 

as dienophile [22]. The reason for this resides probably in the fast kinetics, which renders them attractive for 

potential industrial application. 

In order to attach furan moieties to a polymer backbone, several methods have been studied mainly using 

polystyrene [23, 24] and polymethylacrylate [25-27] or epoxy resins [28] as polymeric precursors. 

However, the expensive synthetic routes and the use of solvents and catalysts render these modifications 

difficult to apply at industrial scale. A breakthrough into furan-based polymers has been previously 

accomplished in our research group [29]. Indeed, alternating polyketones synthesized by terpolymerization 

of carbon monoxide, ethene and propene were modified with furfurylamine through the Paal–Knorr reaction 

in order to obtain furanic pendent groups (Figure 3.1).  

 



 Reversible DA furan/maleimide polymer networks 

33 

 

 

 

 

Figure 3.1 Paal-Knorr reaction of aliphatic alternating polyketones and furfurylamine (I) and subsequent 

cross-linking reaction with (methylene-di-p-phenylene)bismaleimide (II). 

 

The synthesized polymer could be reversibly cross-linked with (methylene-di-p-phenylene)bismaleimide. 

The resulting material was recycled up to seven times without observing any significant deterioration of its 

mechanical properties. The reported system displayed several advantages as compared to similar ones 

presented in the literature [15-28]. In first instance, the use of the Paal–Knorr reaction to synthesize polymers 

with DA reactive groups showed several advantages typical of this modification, such as the absence of any 

catalysts or solvents, the presence of water as single by-product, fast kinetics and relatively high yields [29]. 

In addition, furfurylamine is a product based on furfural, a sugar based readily available chemical [30]. In 

our previous work, thermal and mechanical properties as measured by differential scanning calorimetry 

(DSC), dynamic mechanical thermal analysis (DMTA), and a 3-point bending test were used to study the 

reversibility efficiency of highly functionalized polyketone. The results obtained constitute in our opinion a 

breakthrough in the synthesis of recyclable thermosets since 100% healing and recyclability was found for 

several (up to seven) thermal cycles. Nevertheless, the reason for such a high recyclability, as compared to 

other systems described in literature, remained unknown and could possibly be related to the exceptionally 
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high diene (i.e furan) concentration, to the best of our knowledge never achieved before, anchored to the 

polymeric chains [15-28].  

The present work aims at testing this hypothesis and obtaining a deeper insight into the mechanical and 

thermal behavior of the reported system as a function of the amount of DA reactive groups along the 

backbone. Indeed, polyketones with three different degrees of furan functionalization have been synthesized 

and cross-linking reactions at three different molar ratios of furan to maleimide were studied. Fourier 

transform infrared spectroscopy (FT-IR) and swelling studies were used to prove the reversibility while the 

healing efficiency and re-workability of the prepared materials were evaluated through DSC and DMTA 

studies.   

 

3.2 Experimental 

 

3.2.1 Materials  

Alternating polyketones of ethylene, propylene and carbon monoxide were synthesized according to a 

reported procedure [31]. The olefinic part of the polyketone is constituted of 50 mol% ethylene and 50 mol% 

propylene (PK50, Mw=5350 Da). Furfurylamine (Sigma-Aldrich, >99%, The Netherlands), chloroform (Lab 

Scan, 99.5%, The Netherlands), and (methylene-di-p-phenylene)bismaleimide (Sigma-Aldrich, 95%, The 

Netherlands) were purchased and used as received.  

 

3.2.2 Furan-derivatization of alternating polyketones 

About 40 grams of alternating polyketone PK50 was weighed into a glass reactor fitted with a mechanical 

stirrer and a reflux condenser. The reactor was heated to a temperature of 110 °C and a specific amount of 

furfurylamine, depending on the desired carbonyl conversion, was added drop-wise for 1 hour. The reaction 

was allowed to proceed for another 3 hours. The reflux condenser was removed in the last hour to allow the 

produced water to evaporate. Three modified PK50 polymers were synthesized by using different amounts of 

furfurylamine (Table 3.1). 

Name Polymer (g) Furfurylamine (g) Conva (%) Tg
b 

PK50_20 40.95 6.31 20.1 26 °C 

PK50_40 46.81 14.4 39.9 44 °C 

PK50_60 44.71 20.75 57.7 55 °C 

 

Table 3.1 Quantities of alternating polyketone and furfurylamine used in Paal–Knorr synthesis of furan-

modified polyketones (20, 40 and 60% of carbonyl groups) and their glass transition point. a) Carbonyl 

conversions based on the nitrogen content of the polymer, which was determined by elemental analysis.b) 

glass transition point (Tg) determined by DSC. 
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The dark brown products obtained were ground into small particles (by freezing the material if necessary). 

The particles obtained were washed with water, and then freeze-dried for 24 h. The carbonyl conversions 

were calculated on the basis of the nitrogen content of the final product according to the following formula: 

 
   )14/()01.0()(2)14/()01.0()()(

)()14/()01.0(

min nNMMgPKnNMMgPKMgPK

gPKnN
Conv

WaterPKeAPKPK 




 

1 

where MPK represents the average molar mass of the repeating unit (calculated by considering the double 

carbonyl unit weighted in ethene and propene percentage), Conv represents the conversion of carbonyl 

groups, n is the number of nitrogen atoms in the repetitive unit of the reacted polyketone, N is the nitrogen 

percentage as determined by elemental analysis, MWater and MAmine are the molecular weight of water and the 

amine compound, respectively.  

Below we report for each individual component the results of elemental analysis and, for all three, the most 

representative nuclear magnetic resonance spectroscopy (NMR) and FT-IR data. 

 

PK50_60: (C6-8 H8-12 O2 )40 (C9-11 H14-18 N2 )60 (112-140)40 (150-178)60 

Calcd. C 71.8 H 6.6 N 5.1 O 16.4; Found C 73.7 H 7.3 N 5.1 O 13.9. 

PK50_40: (C6-8 H8-12 O2 )60 (C9-11 H14-18 N2 )40 (112-140)60 (150-178)40 

Calcd. C 71.1 H 5.6 N 3.4 O 19.8; Found C 71.1 H 7.3 N 3.7 O 17.9. 

PK50_20: (C6-8 H8-12 O2 )80 (C9-11 H14-18 N2 )20 (112-140)80 (150-178)20 

Calcd. C 70.4 H 4.6 N 1.7 O 23.2; Found C 68.8 H 7.6 N 2.0 O 21.6. 

 

IR (KBr): 3112 (m, CH), 1700 (vs, C=O), 1436 (m, ring stretching), 1345 (m, ring stretching), 1073 (m, C=C 

stretching), 1013 (m, C=C stretching), 734 (m, C=H out-of-plane bending).  

 

1H-NMR (CDCl3): δ = 7.3 (d, furan), 6.2 (br, furan), 5.9 (br, furan), 5.8 (br, pyrrole), 4.9 (br, pyrrole). 

 

3.2.3 Cross-linking of furan modified polyketones  

About 15 grams of modified polyketone and a stoichiometric (with respect to the furan groups) amount of 

(methylene-di-p-phenylene)-bis-maleimide were dissolved in 150 g of CHCl3 in a round bottom flask fixed 

with a magnetic stirrer (see Table 3.2 for an overview of all prepared samples). The reaction mixture was 

heated to 50 °C, and the reaction was allowed to proceed until gelation took place. 

The cross-linked polymers were isolated after removing the gel from the bulb and drying them to constant 

weight at 50 °C under vacuum. The samples have been coded by stating the ethene content of polyketone, 

the carbonyl conversion level and the maleimide / furan ratio (i.e., PK50_60_M1). Below we report the most 

relevant FT-IR peaks for the cross-linked polymers.  
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FT-IR (KBr): 1700 (vs, CO), 1378 (m, CN maleimide), 1182 (m, C-O-C ether peak) 

 

No. Conva) (%) Maleimide:Furan 

Ratio 

Polymer(g) Bismaleimide(g) Tg
b 

(°C) 

TrDA
c 

(°C) 

PK50_60_M1 60 1:1 15.01 9.10 102 136 

PK50_60_M2 60 1:2 15.01 5.00 86 141 

PK50_60_M4 60 1:4 14.97 2.45 64 127 

PK50_40_M1 40 1:1 15.25 7.23 88 124 

PK50_40_M2 40 1:2 15.06 3.57 51 130 

PK50_40_M4 40 1:4 15.19 1.79 34 155 

PK50_20_M1 20 1:1 14.75 3.84 58 123 

PK50_20_M2 20 1:2 15.03 1.97 30 125 

PK50_20_M4 20 1:4 15.10 0.97 20c n.d.d 

Table 3.2 Cross-linking reactions between furan modified polyketones and bismaleimide. 

a) 1-4-di-carbonyl conversion as defined in the experimental part; b) Calculated as peak of tan(δ) in DMTA 

analysis; c) Calculated as peak of the rDA exhoterm in DSC analysis; d) no TrDA detected.  

 

3.2.4 Characterization  

1
H-NMR spectra were recorded on a Varian Mercury Plus 400 MHz NMR apparatus using CDCl3 or 

DMSO-d6 as solvents. IR spectra were recorded using a Perkin Elmer Spectrum 2000 FT-IR apparatus. DSC 

spectra were recorded on a Perkin Elmer DSC Pyris 1 from 20 °C to 180 °C at a rate of 10 °C per minute.  

DMTA measurements were performed on a Rheometrics scientific solid analyzer (RSA II) under air 

environment using dual cantilever mode at an oscillation frequency of 1 Hz at a heating rate of 3 °C per 

minute. DMTA specimens were 6 mm wide, 1.4 mm thick and 54 mm long. DMTA samples were obtained 

by weighing 0.5 g of the polymer into a mold and pressing them for 20 minutes at a temperature of 120 °C 

and a pressure of 4 MPa [29]. Subsequently, the samples were cross-linked in the mold for 24 hours at 50 °C 

and 4 MPa. Each sample was tested for six cycles between room and softening temperature and then treated 

at 50 °C for 24 hours, after which the final (7th) measurement was performed. An isothermal DMTA 

measurement was performed at 50 °C. The sample was prepared identically to those for the temperature 

sweep measurements, except for a de-cross-linking step after the measurement by heating the sample at 120 

°C for 1 hour. The sample was then quenched in an ice bath after which a second DMTA measurement was 

performed immediately. 

Cross-link density was measured by swelling experiments in chloroform: 700 mg of dried cross-linked 

polymers were weighed into 20 ml vials and 10 mL of chloroform was added. The polymer was allowed to 

swell for 14 days after which the chloroform was removed over a glass filter and the weight of the swollen 
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polymer was measured. Each sample was measured in duplo, with the second sample being submersed for 1 

more day, to ensure that the swelling had reached equilibrium. 

The cross-link density (CCross-link) was calculated using the Flory-Rehner equation (Equation 2), where VP is 

the volume fraction of the polymer in the swollen gel, VS is the molar volume of the solvent, and  is the 

interaction parameter of chloroform with the modified polyketone. The latter was calculated from the 

solubility parameters of the cross-linked polyketone (p) and chloroform (s) according to equation 3 [32].  
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The parameter χ resulted to be particularly small because of the similarity between the solubility parameter 

of the cross-linked network and chloroform. The corresponding term in Equation 2 could then be neglected 

in the calculation of the cross-linking degree. 

 

3.3 Results and discussion 

 

3.3.1 Synthesis of polyketone adduct with furanic pendent groups 

The furan functionalization of polyketones was performed by the reaction of PK50 with furfurylamine in 

bulk at a temperature of 110 °C. The reaction proceeded to full conversion of furfurylamine in 4 hours. 

Carbonyl conversions of 20, 40, and 60% were targeted and obtained as result of the reaction (Table 3.1). 

The obtained polymers are dark brown and show increasing softening temperatures with increasing 

concentrations of furfurylamine. The lowest concentration of furfurylamine (20%) yields a product with 

waxy appearance and high viscosity at room temperature. The other samples appeared as brownish solids. 

DSC measurements of the obtained modified polyketones (Table 3.1) showed that a higher degree of 

modification resulted in an increased Tg. This is obviously related to the increase in the concentration of 

aromatic (pyrrolic) groups along the polymer backbone. 

The furfurylamine conversion was found to be 100% for all samples, in agreement with the reactivity 

described in our previous work [29]. 1H-NMR measurements (Figure 3.2 left) showed the formation of broad 

peaks at 5.8 and 4.9 ppm, which are assigned to the pyrrole ring in the backbone and the CH2 attached to the 

pyrrole and furan ring, respectively. Moreover, broad peaks at 7.3, 6.2 and 5.9 were observed and assigned to 

the hydrogen atoms of the furan rings connected to the polymer backbone. Moreover, all these relevant peaks 

are shown (Figure 3.2) to increase in intensity, as expected, with the furan concentration. This is in 

agreement with our previous results on this system [29].  

FT-IR spectroscopy (Figure 3.2 right) showed that the peak at 1464 cm−1 (CH2 scissoring) [33] becomes 

smaller with decreasing 1,4-dicarbonyl content as well as the peaks at 1361 cm−1 (CH2 wagging) and 1395 
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cm−1 (CH2 twisting) while new peaks appeared at 1436 cm−1and 1345 cm−1 (pyrrole and furan ring 

stretching) [34]. Furthermore, a split of a band at 1050 cm−1 (ν C–C aliphatic stretching) [33] present in 

PK50 lead to the appearance of two new peaks at 1013 cm−1and 1073 cm−1 (pyrrole and furan C=C 

stretching) [35], whose intensity increase with furan and pyrrole concentration. A shift of the peak at 772 for 

cm−1 (rocking CH2) [33] towards lower wavelength (i.e., 734 cm−1, ν C- H out-of-plane aromatic rings) 

confirmed the increased percentage of aromatic groups along the backbone. 

 

Figure 3.2 
1H-NMR (left) and FT-IR (right) spectra of unmodified polyketone (PK50, (a)) and furan 

modified polyketones (20, 40 and 60% conversion of carbonyl groups). (PK50_20 (b), PK50_40 (c) and 

PK50_60 (d)). Spectra are normalized with respect to the peak at 2967 cm−1 (ν CH3). 

 

3.3.2 Cross-linking of furan functionalized polyketones and network swelling properties 

Cross-linking via the DA reaction is indicated by FT-IR (Figure 3.3), which shows that the C-O-C ether peak 

of reacted furan (1182 cm-1) [29] becomes stronger at higher concentrations of bis-maleimide (insert Figure 

3.3). 

 

Figure 3.3 IR spectra of PK50_20 cross-linked with 1:1 (PK50_20_M1) (a), 1:2 (PK50_20_M2) (b) and 

1:4 (PK50_20_M4) (c) maleimide/furan ratios.  
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The peak at 1013 cm-1 and (pyrrole C-H in plane bending), 1073 cm-1 (pyrrole and furan C-C stretching) 

decreased with higher concentrations of bis-maleimide. A new peak appeared at 1378 cm-1 (C-N stretching 

in maleimide rings), which confirmed the presence of bis-maleimide. 

The network formation has been studied from a kinetic (gelation time) as well as equilibrium (swelling and 

cross-linking density) point of view. The gelation time during cross-linking of furan modified polyketones 

with (methylenedi-p-phenylene)bis-maleimide was studied as a function of the amount of furan 

functionalization (20, 40 and 60% carbonyl conversion) and the molar ratio between the maleimide and furan 

moieties (1:1, 1:2 or 1:4) (Table 3.3). 

 

No. Gelation time (h) Swelling (%) Cross-link density (mmol/g) 

PK50_60_M1 3 174 1.50 

PK50_60_M2 4-5 261 0.86 

PK50_60_M4 5-5.5 402 0.39 

PK50_40_M1 3.5 202 1.24 

PK50_40_M2 15.5 306 0.64 

PK50_40_M4 17 423 0.35 

PK50_20_M1 24 228 0.87 

PK50_20_M2 72 464 0.31 

PK50_20_M4 144 725 0.14 

Table 3.3 Calculated cross-link densities of cross-linked functionalized polyketones. The gelation time has 

been calculated according to a procedure described in a previous paper [29]. 

 

The gelation time is at its minimum, for every given furan content, at equimolar maleimide/furan ratios. It 

increases for samples with excess furan because of the shortage in cross-linker (bis-maleimide) 

concentration. This result is in agreement with the results reported by Zhang et al. [29], who performed a 

similar experiment with 80% carbonyl conversion and different maleimide:furan ratios. The gelation time 

also increases for the modified polyketone with less pending furan groups (Table 3.3). This is probably 

related to the average amount (per chain) of furan groups and ultimately to the kinetics of the DA reaction. 

The above considerations point in the direction of an inverse correlation between gelation time and cross-

link density, as normally observed also for other polymeric networks [36]. This hypothesis is confirmed by 

the cross-link density values (Table 3.3) determined from swelling experiments (see experimental part). 

Furthermore, the equilibrium swelling values (Table 3.3) are found to be inversely proportional to the cross-

link density. This is in agreement with other studies reported in the literature for similar systems. Indeed, 

Chujo et al. [37] reported the same observations by analyzing a thermo-reversible hydrogel prepared by 

using two poly(oxazoline)s: one with pending maleimide groups and one with pending furan ones. The 
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authors showed that the swelling of the cross-linked polymers decreased with increasing amounts of cross-

links. Cross-linking of furan-modified epoxy-resins with an aromatic bis-maleimide was tested by Peterson 

et al. [38] who stated that changes in cross-link density are primarily responsible for equilibrium swelling. 

In this respect, the PK systems studied in this work seems to behave in agreement with other similar systems. 

 

3.3.3 Thermal properties of cross-linked polyketones 

Multiple cycles of the Diels-Alder (DA) and retro Diels-Alder (rDA) reaction were investigated by DSC. 

The initial cycle of each measurement was ignored because of possible influences from the evaporation of 

residual solvent and chain reorientation effects.  

Similar to the results described in our previous work, all samples showed mainly one broad endothermic 

transition in the 120–140 °C range, thus suggesting the presence of only one of the two possible adducts 

[39].  

The integral of the DSC peaks represents the total amount of heat adsorbed during the rupture of the DA 

bonds [28]. The latter values (Figure 3.4) for consecutive thermal cycles at different maleimide/furan ratios 

can be interpreted as kind of a “thermo-recovering degree” [40]. It is worth noticing how at a fixed furan 

content, the integral decreases towards lower cross-linker concentrations (i.e., when going form 

maleimide/furan ratio of 1:1 up to 1:4). 

 

Figure 3.4 Integrals for rDA endothermic peak in consecutive thermal cycles (1,2 and 3) for PK50_20, 

PK50_40 and PK50_60 cross-linked at 1:1 (M1), 1:2 (M2), and 1:4 (M4) maleimide/furan ratios. 

 

This can be easily explained if one takes into account that, at lower bis-maleimide concentrations, less cross-

linking points are formed. The differences in the endotherms as function of the thermal cycles indicate a high 

level of DA recovery and in any case much higher than for similar systems reported in the literature [14, 21, 

38, 39, 41].  
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However, it must be noted that in all measurements (thus independently of the furan content and its molar 

ratio with the maleimide) the integral values decrease, although slightly, with each cycle performed. A 

possible explanation for this effect is that the material does not have enough time to completely recover as 

the DA adduct [29], which means that less energy will be absorbed during the next cycle.  

In order to check this hypothesis, extra DSC experiments were performed, where the samples were kept 

isothermally at 50 °C for 30 minutes between each cycle (2 and 3 in Table 3.4). The same samples were then 

stored at 50 °C for 24 h, after which another three cycles (with again 30 min. annealing for 5 and 6 in Table 

3.4) were performed to study how the material recovers during longer treatment at 50 °C.  

 

No. Cycle 1 (J/g) Cycle 2 (J/g) Cycle 3 (J/g) Cycle 4 (J/g) Cycle 5 (J/g) Cycle 6 (J/g) 

PK50_60_M1 27.7 22.9 (-17.6%) 19.5 (-14.8%) 19.2 (-1.5%) 17.5 (-9.1%) 16.2 (-7.2%) 

PK50_40_M1 23.7 22.6 (-4.6%) 20.8 (-7.9%) 19.4 (-6.7%) 17.5 (-9.8%) 17.7 (+0.9%) 

PK50_20_M1 20.0 17.9 (-10.2%) 16.4 (-8.2%) 18.0 (-9.8%) 16.6 (-8.0%) 15.6 (-6.2%) 

 

Table 3.4 Calculated integrals for rDA endothermic peak in consecutive DSC cycles after 30 minutes 

isothermal DSC at 50 °C (cycles 1, 2 and 3) and after treatment of samples at 50 °C for 24 h (cycles 4, 5 and 

6) of PK50_20, PK50_40 and PK50_60 at 1:1 maleimide/furan ratio (M1). 

 

The results show that with an annealing step of either 30 minutes or 24 h for DA re-cross-linking, there is 

still a loss in area under the curve. In fact, the average loss in area is similar to the DSC samples that were 

not kept isothermally at 50 °C; in both cases the average loss over the first three cycles being similar. This 

could suggest that either the annealing step was too short to reform all cross-links or, for every sample and 

every thermal cycle, a different equilibrium value of the cross-linking density is attained in time. Yet another 

possibility would be related to the difference in enthalpy values between the two possible DA adducts (see 

above). The latter hypothesis (i.e., a change in the relative concentration of the endo and exo adducts during 

the thermal cycles) is partially suggested also by the form of the DSC thermograms. Indeed, the rDA 

endotherm peaks shifted to higher temperature in the second three cycles with respect to the former ones, 

indicating the formation of the most thermodynamically stable adduct [39]. Interestingly, Tian et al. [28] 

noted the same behavior in the presence of a di-epoxy furan adducts and the same aromatic bis-maleimide 

used in this study. However, the authors attributed this behavior to increased cross-linking density of the 

epoxy part that somewhat hinders recovery of the DA bonds.  

Such dynamic exchange between the two possible adducts as function of the thermal history constitutes in 

our opinion a very important result since it allows tailoring the rDA temperature as function of the thermal 

history. 
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When studying the cross-linking behavior as function of the maleimide/furan ratio, three observations can be 

made. Indeed, at relatively low maleimide/furan ratio the r-DA transitions become broader (Figure 3.5) and 

shifted asymmetrically towards lower temperatures, while the cross-linking density drops significantly.  

 

 

 

Figure 3.5 DSC integrals for the first three cycles (1, 2 and 3 in the figures) for the samples PK50_60_M1, 

PK50_60_M2 and PK50_60_M4 and a comparison between the first cycle (1) of the supra-mentioned 

samples. 

 

This could be related to the presence, as the furan content decreases, of longer PK chains (with a Tg of about 

–15°C), thus increasing the overall mobility of the chains [42]. 

DMTA was used to study the storage and loss modulus of the cross-linked materials between 30 and 110 °C. 

The production of the test-specimen is already proof for thermally reversible cross-linking, since the polymer 

samples were pressed in a hot mold using samples that were cross-linked in solution. This would have been 

impossible with non-reversible cross-links.  

Due to low mechanical strength, no DMTA results were obtained for product PK50_20_M4. The results 

(Figure 3.6) showed that the moduli of all products declined rapidly above a given temperature. This 

transition temperature, above which the material shifts from an elastic phase to a viscous one, is obtained by 

evaluating the corresponding tan (δ) peaks. 
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Figure 3.6 Loss (Δ) and storage (□) modulus behavior in DMTA cycles from 30 °C till 110 °C for PK50_60 

(Figure on the left), PK50_40 (Figure in the center) and PK50_20 (Figure on the right) at 1:1 (M1) (a), 1:2 

(M2) (b) and 1:4 (M4) (c) maleimide/furan ratios and tan (δ) of the respective samples (Figures at the 

bottom).  

 

The broadening of the latter as well as the remarkable shift of the maximum towards lower peak-

temperatures at relatively low furan content are probably related to the decreased concentration of aromatic 

groups (both pyrrolic and furan ones) along the polymer backbone. 

For all prepared systems, the thermal reversibility proved to be in line with the one shown in our previous 

work [29]. Indeed, very similar values of both moduli (storage and loss ones) are observed in 7 consecutive 

cycles. This can be easily checked by plotting the tan (δ) values as function of the cycle number for three 

samples (Figure 3.7 for samples PK50_60_M1, PK50_60_M2 and PK50_40_M1) at a temperature of 50 °C 

(i.e. the temperature at which the cross-linking takes place). 
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Figure 3.7 Loss tangent retention at 50 °C after DMTA cycles from 30 till 110 °C for PK50_60_M1 (a), 

PK50_60_M2 (b) and PK50_40_M1 (c). 

 

In the 7th cycle, a regeneration of the DMTA bar has been attempted by keeping it in the oven for 24 h at 50 

°C. In all of these samples, the tan (δ) is lower in the first and last cycle of the measurement. This is in 

complete agreement with results already found in our group [29] and demonstrates the outstanding 

robustness of furan modified polyketones in terms of the thermal recovery efficiency independently of the 

furan content. The high efficiency in the thermal recovery of the mechanical properties is in contrast with the 

loss in the DSC integrals (see above). In order to get further insight, a DMTA measurement was performed 

on a de-cross-linked sample at 50 °C. A DMTA sample of compound PK50_60_M1 was de-cross-linked at 

120 °C for 1 h, after which the sample was quickly cooled. Subsequently, an isothermal DMTA 

measurement at 50 °C was performed, showing a monotonous increase in the storage modulus and a 

decrease in the loss one for 1 h. This suggests that cross-linking is taking place at 50 °C and is complete (in 

terms of mechanical behavior) after 1 h. According to this, an annealing at the same temperature for 24 h 

(Table 3.4) should be sufficient to ensure recombination of all DA bonds during the DSC measurements. 

This is however not the case since even after the annealing step a loss in the DSC integrals was observed. 

These considerations clearly suggest that complete reversibility at molecular level (both in terms of amount 

and kind of DA adduct formed) is not a necessary condition for the achievement of reversibility at the 

macromolecular one (i.e. in terms of mechanical behavior). This constitutes, to the best of our knowledge, an 

important principle for the design of new re-workable polymers. 

The thermal and mechanical behavior of these newly prepared materials clearly demonstrate the flexibility of 

modified aliphatic polyketones in providing, through the DA chemistry, new materials with tunable 

mechanical properties as function of their chemical structure. This is further confirmed by an unpredicted 

result of this project. 

Indeed, at the end of the DMTA measurements, all bars have been air quenched and remained in a deformed 

state in almost all cases. However, samples from compounds PK50_40_M2, PK50_40_M4, and 

PK50_20_M2 recovered their initial shape after treatment at 50 °C for 24 h (Figure 3.8).  
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Figure 3.8 PK50_40_M1 sample shape-memory. The sample before DMTA measurements (a) has been 

deformed by the test (b) and returned to its original shape after being stored at 50 °C (c). 

 

This property is known as a shape memory, and is most likely the result of the cross-links that are still intact 

after DMTA test. Upon treatment at 50 °C, the polymers are above their Tg and as a result there is enough 

flexibility in these materials to return to their initial shape. Because the cross-links in these materials are only 

reversible above 120–140 °C, the memorized shape obtained during molding can be reset at 50 °C. 
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3.4 Conclusions 

The results presented in this chapter show the successful synthesis and cross-linking of polyketones with 

varying amounts of furan groups. Cross-link density measurements show that higher furan intakes and 

maleimide concentrations both lead to higher cross-link densities as well as shorter gelation times. DSC 

measurements show that the de-cross-linking temperature is only marginally influenced by the furan and 

maleimide concentrations. However, the rDA enthalpies steadily decrease, although only slightly, for 

different thermal cycles. 

Isothermal DMTA measurements reported that the most cross-linked samples regain their original strength in 

1 h after treatment at 50 °C. The Tg of these materials can be finely tuned by using the right amount of 

furfurylamine (during the PK modification step) and cross-linker. 

In general, it must be stressed how all obtained materials are reworkable at 120–150 °C, and can be recycled 

up to seven times without significant loss in DMTA performance. A very interesting and, to the best of our 

knowledge, unique result is booked here. Indeed, from an applicative point of view, this demonstrates the 

robustness of the furan-modified PK system, showing almost full mechanical reversibility (e.g. loss and 

storage modulus during thermal cycling), independently of the furan intake. At the same time, polyketones 

show an extreme versatility since control over the furan modification reaction allows preparing different 

thermo-reversible materials with an expanded range of available thermal (e.g., Tg) and mechanical 

properties. From a more scientific point of view, the results obtained suggest that complete reversibility at 

molecular level (as estimated by DSC studies) is not a necessary condition for obtaining a complete 

reversible mechanical behavior (as shown by DMTA data).  
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Abstract 

Self-cross-linkable thermo-reversible thermosets were obtained by a two-steps post-functionalization of 

aliphatic alternating polyketones. During the first step, chlorine-pendant groups connected to pyrrolic units 

along the polyketone backbone were introduced by the Paal-Knorr chemical modification. Two materials, 

containing different cyclopentadiene functionalization levels of 9 and 22 % (with the respect of initial 1,4-

dicarbonyl units), were produced. 

Thermo-reversibility was proven by gelation experiments and the thermo-mechanical properties of the 

obtained thermosets were evaluated by DSC and DMTA analysis. DSC integrals displayed a broad transition 

varying from 75-100 °C till 160 °C, which can be related to retro-Diels Alder de-cross-linking of the 

dicyclopentadienyl moieties. The DMTA analysis showed the complete thermo-mechanical recovery of the 

material up to six thermal cycles with a softening temperature around 210 °C. Such outstanding thermal 

stability of the resulting thermosets can be preliminarily explained with the probable formation (suggested 

also by the DSC analysis) of cyclopentadienyl trimers. Independently of the exact mechanism at the 

molecular level, it must be noticed that all prepared materials retained their mechanical behavior during at 

least 6 consecutive thermal cycles, thus indicating the re-workability of the system. 

 

 

 

Chapter 4 

 

Cyclopentadiene-functionalized polyketone as self-cross-linking 

reversible thermoset 
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4.1 Introduction 

Thermosetting polymers differ from thermoplastics by the formation of a 3-dimensional network of covalent 

intermolecular bonds. The latter creates a rigid network [1], therefore they show relatively high creep 

resistance, high modulus, dimensional stability at high temperatures and chemical resistance [2]. These 

properties are well-suited for applications such as adhesives, coatings, rubbers, polymer composites, 

electrical insulation, and printed circuit boards [3, 4]. 

On the other hand, this network is difficult to re-process without initiating its degradation, which ultimately 

leads to irreversible deterioration of the mechanical behavior [5]. One possible approach towards fully 

recyclable thermosets is the use of reversible cross-linking points that undergo de-cross-linking without 

affecting the backbone structure [6]. An external stimulus, such as pH, light [7] or heat may be applied for 

the selective scission of the cross-linking bridges. The reversible cross-linking interaction might be non-

covalent, e.g. hydrogen bonds [8, 9] and ionic [10] or Van der Waals interactions (e.g. SBS rubber) [11, 12]. 

However, covalently reversible chemical cross-links represent a more popular choice, due to their higher 

bond energy and thermal stability. 

Among the available thermo-reversible systems, the [4+2] Diels-Alder (DA) cycloaddition is the most 

investigated one [13] since it ensures fast re-convertibility and recyclability without any significant loss in 

mechanical properties during repetitive processing steps [14].  

Furan and maleimide groups as diene and dienophile, respectively, represent the simplest choice in terms of 

application temperature window (50-160 °C) [15-17].  

When bi-functional diene and dienophile are employed, this produces a linear polymer, while 3D thermoset 

networks can be obtained by using poly-functional monomers or pre-polymers. For the latter case, several 

polymer matrixes were employed for post-modification purposes, such as polystyrene [18, 19] and 

polymethylacrylate [20-22] or epoxy resins [23]. However, the expensive and troublesome routes for the 

synthesis of furan or maleimide-functionalized macro-monomers and polymers prohibit the up-scaling of the 

concept to commercial applications. Post-modification of polyketones was presented as a potential low cost 

alternative in a previous publication of our group [24]. Alternating aliphatic polyketones, synthesized by 

terpolymerization of carbon monoxide, ethene and propene, were modified through the Paal-Knorr reaction 

with furfurylamine to introduce furanic groups along the backbone. In combination with (methylene-di-p-

phenylene)bismaleimide, the obtained thermo-set could be recycled up to 7 times without observing any 

significant loss of mechanical properties. The employed functionalization reaction (i.e. Paal-Knorr) is 

particularly attractive since neither a catalyst nor solvents are employed; the reaction displays fast kinetics 

relatively high yields and water is formed as single by-product [24]. The softening temperature (as 

determined by DMTA) of the corresponding reversible network as well as, to some extent, the de-cross-

linking one (as determined by DSC) can be tuned by varying the degree of furan functionalization, while the 

cross-linking degree can be tuned by varying the furan to maleimide molar ratio [25].  
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Despite the advantages outlined above, furan-maleimide Diels-alder chemistry is not suitable for applications 

above 150 °C. In this respect, first Kennedy and Castner [26] and subsequently Chen and Ruckenstein [27], 

showed that the cyclopentadiene-based DA/rDA chemistry provides a thermo-reversible system displaying a 

higher thermo-reversibility temperature. In the first case, the authors carried out a reaction between 

dicarboxylate dicylopentadienyl DA adducts and polyolefins, such as isopropylene isobutylene rubbers (IIR) 

and ethylene propylene rubbers (EPM), to create an ester bridge between the polymer backbone and the DA 

adduct. Such cyclopentadiene-modified polymers showed de-cross-linking at 215°C and re-processability of 

the thermosets at temperatures above 170°C, thus suggesting that, even though at this temperature the DA 

bonds are only partially broken, the macromolecular chains are free to stretch and slide upon shear.  

In 2008, Murphy et al [28] revised an old system invented by J.K.Still and L.Plummer [29] to synthesize a 

dicyclopentadiene connected cyclically by aliphatic ester bridges. This system showed, during DSC 

measurements, an exotherm at 129.4 °C that can be attributed to DA polymerization and a large rDA 

endotherm peak at higher temperatures (e.g. 130-180°C, DSC measurements performed till 180°C) while 

DMTA measurements showed a softening temperature of 138°C. Moreover, the DA dicyclopentadienyl 

adduct contains two distinct C=C bonds that could act as dienophile in further cross-linking reaction: the 

norbornene bond and the cyclopentene bond. While it is the more reactive norbornene double bond that acts 

as dienophile for the formation of the unsubstituted cyclopentadiene trimer, Murphy et al. [28] found that it 

is the less hindered cyclopentene double bond that acts as dienophile in the formation of the carboxy-

substituted trimers. This indicates, in first instance, the possibility for cyclopentadienyl groups to react via a 

“polymerization” mechanism according to which the formation of trimers and higher oligomers can take 

place. Furthermore, this suggests also that the temperature at which rDA is occurring might be significantly 

influenced by the kind of aggregates (i.e. dimers or higher oligomers) formed during cross-linking.  

In this paper, we describe the synthesis cyclopentadiene functionalized polyketone synthesized via the route 

illustrated in Figure 4.1. 

 

Figure 4.1 Synthesis of cyclopentadiene-modified polyketones 
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The synthesis of the chloride functional polymer (PKCl, III) is carried out by reaction of amino-propyl 

chloride with an aliphatic polyketone (50/50 molar ratio propene/ethene). The polymer structure is studied 

by 1H-NMR and FT-IR measurements. Subsequently, the reaction of this intermediate with lithium 

cyclopentadienyl (IV) results in polymers with different functionalization degrees (V). Their structures are 

confirmed by FT-IR studies and elemental analysis calculation. 

Furthermore, the thermal reversibility is tested and analyzed by DSC measurements and gelation 

experiments while the thermo-mechanical properties of the obtained thermosets are determined by DMTA 

analysis.  

 

4.2 Experimental 

 

4.2.1 Materials 

The alternating polyketones, co- and terpolymers of carbon monoxide, ethene, and propene, with 50% 

ethylene (PK50, MW 5350 Da) on the basis of the total olefin content were synthesized according to a 

reported procedure [30]. Tetrahydrofuran (Acros, >99%) and dichloromethane (Lab-Scan, 99.8%) were 

purchased and distilled from CaH2 (Sigma-Aldrich, 99%) before use. 3-Chloropropylamine (Sigma-Aldrich, 

>99%) and lithium cyclopentadiene (Sigma-Aldrich, >99%) were purchased and used as received. 

 

4.2.2 Frontier molecular orbital (FMO) calculations 

FMO calculations were performed with HyperChem Release 8.0. The molecular orbital energy levels were 

calculated based on a simulation that uses an ab initio calculation method. For this reason the small 3-21G 

basis set was used. All the relevant molecules were simulated and the resulting energy levels were compared 

to yield the HOMO-LUMO energy gaps. 

 

4.2.3 Characterization 

1H- NMR spectra were recorded on a Varian Mercury Plus 400 MHz apparatus. CDCl3 was used as the 

solvent. FT-IR spectra were recorded using a Perkin-Elmer Spectrum 2000 equipped with a heating stage 

and temperature controller. DSC analysis was performed using a Perking-Elmer differential scanning 

calorimeter Pyris 1 under N2 atmosphere from 20 °C to 180 °C at a rate of 10 °C per minute. Elemental 

analysis was performed using a Euro EA elemental analyzer. DMTA measurements were performed on a 

Rheometrics scientific solid analyzer (RSA II) under air environment using dual cantilever mode at an 

oscillation frequency of 1Hz at a heating rate of 3 °C per minute. Samples were 5.8 mm wide, 1.3 mm thick 

and 54 mm long. These sample bars were pressed for 20 minutes at 190 °C and 4 MPa. Afterwards, the 

samples were cross-linked in the mold for 24 hours at 50 °C and 4 MPa. Each sample was tested for 6 

consecutive cycles between room and softening temperature.  
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4.2.4 Chlorine-derivatization of alternating polyketones  

About 40 grams (253 mmol of 1,4-dicarbonyl repeating units) of alternating polyketone PK50 was weighed 

into a glass reactor fitted with a mechanical stirrer and a reflux condenser. In the meantime, 26.3 g (0.8 eq 

with the respect to 1,4-dicarbonyl groups) of 3-chloropropylamine hydrochloride were solubilized in 200 ml 

methanol and neutralized with 1 eq. of NaOH.  

Afterwards, the amine solution was added drop-wise for 1 hr to the reactor mixture, previously heated up to 

110 °C. During the last half-hour of the reaction, the reflux condenser was taken off in order to let the 

remaining solvent evaporate. After four hours of reaction, the crude mixture was grinded and then washed 

with 2 L of demi-water for several times to remove any unreacted amine (the filtrate has been analyzed by 

GC/MS in order to check when the product was well purified). The product was then filtered and freeze-

dried for 24 hrs. The reaction yielded a light brown product (PKCl). 

The carbonyl conversion was calculated on the basis of the nitrogen content of the final product (N) 

according to the following formula: 

 
   )14/()01.0()(2)14/()01.0()()(

)()14/()01.0(

min nNMMgPKnNMMgPKMgPK

gPKnN
Conv

WaterPKeAPKPK 
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where MPK represents the average molecular mass of the 1,4-dicarbonyl repeating unit, Conv represents the 

conversion of carbonyl groups, n is the number of nitrogen atoms in the repetitive unit of the reacted 

polyketone, N is the nitrogen percentage calculated by elemental analysis, MWater and MAmine are the 

molecular weight of water and the amine compound, respectively. PKCl showed a carbonyl conversion of 

55.0 %. The most relevant data from the characterization are reported below. 

 

Elemental analysis (EA): Calcd. C 65.45; H 7.81; Cl 11.64; N 4.60; O 10.50. Found C 63.91; H 7.86; Cl + O 

23.69; N 4.53. 

 

1H-NMR (CD3Cl): 1.04 (CH3-CH aliph.); 1.83 (CH3-CH arom.); 1.94 (Cl-CH2-CH2); 2.2-3.1 (CH2 aliph.); 

3.50 (CH2-Cl); 3.87 (N-CH2); 5.45-5.95 (CH arom.)  

 

FT-IR (cm-1): 667 (C-Cl bending); 749 (C-Cl stretching); 1039 (C-H in plane deformation); 1399 (C-N ring 

stretching) 1457 (C=C stretching); 1704 (C=O carbonyl stretching); 2875-2935 (stretching C-H aliphatic); 

2969 (stretching C-H pyrrole). 

 

4.2.5 Cyclopentadiene-functionalized polymer (PKCPD1 and PKCPD2)  

PKCl was then used as reactant in the second synthetic step with Li-cyclopentadiene. The latter was added 

in 0.5 equivalents (PKCPD1) and equimolar amount (PKCPD2) to the concentration of chloride groups 

calculated according to the elemental analysis. The reaction was carried out under N2 using THF as the 
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solvent. The reaction was then set at 30 °C for 18 hours. Afterwards, the mixture was precipitated in 20:1 

molar excess of demi-water and the milky mixture was then centrifuged.  

The watery phase was then decanted and the solid product was dried in the oven at 150 °C overnight to 

remove any traces of water and unreacted cyclopentadiene. The resulting polymer was ground and then 

obtained as a dark brown powder. Solubility in several aprotic solvent (i.e. DMSO, chlorinated 

hydrocarbons, DMF) was visually tested. 

Through the elemental analysis of the polymer, the nitrogen content can be correlated with the fraction (z) 

cyclopentadiene groups via equation 2: 

zMwzyMwyxMwx

znNMynNM
N

zNyN




(%)  
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Where MN is the atomic mass of nitrogen, nNy and nNz are the number of nitrogen in the x and y repetitive 

units (V in Figure 4.1), x, y and z are the fraction of the respective repetitive units, while Mwx, Mwy and 

Mwz are the molecular weight of the respective repetitive units calculated by considering the ratio 

ethene/propene. 

By solving the two equations 1 and 2, together with the mass balance on the converted carbonyl units 

(y+z=conv as calculated in equation 1), y can be calculated according to equation 3: 
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Based on this, PKCPD1 showed 9.0 % of the 1,4-di-carbonyl repetitive units converted to cyclopentadienyl 

functionalized pyrroles while PKCPD2 gave a conversion of 21.7 %. The most relevant data from the 

characterization are reported below. 

 

EA (PKCPD1): Calcd. C 68.07; H 7.98; Cl 9.13; N 4.51; O 10.30 Found C 67.86; H 7.80; Cl 9.05; N 4.51; O 

10.78  

EA (PKCPD2): Calcd. C 69.50; H 8.01; Cl 8.25; N 4.66; O 9.58 Found C 69.25; H 8.05; Cl, 8.36; N, 4.66; O 

9.68  

FT-IR (PKCPD1 and PKCPD2): 787 (ring bending cyclopentadiene dimer); 1408 (C-H CPD bending); 1538 

(C=C CPD dimer stretching); 1625 (C=C CPD stretching); 3088 (C-H CPD stretching).  

 

4.2.6 Gelation experiment    

The gelation test was carried out in a 4 ml sample vial. PKCPD2 was dissolved in DMSO by previously 

warming the solvent up to 160 °C. After that, the DA cross-linking reaction was carried out by cooling to 

30°C overnight. The resulting gel was then heated at 160 °C again for an hour in order to de-cross-link once 

again the network. 
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4.3 Results and discussion 

 

4.3.1 Frontier molecular orbital (FMO) calculation 

The temperature at which the DA adduct is formed as well as the one at which it is broken are key 

parameters in determining the thermal behavior of a reversible thermoset based on the DA-rDA mechanism. 

Both temperatures are in principle dependent on the kind of DA groups used for the cross-linking reaction 

and the chemical structure of the polymeric matrix [31]. The idea to use cyclopentadienyl groups instead of 

furan-maleimide ones on a polyketone backbone, although based on previous work on similar systems [25], 

can be easily checked from a theoretical point of view by taking into account the free energy of the 

corresponding DA and rDA reactions. For both systems, the Highest Occupied Molecular Orbital (HOMO) 

and the Lowest Unoccupied Molecular Orbital (LUMO) energies were determined through frontier 

molecular orbital (FMO) calculations. Such technique proved to be the most suitable for theoretical 

consideration about orbital energy levels [32].  

Since the Diels-Alder reaction mechanism involves the transfer of an electron couple from the HOMO of the 

diene to the LUMO of the dienophile (ΔE), a relatively high energy difference between these molecular 

orbitals would correlate with a high activation barrier for the reaction. An higher activation barrier for the 

direct reaction corresponds to higher Diels-Alder temperature values. The same is true for the retro Diels 

Alder, with higher activation barrier corresponding to higher retro Diels-Alder temperature values [33].  

The calculations (Table 4.1) showed indeed a higher activation energy for the Diels-Alder formation with 

furan-maleimide system while cyclopentadiene units displayed the highest energy barrier for the reverse 

reaction.  

 

Diels-Alder system ΔE [eV]a  ΔE’ [eV]b 

Furan/Bis-maleimide 58.90  18.12 

Cyclopentadiene/Cyclopentadiene 14.27  22.59 

Table 4.1 HOMO - LUMO energy gaps, for Diels-Alder reactions calculated by Ab-Initio simulation; a) 

Energy gap between HOMO of Diene and LUMO Dienophile, b) Energy gap between HOMO of adduct and 

LUMO of adduct. 

 

Thus the retro-Diels-Alder of cyclopentadiene should occur at higher temperatures than furan-maleimide 

system. This is particularly interesting in order to build up thermo-reversible thermosets that can operate at 

relatively high temperatures. 
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Endo and exo stereo-isomers 

The Diels-Alder cycloaddition reaction can yield two diastereoisomers. Indeed, orbital overlapping of the 

two reacting molecules will occur only with the electrons of HOMO from one component and the LUMO 

vacant orbital from the other one. The diene and the dienophile couple can approach each other in two ways, 

which both allow overlapping of the involved orbitals and result in the formation of two stereoisomers 

structures, the endo and exo adducts. 

One of these interactions results in an exo-product, in which the remaining double bonds point away from 

each other and one in an endo-product in which the double bonds point towards each other. The endo 

product contains additional secondary orbital interactions, which strengthen the bonding of this product with 

respect to the exo-product [34]. As a consequence, the endo-isomer is kinetically favored, while the exo-

isomer is thermodinamically favored. This can be shown by comparing the reaction enthalpies of the two 

reactions, calculated through FMO calculations. By using the Hess' law, the reaction enthalpies for the 

propyl-cyclopentadiene dimer were calculated as listed in Table 4.. 

Isomer Ho
r 

[kcal/mol] 

Endo-adduct -20.3 

Exo-adduct -21.6 

Table 4.2 Reaction enthalpies (H0
r) for Diels-Alder reaction towards two diastereoisomers of propyl-

cyclopentadiene. 

 

As can be seen, the reaction to the exo-adduct is more exothermic than the reaction to the endo-adduct. 

Therefore, higher temperatures favor the dissociation of the exo-adduct over the endo-adduct. This explains 

the selectivity for the endo- or exo-adduct at different temperatures, and specifically favors the endo-reaction 

at low reaction temperatures. 

The study of such phenomenon might be a key in tuning (i.e. by varying the relative exo/endo ratio) the 

material stability by modifying processing parameters, such as temperature gradient for cross-linking in 

molding process. 

 

4.3.2 Synthesis of cyclopentadiene functionalized polyketones 

 

Synthesis of PKCl 

The first step towards the attachement of cyclopentadiene units to the polyketone backbone is the Paal-Knorr 

reaction of aminopropyl chloride with 1,4 dicarbonyls groups along the polymer backbone. Calculations 

based on the elemental analysis of the product showed that 55 % of the 1,4-dicarbonyl groups were 

converted. 
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This process of aromatization of the backbone through the formation of pyrrole rings is well documented in 

previous publications by our group [25, 35]. The functionalization of the polymer is confirmed by specific 

NMR signals for the pyrrole and for the grafted functional group (vide supra). Indeed, from 1H-NMR 

measurements (Figure 4.2), a broad band centered at 5.45-5.95 ppm (pyrrolic hydrogens) appears in the 

spectrum of PKCl and, together with the signal at 3.50 ppm (methylene in -position to the chloride) and at 

3.87 ppm (methylene in -position to the pyrrole), confirmed the structure of the polymer. 

 

Figure 4.2 1H-NMR spectra of PK50 and the chlorine modified polyketone (PKCl).  

 

Moreover, the appearance of FT-IR signals (not shown for brevity) at 667 and 749 cm-1, i.e. bending and 

stretching of C-Cl respectively [36], and at 1039 and 1375 cm-1, i.e. C-H in plane deformation and C-N 

pyrrole ring stretch [37], further highlight the spectroscopic differences with respect to the unmodified 

polyketone.  

 

Synthesis of PKCPD  

The chlorinated polyketone was reacted with lithium cyclopentadiene to form the cyclopentadiene-

functionalized polymer (Figure 4.1). The cyclopentadiene conversion of the two obtained polymers (i.e. 

PKCPD1 and PKCPD2) was calculated through elemental analysis of the purified product, yielding values 

of 9 % for PKCPD1 and 22 % for PKCPD2 with the respect to the initial 1,4-dicarbonyl groups.  

An attempt to characterize the reaction with 1H-NMR was unsuccessful. The reason for this was the 

insolubility of the reaction product at temperatures below 160°C, probably as a result of partial DA cross-

linking already at room temperature. ATR FT-IR studies of the insoluble materials could be performed in 

order to assess the cross-linking structure of the thermoset. 

8 7 6 5 4 3 2 1 0

PKCl

PK50

 (ppm)
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The spectra of chlorinated polyketone (PKCl) and cyclopentadiene functionalized polyketone (PKCPD) are 

shown in Figure 4.2. 

 

Figure 4.2 FT-IR scans of PKCl and cyclopentadiene functionalized polyketone (PKCPD1). 

 

The most notable differences between the spectra of PKCl and PKCPD1 are the appearance of new peaks at 

3088 cm-1 and a broadening of the peak at 1625 cm-1 and at 787 cm-1.  Peaks at 1610 cm-1 and 1640 cm-1 

were assigned to dicyclopentadiene by Akhmedov and Isakov [38]. They were also observed by Chen and 

Ruckenstein [27] at 1633 cm-1 and 1601 cm-1 respectively as well as by Peng et al. [39] at 1610 cm-1 and 

1580 cm-1 respectively. Peng at al. further explain that the peak at 1610 cm-1 is attributed to the 

cyclopentadienic double bond and the peak at 1580 cm-1 to the norbornenic double bond. Long et al. [40] 

observed adsorption peaks at 3100 cm-1 and 1408 cm-1 for dicyclopentadiene C-H stretching and C=C 

respectively. The first absorption explains the new peak at 3088 cm-1. The mentioned peak at 1408 cm-1 is 

also present in PKCPD (although it overlaps with a larger peak that was also present in PKCl), thus 

suggesting the cyclopentadiene anchoring to the polyketone backbone. Chen and Ruckenstein also explained 

the formation of a peak at 790 cm-1, assigned to the ring bending of the cyclopentadiene dimer, which is also 

present in our case at 787 cm-1. Since the peak at 1700 cm-1 can be assigned to the carbonyl groups stretching 

and the latter does not decrease after reaction with cyclopentadienyl lithium, it can be stated, at least within 

the detection limit of the FT-IR, that the carbonyl are not involved in the reaction with cyclopentadienyl 

lithium (Figure 4.1).  

From these results, it can be concluded that the functionalization of cyclopentadiene on PKCl was 

successful, according to the proposed chemical mechanism. 
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4.3.3 Self-cross-linking gelation of PKCPD1 

A simple gelation test was carried out in order to check the self-reversible behavior of PKCPD1 (Figure 

4.3). The latter is dissolved in DMSO and de-cross-linked at 160 °C (Figure 4.3 a). The DA cross-linking 

reaction has been carried out over night at 30 °C. The resulting gel (Figure 4.3 b) was then heated at 160 °C 

again for an hour (Figure 4.3 c). 

 

A 

 

B 

 

C 

Figure 4.3 Gelation experiment: A) initial state of PKCPD1 (dissolution at 160 °C in DMSO); B) gel 

formation (overnight at 30 °C); C) solution at 160 °C in DMSO. 

 

Thus thermo-reversibility of PKCPD1 is clearly indicated here. These results are in agreement with what 

observed by Chen and Ruckenstein [27], who found, for a similar system, a sharp reduction in viscosity 

(taken as indication of thermal reversibility) in the range of 150-170 °C. Moreover, other authors [41-43] 

determined the same de-cross-linking temperature values (i.e. around 150 °C) for monomeric units of 

dicyclopentadienyls linked by ester moieties. 

 

4.3.4 Thermo-mechanical properties of the thermosets 

In order to understand the thermal behavior during material re-processing cycles, DSC measurements were 

carried out for six consecutive thermal cycles. DSC measurements of PKCPD1 (normalized data in Figure 

4.4) showed a broad exothermic transition from 75-100 °C till 180 °C (related to the rDA reaction) and a 

second-order transition (i.e. Tg of the polymer backbone) around 65-67 °C.  
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Figure 4.4 Normalized DSC measurement of PK-CPD1, 6 cycles. 

 

The broad endothermic peak shifts at slightly higher temperature values with the number of thermal cycles 

performed (Table 4.3). This is in agreement to what observed for cyclic dicyclopentadienyl connected 

through ester bonds to aliphatic spacers [41-43]. In particular, a study [42] showed that the rDA exothermal 

peak is dependent on the heating rate (i.e. from 2 °C/min till 15 °C/min) with a clear shift towards higher 

temperatures (in the range 190-210 °C) for measurements performed at lower heating rates. Shifts towards 

the upper range limit or even the appearance of shoulders in the DSC can be related to the formation of 

trimers of cyclopentadiene [28]. In the present case, the upper range of the endothermic peak (180 °C) 

suggests the possible formation of multimeric cyclopentadienyl structures.  

 

Table 4.3 Integral values and heat loss (compared to the previous cycle) in percentage for six cycles of 

PKCPD1 and PKCPD2 and the respective rDA temperatures. 

 

Moreover, the rDA temperature slightly increased upon heating/cooling (i.e. for every thermal cycle) and its 

integral follow the opposite trend (Table 4.3). The latter was already observed in the previous work of our 
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group [25]. The decrease in the rDA DSC integrals of cyclopentadiene may be related to the presence of 

different trimer/dimer units ratio (Figure 4.1) or simply loss of thermo-recovery efficiency. Indeed, trimers 

of cyclopentadienyl display a different rDA temperature than dicyclopentadienyl units [42]. The same 

considerations outlined above are actually valid for DSC measurements of the higher conversion 

cyclopentadiene polymer (PKCPD2) (Figure 4.5). 

 

Figure 4.5 Normalized DSC scans of PKCPD2, 6 scans. 

 

PKCPD2 showed the same DSC profile as PKCPD1, but, as expected on the basis of the chemical 

composition, larger integral values of the rDA exotherm are observed (Table 4.3). Moreover, all six peaks 

for the PKCPD2 rDA reaction slightly shifted towards higher temperatures values when compared to 

PKCPD1 ones (Table 4.3). This phenomenon was already observed in our previous studies when thermosets 

with higher furan density displayed higher TrDA in the presence of an aromatic bismaleimide [25]. It is most 

probably related to a change in the relative amount of exo and endo adducts. This behavior is particularly 

interesting as a tool to simply tune the rDA temperature by an increase in the degree of cyclopentadiene 

functionality on the modified polymer. 

DMTA analyses were carried out in order to test the thermo-mechanic reversibility of PKCPD1. The DMTA 

profile (Figure 4.6) shows a maximum tan (δ) at 203 °C, which shifts at higher temperature values (i.e. till 

209 °C) with the number of thermo-mechanical cycles performed. Particularly striking is the fact that up to 6 

cycles were performed without any negligible loss in storage modulus. 
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Figure 4.6 DMTA measurements of PKCPD1 

 

The peak of tan (δ) at 209 °C cannot be interpreted as glass transition temperature of the material since it is 

already observed during DSC measurements around 65-67 °C. The profile of the storage modulus resembles 

the DMTA profile of a cross-linked elastomer, thus suggesting that this softening temperature might be 

related to the breakage of the cross-linking points. Indeed, the same was observed for a thermo-reversible 

furan-maleimide elastomer by N. Teramoto et al. [44]. By using a difurfurylidene trehalose and maleimide-

terminated oligo(dimethylsiloxane), they observed in DMTA analysis a sharp decrease at -108 °C, which 

was the glass transition of the material. However, the storage modulus did not vary till the beginning of the 

rDA reaction at 100°C. Indeed, at that point, de-polymerization and loss of mechanical properties are 

observed. 
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4.4 Conclusions 

Thermally recyclable thermosets based on the Diels-Alder cyclo-addition of cyclopentadiene were 

synthesized according to a novel two-step procedure starting from aliphatic polyketones. The latter were 

modified through the Paal-Knorr reaction to obtain chlorine moieties linked to pyrrolic units along the 

polyketone backbone. These were subsequently reacted with cyclopentadienyl lithium to obtain 

cyclopentadiene-functionalized polymers. 

The thermoreversibility of the materials was proven by gelation experiments, DSC and DMTA analysis. 

DSC measurements showed a broad rDA exothermic transition around 70-180 °C assigned to 

dicyclopentadiene rDA de-cross-linking. On the other hand, the material start to soften around 200-210 °C as 

observed in DMTA measurements and it can be recycled without any significant loss in mechanical 

properties up to six cycles. Such outstanding thermal stability can be preliminary explained, on the basis of 

similar systems described in the literature, by the formation of higher aggregates (e.g. trimers of 

cyclopentadiene). In the present case, multi-functional cross-linking points would hold the network. 

Independently of the exact mechanism, it must be stressed how a remarkable improvement of the thermo-

reversible thermoset application window is attained.  

  



Chapter 4 

64 

 

4.5 References 

[1] Trotignon, J.P.; Verdu, J.; Martin, C.; Morel, E. J.Mat.Sci.1993, 28, 2207. 

[2] Sperling, L.H.; Mishra, V. Pol.Adv.Tech. 1996, 7, 197. 

[3] Pickering, S.J. Composites A 2006, 37, 1206. 

[4] Derosa, R.; Telfeyan, E.; Mayes, J.S. J.Therm.Comp.Mat. 2005, 18, 219. 

[5] Adhikari, B.; De, D.; Maiti, S. Prog.Pol.Sci. 2000, 25, 909. 

[6] Leibler, L.; Rubinstein, M.; Colby, R.H. Macromolecules 1991, 24, 4701. 

[7] Suzuki, T.; Shinkai, S.; Sada, K. Adv.Mat. 2006, 18, 1043. 

[8] Nair, K.P.; Breedveld, V.; Weck, M. Macromolecules 2008, 41, 3429. 

[9] Peng, C.-C.; Abetz, V. Macromolecules 2005, 38, 5575. 

[10] Hennink, W.E.; Van Nostrum, C.F. Adv.Drug Del.Rev. 2002, 54, 13. 

[11] Liu, C.; Qin, H.; Mather, P.T. J.Mat.Chem. 2007, 17, 1543. 

[12] Cordier, P.; Tournilhac, F.; Soulié-Ziakovic, C.; Leibler, L. Nature 2008, 451, 977. 

[13] Kwart, H.; King, K. Chem.Rev. 1968, 68, 415. 

[14] Watanabe, M.; Yoshie, N. Polymer 2006. 47, 4946. 

[15] Bergman, S.; Wudl, F. J.Mat.Chem. 2008, 18, 41. 

[16] Chen, X. et al. Science. 2002, 295, 1698. 

[17] Luo, J.; Haller, M.; Li, H.; Kim, T.; Jen, A. Adv.Mat. 2003, 15, 1635. 

[18] Canary, S.A.; Stevens, M.P. J.Pol.Sci. Part A: Pol.Chem. 1992, 30, 1755. 

[19] Stevens, M.P.; Jenkins, A.D. J.Pol.Sci.: Pol.Chem.Ed. 1979, 17, 3675. 

[20] Goussé, C.; Gandini, A.; Hodge, P. Macromolecules 1998, 31, 314. 

[21] Goiti, E.; Huglin, M.B.; Rego, J.M. Polymer 2001, 42, 10187. 

[22] Gheneim, R.; Perez-Berumen, C; Gandini, A. Macromolecules 2002, 35, 7246. 

[23] Tian, Q.; Yuan, Y.C.; Rong M.Z.; Zhang, M.Q. J.Mat.Chem. 2009, 19, 1289. 

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

[25] Toncelli, C.; De Reus, D.C.; Picchioni, F.; Broekhuis, A.A. Macr.Chem. & Phys. 2012, 213, 2, 157. 

[26] Kennedy, J.P.; Castner, K.F. J. Pol. Science: Pol.Chem.Ed. 1979, 17, 2055.  

[27] Chen, X.; Ruckenstein, E. J.Pol.Sci. Part A: Pol.Chem. 1999, 37, 4390. 

[28] Murphy, E.B. et al. Macromolecules 2008, 41, 5203. 

[29] Stille, J.K.; Plummer, L. J. Org.Chem. 1961, 26, 4026. 

[30] Drent, E.; Keijsper, J.J. US 5225523, 1993. 

[31] Toncelli, C.; De Reus, D.; Broekhuis, A.A.; Picchioni, F. Chapter 9. Thermoreversibility in Polymeric 

Systems: Chemical and Physical Aspects from  Amendola, M.; Meneghetti, V. Self-Healing at the Nanoscale: 

Mechanisms and Key Concepts of Natural and Artificial Systems, 2011. 

[32] Clare, B.W. Theor.Chim. Acta  1994, 87, 415. 

[33] Houk, K.N. Acc.Chem.Res. 1975, 8, 363. 



CPD self healing materials 

65 

 

[34] Martínez, R.; Jiménez-V'zquez, H.A. Tetrahedron 2003, 59, 481. 

[35] Zhang, Y.; Broekhuis, A.A.; Stuart, M.C.A.; Picchioni, F. J.Appl.Pol.Sci. 2006, 107, 262. 

[36] Krimm, S. Pure Appl.Chem. 1968, 16, 369. 

[37] Josien M.L.;  Fuson , N. J.Chem.Phys. 1954, 22, 1169. 

[38] Akhmedov, A.I., Isakov, É.U. Man.Proc. 1989, 25, 156. 

[39] Peng, Y.X.; Liu, J.L.; Cun, L.C. J.Pol.Sci. Part A: Pol.Chem. 2000, 34, 3527. 

[40] Long, J. et al. Chem.Eur. J. 2007, 13, 7890. 

[41] http://www.dtic.mil/cgi-bin/GetTRDoc?AD=ADA481595. 

[42] Park, J.S.; Takahashi, K; Guo, Z.; Wang, Y; Bolanos, E.; Hamann-Schaffner, C.; Murphy, E.; Wudl, F. J. 

of Comp.Mat. 2008, 42, 26, 2869. 

[43] Park, J.S.; Kim, H.S.; Hahn, H.T. Comp.Sci.Tech. 2009, 69, 1082. 

[44]Teramoto, N.; Niwa, M.; Shibata, M. Materials 2010, 3, 369. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

66 

 

 



Metal ion uptake modified polyketones 

67 

 

Abstract 

Four novel types of cross-linked beads were synthesized by using functional polymers bearing 

primary, secondary and tertiary amines or amino-carboxylic groups as pendant moieties. The 

synthesis was carried out by Paal-Knorr chemical modification of aliphatic polyketones. Different 

cross-linking protocols were implemented for the four polymer resins, all involving formation of 

imine and/or pyrrolic bridges between the macromolecules. 

Three cross-linked beads bearing piperazine (X-PKPip), primary amine (X-PKDap) or glycine-type 

functional groups as pendant moieties  (X-PKLys) were used for the first part of the study, in which 

the role of each functional group of the crosslinked beads in the interaction with different metal ions 

(i.e. Cu(II), Ni(II), Co(II), Fe(III) Cr(III), Ag(I) and Hg(II)) was qualitatively assessed by FT-IR 

studies. The results of the FT-IR study were then related with the metal ion uptake in aqueous solution 

of the three crosslinked beads at different contact times and temperatures. The three cross-linked 

beads showed an excellent adsorption for four metal ions (i.e. Cu(II), Ni(II), Ag(I) and Cr(III)). 

For the second part of the study, selectivity measurements were carried out by evaluating the single 

adsorption of the supra-mentioned four metal ions. X-PKPip, X-PKDap and cross-linked beads 

bearing tertiary amines (X-PKDeaea) showed different affinity for the supra-mentioned metal ions, 

thus demonstrating that the metal ion uptake can be influenced by systematically changing the 

chemical structure of the amino groups (i.e. primary, secondary and tertiary). Preliminary continuous 

experiments have been carried out (for Cu(II) only) to assess the feasibility of the proposed approach 

at industrial scale.  

Chapter 5 

 

Structure-performance relationship in metal ion uptake of 

chemically modified alternating aliphatic polyketones 
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5.1 Introduction 

Many separation techniques (i.e. liquid–liquid extraction [1], bulk-liquid membrane systems [2], 

sorption, precipitation, coagulation and flocculation processes [3] as well as electrochemical treatment 

[4]) have been employed and described in literature for metal ion removal from wastewater. However, 

membrane saturation/deactivation, long residence times and/or use of toxic chemicals (e.g. bases used 

for precipitation of metal ions as hydroxides) render up-scaling and application at industrial level at 

least questionable from a technological as well as economic point of view. 

The use of functional polymers may represent a solution in this respect since these materials have the 

ability to chelate or exchange metal ions by establishing coordinative and/or electrostatic interactions 

[5]. These are usually due to the presence of functional groups along the backbone, which are able to 

chelate and withhold the metal ion center. Upon addition of such polymers (as water soluble 

materials), a colloidal dispersion is usually generated, which can be isolated by ultra-filtration. 

However, this technique cannot be up-scaled because it does not support a stable out-stream of the 

purified solution. The use of the same materials in the form of  cross-linked insoluble resins represents 

the most popular choice in order to overcome such restriction. Moreover, the resins can be re-used for 

the same adsorption process by regeneration under acidic pH or temperature [6]. If this is not possible, 

the exhausted metal-rich polymer network can still be re-used as hybrid catalyst, in electric devices or 

as added-value fillers for engineering plastics [7-9]. 

Against this backdrop, the use of polymeric networks containing N-substituted functional groups 

represent a clear advantage because of their high chelating ability towards most of the d-transition 

metal ions. The chelation of a metal center by functional groups was firstly described by Pearson [10], 

who defined metal and ligands in hard and soft depending on their electronic structure. This is usually 

reflected by the charge-radius ratio for a given metal ion. Examples of soft metal ions are represented 

by Ag(I), Hg(II), Cr(III), Fe(II). Hard metal ions, on the other hand, are for example Cr(VI) and 

Fe(III), while “borderline” ones are Cu(II), Co(II) and Ni(II) [10]. 

If the same concept is applied to functional polymers, soft pendent groups, such as secondary and 

tertiary amines [11-13], pyrrole and pyridine [14], preferably interact with soft metal ions while hard 

pendent groups, such as primary amines [15] and imines, chelate with hard metal ions. As a 

consequence, depending on the nature of the metal ion to be preferentially removed, the 

corresponding functional polymer can in principle be appropriately designed [16]. In particular, 

primary amino groups, such as those present in poly(vinyl)amine, showed a wide affinity for all the 

supra-mentioned metal, which render them particularly attractive as universal adsorbents. However, 

the synthesis of polymeric materials bearing such groups is often cumbersome and costly, since it 

typically involves the use of solvents, different expensive reactants and multiple reaction steps [17]. 

From a scientific point of view, it is also worth noticing how the current systems, as described in the 

open literature, offer little versatility in terms of amount and kind of amino groups present along the 

backbone, thus hindering the study of a reliable structure-property relationship.  
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Chemically modified polyketones represent a valid alternative for obtaining polyamines with tunable 

amine concentration and cross-linking degree [18]. Indeed, perfectly alternating aliphatic polyketones 

(PK) copolymers produced by carbon monoxide and unsaturated hydrocarbon monomers (e.g. 

olefins), react, through the Paal-Knorr mechanism, with N-functionalized amines and form pyrrolic 

moieties with the functional group pendent as in a comb-like polymer [19]. The versatility of this 

reaction for 1,4-dicarbonyl polymers, such as aliphatic polyketones, has already been proven in 

several publications of our group [20-22], demonstrating the possibilities to incorporate several kinds 

of functional groups (with tunable concentration) and combinations thereof along the polymeric 

backbone.  Furthermore, the simultaneous presence of pyrrolic rings linked by an aliphatic spacer 

with a functional group might increase their affinity towards the supra-mentioned set of metal ions 

(i.e. Ag(I), Hg(II), Cu(II), Ni(II), Co(I), Cr(III), Fe(III)).  

In the present chapter, we aim at studying the metal uptake behavior of several different functional 

polymers (derived from polyketones) bearing amines and glycine-type (i.e. amino-carboxylic) groups 

along the backbone. Indeed, four polyamines were synthesized by reaction of aliphatic polyketones 

(PK) with 1,2 diaminopropane (PKDap), with 1-aminoethylpiperazine (PKPip), N, N-

Diethylethylamine (PKDeaea), L-Lysine (PKLys) (Figure 5.1).  

 

 

Figure 5.1. Paal-Knorr reaction of aliphatic polyketones (PK) with several N-substituted amines: 1-

aminoethylpiperazine (I), N-diethylethylamine (II), 1,2-diaminopropane (III) and L-lysine (IV) 

 

The structure of the four polymers (PKDap, PKLys, PKPip and PKDeaea) was established by 1H-

NMR and FT-IR and the carbonyl conversion was calculated by elemental analysis. Four cross-linked 

polymers (X-PKDap, X-PKLys, X-PKPip and X-PKDeaea) were synthesized by formation of either 

pyrrolic or amines bridges and their structure was elucidated by FT-IR spectroscopy. Such polymers 

were then used in batch uptake experiments in the presence of water solutions of the metal ions 

described above  (i.e. Cu(II), Co(II), Ni(II), Cr(III), Fe(III), Hg(II) and Ag(I)). The uptake kinetics as 

well as its dependence on temperature was then evaluated and tentatively explained on the basis of 

parallel FT-IR studies able to qualitatively identify the functional groups involved in the chelation of 

the metal ions. 
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In the second part of the study, selectivity measurements for the same polymers were carried out in 

the presence, simultaneously, of the four metal ions that showed the best affinity during the previous 

study. Finally, uptake studies in preliminary continuous experiments were carried out in order to 

evaluate the performance of PK-Dap and compare it to literature data for a single metal ion, Cu(II). 

 

5.2 Experimental 

 

5.2.1 Materials 

Alternating polyketones with 30 wt %  ethene and 70 wt % propene (PK30, Mw-3970 g/mol) based on 

the total olefin content were synthesized according to a reported procedure [23]. 1,2-Diaminopropane 

(1,2-Dap, Acros, >99%), L-Lysine ((C6H14N2O2), Sigma-Aldrich 99%), 1-Amino-ethylpiperazine 

(C6H15N3, Sigma Aldrich 99%), 2,2-Diethylaminoethylamine (DAEA, Sigma-Aldrich 99%), 

Hexamethylenediamine (HDA, Sigma-Aldrich 98%),  Chromium nitrate (Cr(NO3)3.9H2O, Sigma-

Aldrich 99%), Cobalt (II) nitrate (Co(NO3)2.6H2O, Sigma-Aldrich 99%), Iron(III) nitrate 

(Fe(NO3)3.9H2O, Sigma Aldrich 99%), Nickel (II) chloride (NiCl2, Sigma Aldrich 99%), Copper (II) 

sulfate (CuSO4.5H2O, Merck 99%), Silver (I) nitrate (AgNO3, Merck 99%), Mercury chloride (HgCl2, 

Baker 99%), Chloroform (Acros) and Tetrahydrofuran (THF, Acros) were purchased and used as 

received. De-ionized Milli-Q water has been used. 

 

5.2.2  Chemical modification of polyketones (synthesis of PKDap, PKPip, PKDeaea) 

The chemical modifications were carried out in a sealed 250 ml round bottom glass reactor with a 

reflux condenser, a U-type anchor impeller placed in an oil bath for heating. After pre-heating the 

polyketones to the liquid state at the employed reaction temperature (110 °C), the di-amine (i.e. 1,2-

diaminopropane, 1-aminoethylpiperazine or 2,2-diethylaminoethylamine), at a molar ratio 0.7 

between 1,4-dicarbonyl groups in polyketone and the amino compound, were added drop-wise into 

the reactor during the first 20 min. The stirring speed was set at a constant value of 500 rpm for each 

reaction [19]. During the reaction, the reactants mixture typically changed from slight yellowish, low 

viscous fluids into highly viscous dark brown homogeneous paste. At the end of the reaction (after 4 

hrs), the resulting products were cooled to room temperature. After grinding into small particles, the 

resulting polyamines were washed several times with de-ionized Milli-Q water to remove, if any, 

unreacted amine. After filtering and freeze-drying, light brown polymers were obtained as the final 

products. 

In order to calculate the conversion of reacted 1,4-dicarbonyl units (y) (Figure 5.1), elemental analysis 

was performed using a Euro EA elemental analyzer. The results of this analysis are linked to the 

conversion by the following formula:  
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 1 

 

where MN represents the atomic mass of nitrogen, n1 is the number of nitrogen atoms in the repetitive 

unit of the reacted polyketone, N is the nitrogen content per gram calculated by elemental analysis, 

Mw1 is the molecular weight of a non-converted 1,4-dicarbonyl segment (131.6 g/mol) of PK30 and 

Mw2 is the molecular weight of converted 1,4-dicarbonyl segment (169.7 g/mol for PKDap, 225.7 

g/mol for PKDeaea and 223.6 g/mol for PKPip) (Figure 5.1). Mw1and Mw2 are calculated by taking 

into account the presence of 30 wt % ethylene and 70 wt % propylene in the copolymers. 

From that, the conversion (y) can be calculated by: 

 

  
     

                 
 2 

 

The 1,4-dicarbonyl yields for each modified polyketone (X-PKLys X-PKDap, X-PKLys and X-

PKPip) were calculated on the basis of elemental analysis data (Table 5.1).  

 

 

 Carbonyl conversion (%) 

PKLys 47% 

PKDap 65 % 

PKPip 47 % 

PKDeaea 68 % 

Table 5.1. Conversion of carbonyl groups  

 

5.2.3 Synthesis of cross-linked PK-Lys (X-PKLys) 

The synthesis of PK-Lys was carried out in microwave oven and thus deviates from the procedure 

described above. The reason behind the use of microwave is mainly linked to the faster kinetics. 

Moreover, the chemical modification and the cross-linking occur in one-pot reaction by reaction of 

both amine groups of the used amino-acid, L-lysine. 

The reaction was performed in a glass flask (100 ml) equipped with a magnetic stirrer and a reflux 

condenser. First, the polyketone (3.0 g, 0.023 mol di-carbonyl units in PK30) was dissolved in 

methanol (30 g) upon stirring. Subsequently, the amino acid (0.011mol, ratio 0.47 between the amino 

groups of L-lysine and 1,4-dicarbonyl groups of PK30) and the catalyst (TEA) (3 g, 0.029 mol) were 

added to the mixture and transferred to the microwave apparatus (CEM Discover). The reactions were 

carried out for 60 minutes with stirring. The microwave power was kept at 250 W and the temperature 

was set at 60 ºC controlled by a thermocouple insert within the reaction media. The color of the 
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reaction mixture typically changed from slightly yellowish to dark brown or dark orange (Figure 5.2).  

 

 

Figure 5.2. Paal-Knorr reaction of PK30 with L-Lysine in microwave. Production of pyrrole-

amino/carboxylic units (y), imino pyrrole units (z1) and carboxylic-pyrrole moieties (z2) 

 

After 60 minutes, microwave heating was ceased and the solvent removed by using rotary evaporation 

under vacuum (100 mbar) at 40 ºC. The product (X-PKLys) was dried at 40 ºC and 100 mbar in a 

vacuum oven until constant weight (typically for 12 h). The product was further purified by dispersing 

the samples in water at a pH of about 2 (obtained by using 1.0 M HCl for gross and 0.1 M HCl for 

fine adjustment) to remove the un-reacted amino acid and the catalyst. The desired product, 

precipitated as a solid, was separated by centrifugation and further dried in a vacuum oven (100 mbar) 

at 40ºC until constant weight [24].  

 

5.2.4 Cross-linking of PKDap  

PKDap was cross-linked via thermal heating for 10 minutes at 150°C. In this case, the network 

formation has been shown [25] to proceed via reaction of the PKDap free amino groups with the free 

carbonyls on other chains to mainly yield a Schiff base. 

 

5.2.5 Cross-linking of PKPip and PKDeaea  

Immediately, after the Paal-Knorr modification, PKDeaea and PKPip were cross-linked by addition of 

hexamethylenediamine (HDA) solution in methanol (0.04 equivalent with the respect of total amount 

of 1,4-dicarbonyl group present in the polyketone precursor) drop-wise for 10 minutes at a reactor 

stirring speed of 500 rpm and at a temperature of 110°C. After a total reaction time of 100 min, the 

suspension was kept at 110°C without cooler in order to evaporate the residual methanol. The 

resulting solid was a rubbery, dark brown material that was washed several times with de-ionized 

Milli-Q water to remove unreacted di-amine. However, in all cases, GC/MS analysis of the water 

solution after evaporation used to wash the polymer yielded only traces of unreacted di-amine. This 

suggests a quantitative conversion of the hexamethylenediamine.  



Metal ion uptake modified polyketones 

73 

 

 

5.2.6 Characterization 

Atomic Absorption Spectroscopy (AAS) measurements were carried out by using an AAnalyst 200 

device interfaced with Perkin-Elmer software 5.0.0.1. All solutions, both before or after adsorption, 

were filtered and diluted till the respective linearity range for the detecting element. 

IR spectra were recorded using a Perkin Elmer Spectrum 2000 FT-IR apparatus. 1H-NMR spectra 

were recorded on a Varian Mercury Plus 400 MHz NMR apparatus using CDCL3 as solvents. 

 

5.2.7 Batch experiments  

For all batch experiments, 0.15 g (corresponding to X-PKDap: 0.570 mmol, X-PKLys: 0.315 mmol 

and X-PKPip: 0.630 mmol of amino groups) of polymer was poured in a beaker at different 

temperatures (e.g. 35, 50, 60, 70 and 80°C) in the presence of 20 ml of the selected metal ion (i.e. 

Ag(I), Hg(II), Cu(II), Ni(II), Co(I), Cr(III), Fe(III)) solution at equimolar ratio with the total nitrogen 

intake (i.e. taking into account also the pyrrole groups along the modified polyketones backbone). 

Upon reaching the desired contact time (e.g. 10, 20, 30 and 40 minutes), the solution was filtered off 

under vacuum and the filtrate was analyzed by AAS (using AAnalyst 200 atomic adsorption 

spectroscopy interfaced with Perkin-Elmer software 5.0.0.1). For all the experiments, the pH values 

were fixed in the range between 4 and 5 (thus avoiding the formation of any precipitate), i.e. at their 

natural value depending on the chemical composition. The use of a buffer for finer pH adjustments 

has been considered but discarded in order to ensure a proper comparison with similar studies 

described in the literature [29]. 

 

5.2.8 Selectivity batch experiment 

To evaluate the selectivity of the cross-linked polymers (X-PKDap, X-PKPip and X-PKLys) for 

copper(II), chromium(III), nickel(II) and silver(I), the metal ions in solution were mixed in a beaker 

(80 mL). The metal ion content (for each single metal) of the solution was equimolar to the total 

nitrogen equivalent calculated by elemental analysis for  0.15 g  of resin. The polymer was stirred for 

40 minutes in the presence of the metal solution. The solution was then filtered off and analyzed by 

inductively coupled plasma (ICP) equipped with a Perkin-Elmer interface. The metal ion uptake 

selectivity has been calculated according to the equation: 

 

Mratio = Mads / N          3 

 

Where Mratio is the metal ion uptake selectivity calculated for each couple metal ion/cross-linked resin, 

Mads is the total amount in mol of adsorbed metal per gram of resin and N is the total amount of 

nitrogen equivalent per gram of resin. 
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5.3 Results and discussion 

In the following paragraphs, firstly polymer structures, as determined by 1H-NMR, FT-IR and 

elemental analysis (5.3.1), are discussed for the three un-crosslinked resins (PKDap, PKPip and 

PKDeaea) while the four crosslinked ones (X-PKDap, X-PKLys, X-PKPip and X-PKDeaea) are 

characterized by FT-IR and elemental analysis (5.3.2). Uptake measurements for the binary mixtures 

(resin in the presence of one kind of metal ion) are then described and the data tentatively explained 

on the basis of parallel FT-IR measurements (5.3.3). From the supra-mentioned metal ions, four of 

them (Ag(I), Cu(II), Ni(II) and Cr(III)), displaying the best performance in the previous study, are 

chosen for selectivity measurements (5.3.4). 

Finally, a comparison with literature data for the batch experiments as well as continuous ones is 

carried out by taking Cu(II) as reference system (5.3.5). 

 

5.3.1 Synthesis of chemically modified polyketones (PKDap, PKPip, PKDeaea) 

The Paal-Knorr reaction of 1,2-diaminopropane (PKDap), 1-Aminoethylpiperazine (PKPip) and N,N-

diethylethylamine with PK30 has been carried out for four hours. The elemental analysis (Table 5.1) 

confirmed the fixation of nitrogen on the backbone of the polymer and the 1,4-dicarbonyl conversion 

resulted to be 64.7%  for PKDap (4.3 mmol/gresin of amino groups), 47.0 %  for PKPip (4.2 mmol/gresin 

of secondary and tertiary amino groups) and 68% for PKDeaea (4.3 mmol/gresin). IR and 1H-NMR 

spectra have been recorded after functionalization and will be briefly discussed in the following 

(details are reported in Section 5.5.1). The FT-IR spectrum of PK30 and PKDap showed the 

appearance of two peaks at 3300-3340 cm-1 (N-H stretching of free amine groups), 1625 cm-1 (N-

Hscissoring primary amines), 1076 cm-1 (pyrrole ring mode), 1033 cm-1 (C-N aliphatic stretching), 

750 cm-1 (N-H wagging) which confirmed the presence of free amine ring and pyrrole ring [26]. On 

the other hand, the drop in intensity of the peak at 1705 cm-1 (stretching C=O) is in agreement with the 

reaction of carbonyl groups to form pyrrolic moieties along the backbone. Furthermore, 1H-NMR 

spectrum of PKDap and PKPip displays, in comparison with the one of PK30, the appearance of a 

peak at around 5.5-6.0 ppm and at 130 ppm in the 13C-NMR, assigned to the pyrrole group in 

agreement with previous studies [19]. The complicated and random structure of the polymer (i.e. 

ethylene/propylene distribution along the backbone) resulted in relatively broad peaks, which hinders 

a more detailed interpretation of the peaks at high field (low ).  

Moreover, for PKPip a shift of the peaks of PK30 from the region 3.2-2.2 ppm (CH and CH2 in  to 

carbonyl moieties) towards lower ppm (i.e. 2.9-2.0) is observed and one strong peak appears at 2.2 

ppm (attributed to the CH2 of the piperazine group [27]). FT-IR spectra of the latter showed, with 

respect to PK30, a new broad peak at 3448 cm-1 (N-H aromatic and aliphatic stretching) and weaker 

C=O stretch adsorption at 1705 cm-1.  

PKDeaea has been already fully characterized in a previous publication [19] of our group and 



Metal ion uptake modified polyketones 

75 

 

elemental analysis data used in this chapter are available in the Appendix 5.5.1. 

 

5.3.2 Synthesis of cross-linked modified polyketones (X-PKLys, X-PKPip, X-PKDap, X-

PKDeaea) 

The reaction of PK30 with L-Lysine was carried out in a microwave at 60°C for 1 hr and resulted in a 

conversion of 1,4-dicarbonyl groups to L-lysine derivatives of 47 %.  

A broad peak at 3434 cm-1 (N-H and O-H stretching) appears in X-PKLys FT-IR spectra (details are to 

be found in Section 5.5.1) and confirmed the presence of amine and carboxylic groups. Furthermore, 

the peak at 1705 cm-1 (C=O stretching) decreased in intensity and became a shoulder of the one set at 

1647 cm-1 (C=N imine stretching) thus suggesting, as expected, a simultaneous cross-linking reaction. 

The peaks at 1455 cm-1 (C=C pyrrole stretching) and 1398 cm-1 (C-N pyrrole stretching) indicate the 

increased aromaticity of the polymer backbone [28].  

A comparison between the FT-IR spectra of PKDap before and after cross-linking for 15 minutes at 

150°C (reaction of the remaining carbonyl moieties with the pendent primary amine groups) showed 

the appearance of a peak at 1669 cm-1 (C=N stretching) as well as a decreasing of the shoulder at 1705 

cm-1 (C=O stretching) after cross-linking. 

The synthesis of X-PKPip and X-PKDeaea has been carried out by cross-linking of the respective 

polymer with 1,6-hexamethylendiamine (HDA). Firstly, the cross-linking reaction of PKPip is 

qualitatively confirmed by the appearance of a strong peak at 1670 cm
-1

 (C=N stretching) 

simultaneously with weaker ones at 1013 cm-1 (C-N imine stretching). Along the same line, the 

decreasing of carbonyls groups intake (decrease of the C=O absorption at 1705 cm-1) and formation of 

imine and pyrrole rings as cross-linked bridges were registered through FT-IR at the same frequencies 

(vide supra), e.g. 1013 cm-1 for C=N imine stretching.  

 

5.3.3 Metal uptake studies in batch experiments 

All prepared resins in their cross-linked form (i.e. X-PKLys, X-PKPip and X-PKDap) were used for 

uptake studies in batch experiments. In contrast to the majority of the works present in the open 

literature often using an excess of metal ion, such experiments were carried out according to an 

equimolar ratio between the metal ion and the N-functional groups on the polymer. This choice can 

result in relatively lower uptakes (with respect to literature data), but it allows a more rational 

comparison of the different polymeric materials, since the latter display significantly different 

carbonyl conversion values (vide supra).  

For every combination resin/metal ion 40 minutes of contact time was enough to reach equilibrium in 

the system, this being confirmed by experiments (not shown for brevity) of metal uptake as function 

of the contact time. The obtained results (Figure 5.3) clearly show the different behavior of the 

different metal ions and resins. 
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Figure 5.3. Metal ion (i.e. Cu(II), Ni(II), Co(II), Cr(III), Fe(III), Ag(I) and Hg(II)) uptake of X-

PKDap, X-PKLys and X-PKPip after 40 minutes of contact time at room temperature.  

 

In order to rationalize the different uptakes for every polymeric material employed, an FT-IR study 

has been performed by recording the spectra of the used polymer before and after being in contact 

with the metal ion solution for the same amount of time (i.e. 40 minutes). FT-IR vibrational shifts 

and/or changes in adsorption have already been proposed by B.L. Rivas et al. [29] as proof of 

chelation between poly(vinyl)amine and several different metal ions. Such changes in the wavelength 

as well as in the absorbance can be used as a kind of fingerprints for the interaction of the 

corresponding group with the metal ion. Therefore, a larger variation in the wavelength (i.e. red or 

blue shift) or decrease in transmittance of a vibration al peak related to a given functional group in the 

presence of an ion can be interpreted as a higher affinity of the latter for the employed functional 

group. As an example, FT-IR spectra (Figure 5.4) for the X-PKPip/Cu(II) binary mixture (b in the 

figure) and X-PKPip (a in the figure)  are shown and discussed. 

 

Figure 5.4. FT-IR of X-PKPip before (a) and after 40 minutes mixing (b) of equimolar amounts 

between amine groups and copper(II) ions. Spectra have been normalized by considering the –CH3 

peak at 2873 cm-1. 
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The spectra of X-PKPip before and after mixing with copper showed increased intensity and a shift 

towards lower wavelength for the broad band at 3450 cm-1 (N-H stretching) as well as for the peaks at 

1713 cm-1 (C=O stretching) and 1654 cm-1 (C=N stretching) 1464 cm-1 (N-H bending piperazine ring) 

and 1123 cm-1 (C-N aliphatic stretching piperazine ring). This suggests, on a qualitative level, the 

involvement of such functional groups in the chelation of Cu(II). 

The same analysis has been carried out for every possible combination of resin and metal ion (see 

Appendix 5.5.2), which allows defining a qualitative rank of affinity for every functional group/metal 

ion couple (Table 5.2). The obtained results clearly show relevant differences in the affinity of the 

metal ions towards specific functional groups. It must be noticed how a quantitative analysis of the 

data is factually hindered by the fact that the three resins show different carbonyl conversions and thus 

different amounts of functional groups along the backbone. Moreover, the different hydrophilic 

character of the three resins and their cross-linking method have an influence on the beads swelling, 

thus on the accessibility of the chelating center for the metal ion. By making allowances for the 

factors outlined above, one is able to use the observed affinity ranking in order to explain the uptake 

data, although only at a qualitative level.  
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Table 5.2.  Specific affinity of the functional groups (e.g. pyrrole, amine, carboxyl, carbonyl, imine) 

contained in X-PKDap, X-PKLys and X-PKPip towards seven metal ions (e.g. Cu(II), Co(II), Ni(II), 

Fe(III), Cr(III), Ag(I) and Hg(II)). In case a functional group is not present in the table, it means that it 

display no (or negligible) vibrational changes upon contact of the polymer with the metal ion solution. 

 

Based on Pearson’s theory [10] and for the sake of a more rational discussion, three groups of metal 

ions can be outlined in order to simplify the observed metal ion affinity. The following sections will 

thus discuss the observed uptake (Figure 5.3) on the basis of FT-IR analysis (Table 5.2) according to a 

classification of the employed metal ions into borderline (Cu(II), Ni(II) and Co(II)), hard (Cr(III), 

Fe(III)) and soft metal ions (Ag(I), Hg(II)). 

 

 

 

 X-PKDap X-PKLys X-PKPip 

Cu(II) 

   

Co(II) 

   

Ni(II) 

  

 

Fe(III) 

   

Cr(III) 

   

Ag(I) 

   

Hg(II) 
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5.3.3.1 Cu(II), Ni(II) and Co(II) 

For all three resins it is possible to rank the metal ions according to their uptake into the following: 

PK-Dap Cu>Ni>Co 

PK-Pip  Ni>Co>Cu 

PK-Lys  Ni>Co>Cu 

The affinity rank for PK-Dap is in agreement with the FT-IR data and the expected behavior 

according to the Irving-Williams theory, which ranks the complex stability for primary amino groups 

and divalent cations of the first transition series in the following way: Mn<Fe<Co<Zn<Ni<Cu [30]. 

However, such theoretical predictions are clearly not respected for the affinity ranks of PK-Pip and 

PK-Lys. This can be explained by the specific interactions of the Ni and Co for other functional 

groups present in the polymeric materials. The fact that the Co uptake is higher than that of Cu is 

probably related to its specific interactions with imines (see FT-IR data). This is in agreement with 

other studies [31, 32] and indirectly confirms the restively strong character of such affinity when 

taking into account the fact that Co does not display any relevant affinity for carbonyl groups [33] 

(which should result indeed in the reverse order, i.e. Cu>Co). This observation is probably valid also 

for Ni, which shows an affinity towards imine groups (Table 5.2) only in PK-Pip and PK-Lys. 

However, the observed deviations in metal uptake for Ni are also probably related to the geometry of 

the formed complex [29] and might explain the better performance (Figure 5.3) of PK-Pip with 

respect to the other two polymers.  Indeed, Ni(II) exhibited highest affinity for pyrrole rings 

exclusively with PK-Pip as chelating resin. This might be related to a cooperative bonding between 

the metal ion and the pyrrolic groups and one of the N-atoms of piperazine rings. In particular, the 

flexible ethylene bridge between pyrrole and the piperazine ring could help in folding them in order to 

create a “sandwich” complexation. A direct proof of such statement (beyond the scope of this work) 

could be obtained with appropriate model systems. However, an indirect proof is obtained by studying 

the uptake behavior of the complex as function of temperature (Figure 5.5) under the assumption, 

corroborated by literature [29], that such “sandwich complex” should display a relatively high thermal 

stability.  
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Figure 5.5. Uptake metal ion ratio for Ni(II) in the presence of X-PKDap (A), X-PKLys (B) and X-

PKPip (C) as chelating resins at five different temperatures. 

 

It is clear that a restively higher thermal stability is displayed by PK-Pip, for which the Ni uptake is 

factually stable up to 70°C. This behavior is less prominent for PK-Lys and factually absent 

(differences are within the experimental error range) for PK-Dap. 

 

5.3.3.2 Cr(III) and Fe(III) 

For all three employed polymers the uptake for Cr(III) is significantly higher than the one for Fe(III) 

(Figure 5.3). Moreover, for every metal PK-Dap shows the best uptake followed by PK-Pip and PK-

Lys. Moreover, the FT-IR study clearly shows pyrrole, amine and imine groups to be chelating 

towards Cr(III) and Fe(III) (Table 5.2) 

The highest uptake of Cr(III) with respect to Fe(III) is most probably related, as already suggested in 

the literature, to its relatively high affinity for pyrrole [34, 35] and amine groups [36]. However, 

primary amines do participate in the chelation of Cr(III) when they are included in a glycine-type 

ligand, such as amino-carboxylic group. Also in this case, as for Ni (vide supra), the formation a 

sandwich complex might be inferred. Uptake studies as function of temperature (Figure 5.6) 

corroborate in an indirect way such assumption. 
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Figure 5.6. Uptake metal ion ratio for Cr(III) in the presence of X-PKDap (A), X-PKLys (B) and X-

PKPip (C) as chelating resins at five different temperatures (e.g 35, 50, 60, 70 and 80°C) 

 

The deviation of PK-Pip from this general trend (it shows a decrease of the uptake with temperature) 

is most probably related to the absence of primary amino groups in this polymer. Indeed, in general 

terms, the kind of amine group used (primary, secondary and tertiary) has relevant influence on the 

uptake behavior (see section 5.5.3). 

 

5.3.3.3 Ag(I) and Hg(II) 

In general the uptake for Ag(I) is higher (PK-Pip and PK-Dap) or equal (PK-Lys) than the one for 

Hg(II). The high affinity of Ag(I) for amino as well as pyrrole groups, corroborated by data on similar 

systems [37, 38], is probably the reason behind the observed behavior. It must be noticed, however, 

how the absorption of Ag(I) on the different polymers is in this case not governed by the same 

mechanism. Indeed, upon complexation with Ag(I),  PKPip, as only functional polymer in the group, 

showed the formation of a translucent metallized surface (Figure 5.7).  

 

 

Figure 5.7. Silver metal particles after mixing with X-PKPip for 40 minutes at room temperature 

 

This is most probably related to the in situ electro-reduction of Ag(I) by the piperazine rings with 

precipitation of macro-particulate Ag(0) [39]. Although the presence of such different absorption 
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mechanism factually hinders a rational comparison between the polymers (in terms of Ag absorption), 

it might represent a breakthrough in a closely related field. If one takes into account the easiness of 

the chemical modification as well as the possibility (in general for polyamines derived from 

polyketones [25]) for dispersion in water, PK-Pip might be employed as relatively cheap and easily 

available driving agent for the assembling of Ag(0) nanoparticles in a one-step process. Since the 

latter show optical, electrical, and thermal properties when nano-dispersed in a polymeric media, their 

dispersions are particularly interesting for applications as photonic device and antimicrobial coatings 

[40]. 

 

5.3.4 Selectivity of the cross-linked modified polyketones towards specific metal ions 

In order to obtain preliminary information regarding the selectivity of the resin, the same three 

polymers presented above have been also investigated in the simultaneous presence of four different 

metal ions (i.e. Cu (II), Ni(II), Cr(III) and Ag(I)). The choice is not random: indeed, two metal ions, 

copper and nickel, belong to the divalent cations of the first transition series as well as chromium, but 

with different oxidations states. Finally silver is representative of a soft metal ion at lower oxidation 

state. 

The three modified resins show remarkable differences in metal uptake when in the presence of 

different metal ions (Figure 5.8).  

 

Figure 5.8. Selectivity batch at equimolar ratio between amine groups and the total amount of metal 

ion of X-PKDap, X-PKPip and X-PKLys. 

 

In first instance it is worth noticing the lack of any Cr(III) adsorption by X-PKDap and Ni(II) by X-
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considered as a hard metal ion [10] and thus with low affinity for amine groups unless upon 

cooperation with other ligands (vide supra). The reasons behind lack of affinity of Ni(II) with X-

PKLys have yet to be found.  

From a scientific perspective, the presence of several different factors (e.g. diffusivity, kind and 

accessibility of functional groups, swelling degree…) seriously hinders a deeper analysis of the 

obtained results. However, from an applicative point of view, one must notice that the maximum 

selectivity has been reached by silver for X-PKDap, nickel and copper for X-PKPip and chromium for 

X-PKLys. This confirms the versatility of the proposed approach (Paal-Knorr modification of 

aliphatic polyketones) in the preparation of functional polymers with tailored complexation abilities 

towards different metal ions (simultaneously) present in water solution.  

The uptake capacity of such materials with other described in the literature needs to be assessed in 

order to fully evaluate the potentiality of the latter. This constitutes the objective of the following 

paragraph.  

 

5.3.5 Comparison with literature for Cu(II), Ni(II) and Co(II) 

The exceptional uptake (during batch experiments) shown by the three modified polyketones towards 

the selected metal ions is clearly shown when comparing data from published sources (Table 5.3). 
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Metal Polymer Ligand 
N content 

(mmol/g) 

Retention 

(mmol/g) 
Ref 

Cu(II) 

 

Modified polystyrene Diethylentriamine 1.3-3.0 2.9  [41] 

Modified polystyrene Phenylendiamine hydrochloride 0.6 0.4  [42] 

Chitosan Primary amines n.a. 1.3  [43] 

Chitosan-epichlorohydrin Primary amines n.a. 1.0 [43] 

PEI/biomass modified 
Primary, secondary and tertiary 

Amines 
2.0 0.9  [44] 

poly(imminoethylene) 

dithiocarbamate 
Carbammate 7.6 3.4 [45] 

X-PKDap Primary and pyrrole amine 4.3 4.3 
This 

work 

X-PKLys Primary amine with carboxylic acid 2.1 0.6 
This 

work 

X-PKPip Secundary and tertiary amines 4.2 1.7 
This 

work 

Ni(II) 

 

Chitosan Primary amines n.a 2.0  [43] 

Modified polystyrene diethylentriamine 1.3-3.0 1.0 [41] 

PEI/biomass modified 
Primary, secondary and tertiary 

amines 
2.0 0.5 [44] 

poly(imminoethylene) 

dithiocarbamate 
Carbammate 7.6 0.7 [45] 

X-PKDap Primary and pyrrole amine 4.3 1.8 
This 

work 

X-PKLys Primary amine with carboxylic acid 2.1 1.5 
This 

work 

X-PKPip Secundary and tertiary amines 4.2 2.6 
This 

work 

Co(II) 

poly(imminoethylene) 

dithiocarbamate 
Carbammate 7.6 2.2 [45] 

X-PKDap Primary and pyrrole amine 4.3 0.7 
This 

work 

X-PKLys Primary amine with carboxylic acid 2.1 1.3 
This 

work 

X-PKPip Secundary and tertiary amines 4.2 2.0 
This 

work 

Table 5.3. Retention properties of amine chelating resins known in literature 

 

The versatility of the PK-modified polymers must be stressed here. From one single precursor, PK30, 

and through easy chemical modification (vide supra), it is possible to prepare chelating resins that 

consistently outscore (X-PKDAP for Cu(II) and X-PKPip for Ni(II)) other synthetic polymers. 

However, when evaluating application at industrial level, the use of continuous processes instead of 
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batch ones is of crucial importance. In this context we chose the Cu(II)/PK-Dap system to generate 

preliminary data and compare the obtained uptake (see Appendix 5.5.4 for details) with literature data. 

The obtained results (Table 5.4) clearly show the potentiality of the proposed materials. 

 

Polymer or biosorbent Performance Reference 

PK-Dap 196 mg/g This work 

Chitosan 222 mg/g [46] 

Aspergillus niger 4.9 mg/g [47] 

jute fiber 4.2 mg/g [48] 

Kaolinite 1.9mg/g [49] 

Clinoptilolite 1.6-3.8 mg/g [50, 51] 

fly ash 1.18-1.39 mg/g [52] 

oak sawdust 3.6 mg/g [53] 

seaweed biomass 52-114mg/g [54-56] 

Thiobacillusthiooxidans 30.8 mg/g [57] 

Alfalfa 20 mg/g [58] 

carrot residues 32.7 mg/g [59] 

Palygorskite 30.7 mg/g [60] 

Clinoptilolite 25.7 mg/g [61] 

 

Table 5.4. Comparison of performance for Copper uptake (continuous experiments) with other 

different (bio)sorbents 

 

Indeed, with the exception of chitosan, PK-Dap systematically and largely outscores all other 

proposed materials. Systematic studies on the resin regeneration possibilities as well as an economic 

feasibility study are needed for more complete comparison. 
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5.4 Conclusions 

Four functional polymers were synthesized by Paal-Knorr reaction of aliphatic polyketones and 

successively cross-linked is different ways. These involved thermal heating by reaction of the pendent 

primary amino group, microwave technology (functionalization and cross-linking in one-step) and 

reaction with 1,6-hexamethylendiamine (HDA). In all these cases, the cross-linking reaction formed 

pyrrolic and imine bridges. These polymers bear as pendant groups: primary amines (X-PKDap), 

amino-carboxylic units (X-PKLys), secondary and tertiary amines (X-PKPip) and only tertiary ones 

(X-PKDeaea).  

Three cross-linked resins (X-PKDap, X-PKLys and X-PKPip) were selected for batch uptake studies 

(Cu(II), Ni(II), Co(II), Cr(III), Fe(III), Ag(I) and Hg(II)). The measured uptake values could be 

tentatively explained on the basis of qualitative FT-IR studies and known theories described in the 

literature. Selectivity experiments clearly show that is possible to tailor the chemical structure of the 

polymer (including the kind of amino group) towards specific interactions with a given metal ion. A 

comparison with other materials presented in the literature (for both batch and continuous 

experiments) highlights the outstanding performance of the proposed materials.  
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5.5 Appendices 

 

5.5.1 FT-IR and elemental analysis characterization data 

Polymer and elemental analysis FT-IR (KBr) 

PKDap 

EA: Calcd. N 12.38; C 72.02; H 9.54; O 

6.06. 

Found N 12.24; C 71.96; H 9.53; O 6.27. 

3300-3340 cm-1 (m, N-H stretching of primary amine 

groups) 

1705 cm-1 (m, stretching C=O) 

1625 cm-1 (m, N-H scissoring primary amines) 

1373 cm-1 (s, C-N pyrrole stretching) 

750 cm-1 (m, N-H wagging) 

PKPip 

EA: Calcd. N 9.85; C 68.98; H 9.92; O 

11.25. 

Found N 11.13; C 69.18; H 10.14; O 9.56. 

3448 cm-1 (m, N-H stretching of secondary amine 

groups) 

1705 cm-1 (m, stretching C=O), 

1373 cm-1 (s, C-N stretching pyrrole), 

663 cm-1 (N-H wagging) 

X-PKLys 

EA: Calcd. N 8.34; C 66.66; H 7,138; O 

17.88.   

Found N 8.63; C 68.06; H 8.47; O 14.84. 

 

3434 cm-1 (m, N-H and O-H stretching) 

1705 cm-1 (sh, stretching C=O) 

1640 cm-1 (s, C=N stretching) 

1390 cm-1 (s, C-OH bending) 

663 (w, N-H wagging) 

 

X-PKDap 

EA: Calcd. N 12.36; C 71.86; H 9.86; O 

5.92.   

Found N 12.12; C 72.35; H 9.5; O 6.04. 

 

3358 cm-1 (m, N-H stretching of free amine groups) 

1705 cm-1 (m, stretching C=O) 

1669 cm-1 (m, C=N stretching) 

1458 cm-1 (m, scissoring of CH2 units) 

1368 cm-1 (m, C-N pyrrole stretching) 

1029 cm-1 (m, pyrrole ring breathing) 

750 cm-1 (w, N-H wagging) 

X-PKPip 

EA: Calcd. N 13.09; C 70.29; H 12.63; O 

3.99. 

Found N 12.68; C 70.81; H 10.48; O 6.04. 

3430 (s, N-H stretching of secondary amine groups) 

1720 (m, stretching C=O) 

1670 (m, stretching C=N) 

1464 (N-H piperazine ring bending) 

1013 (m, pyrrole ring breathing) 

Table 5.5. Elemental analysis and spectroscopic data for the two un-cross-linked (i.e. PKDap and 

PKPip) and three cross-linked resins (i.e. X-PKDap, X-PKLys and X-PKPip) 
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PKDeaea 

EA: Calcd. N 10.87; C 74.60; H 10.39; O 4.14.  

Found N 10.33; C 74.08; H 10.28; O 5.30. 

X-PKDeaea 

EA: Calcd. N 11.12; C 73.84; H 9.62; O 5.42.   

Found N 10.87; C 74.60; H 10.39; O 4.14. 

 

Figure 5.9. 1H-NMR (left) and FT-IR (right) spectra of PKDap 

 

Figure 5.10. 1H-NMR (left) and FT-IR (right) spectra of PKPip 
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  a    b    c 

Figure 5.11. FT-IR spectra of PK30 and X-PKLys (a), PKPip and X-PKPip (b) and PKDap and X-

PKDap (c) 
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5.5.2 FT-IR evaluation of metal complexes 

 

 
 

Stretching C=O 

carbonyl/ 

carboxyl 

Stretching 

C=N imine 

Bending 

N-H 

piperazine 

Stretching C-

N pyrrole 

Stretching 

C-N pyp 

Pyrrole ring 

breathing 

Wagging  

N-H amine 

resins 

CK-PKDap 1705 sh 1669 s N/A 1368 m N/A 1029 s 750 w 

CK-PKLys 1717 m 1647 s N/A 1398 m N/A 1074 w  

CK-PKPip 1720 s 1670 m 1464 m 1390 m 1141 m 1000 w 861 m 

Co 

CK-PKDap 1705 vs 1684 s N/A 1342 m N/A X X 

CK-PKLys 1716 s 1647 s N/A 1386 m N/A X 669 m 

CK-PKPip X 1658 s X X 1176 vs X 671 m 

Ni 

CK-PKDap 1705 vs 1686 s N/A 1335 m N/A 1081 m X 

CK-PKLys 1706 s 1646 s N/A 1385 vs N/A X 843 w 

CK-PKPip X 1657s X 1386 vs X X X 

Cu 

CK-PKDap 1700 vs 1684 s N/A X N/A 1082 s 600 s 

CK-PKLys 1710 s 1656 s N/A X N/A X X 

CK-PKPip 1729 s 1654 s 1465 s 1387 vs 1122 s X 621 m 
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Stretch C=O carbonyl/ 

carboxyl 

Stretch  

C=N imine 

Bend 

N-H 

piperazine 

Stretch C-N 

 pyrrole 

Stretch 

C-N pyp 

Pyrrole ring  

breathing 

Wag  

N-H amine 

Hg 

CK-PKDap X 1686 s N/A X N/A 1065 m X 

CK-PKLys X 1636 vs N/A X N/A 1079 s 670 m 

CK-PKPip X 1639 vs X X X 1000 m 734 m 

Ag 

CK-PKDap 1706 vs X N/A 1330 m N/A 1080 s 827 m 

CK-PKLys 1717 vs 1653 s N/A 1385 vs N/A X 669 s 

CK-PKPip X 1658 s X 1386 vs X X 670 m 

Fe 

CK-PKDap 1715 s 1686 s N/A 1350 s N/A 1080 m 647 m 

CK-PKLys X 1654 s N/A 1388 vs N/A X 670 m 

CK-PKPip 1723 vs 1685 s X 1389 vs 1124 s X 623 m 

Cr 

CK-PKDap 1706 s 1689 s N/A 1375 s N/A 1075 s 827 m 

CK-PKLys X X N/A 1386 vs N/A X 689 vs 

CK-PKPip X 1659 s X 1389 vs X X 674 m 

Table 5.6. Specific adsorption peak frequency and relative adsorption strength (medium (m), strong(s), shoulder (sh) and very strong (vs) of binary mixtures 

between seven metal ions (i.e. Cu(II), Ni(II), Co(II), Cr(III), Fe(III), Ag(I) and Hg(II)) and X-PKDap, X-PKLys and X-PKPip 
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5.5.3 Influence of the kind of amino group on metal uptake behavior 

In order to check the uptake behavior as function of the kind of amine group, i.e. primary secondary 

and tertiary, we selected three polymers (X-PKDap, X-PKPip and X-PKDeaea) and carried out the 

same study discussed during Section 5.3.3 (Figure 5.12). X-PKDap shows the presence of primary 

amine groups. X-PKDeaea of tertiary ones while X-PKPip displays one secondary and one tertiary 

amine enclose in a 6-member ring structure. 

 

Figure 5.12. Metal ion uptake (%) of Ni(II), Cu(II) and Ag(I) at 35 0C for X-PKDap, X-PKDeaea and 

X-PKPip  

 

The results show a clear preference by Ag(I) and Ni(II) for X-PKPip and a substantial invariance of 

the Cu(II) uptake. This might suggest that secondary amine groups (as in X-PKPip) might outperform 

primary and tertiary ones. This is in agreement with other studies and can be explained on the basis of 

two opposing effects [63]. On one side more substituted amino groups display higher electron density 

and can be expected to make the nitrogen lone pair electrons more available for metal ion 

complexation. On the other hand, this is counteracted by the higher steric hindrance and the higher 

solvation energy (the latter hindering the solvation of the chelant group on the surface). 
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5.5.4. Details of continuous absorption experiments 

 

Experimental part 

In order to check the potential use of the cross-linked modified polyketones, we reported the use of X-

PKDap as column adsorbent for a Cu(II)-enriched solution, being this binary mixture the best uptake 

out of the four resins. 

Column experiments were operated with a 10 mm diameter and 159.2 mm length stainless steel 

column. At both ends of the column, a porous ring was placed to keep the polymer inside the column. 

All experiments were carried out at room temperature (293 K). A flux of 3.9 ml/min and 30% in 

volume column packing were applied at a constant concentration of 0.16 mmol/L Cu2+ solution. The 

Cu2+ solution was fed to the column in a down flow direction by a centrifugal pump (Verder VG 1000 

BASIC). Effluent concentration was measured online by a conductivity probe (MRD 299 

VernierSoftware&Technology).  

After calibrating the column in the presence of X-PKDap with a salt-free solution as eluent, the 

influent concentration was measured by the same conductivity probe and the effluent samples were 

recorded each hour. The Conductivity Probe MRD 299 VernierSoftware&Technology interfaced with 

CoachLab II MRD 291 analysis software were used to measure indirectly metal concentrations.  

 

Model fitting for continuous experiment 

Two models have been employed in order to compare to the absorption profile of X-PKDap with the 

use of Cu(II) aqueous solution as eluent.  

The BDST model [64] correlates the service time (i.e. i.e. how long a column can be used before 

saturation) with the packed bed depth of the column, according to the equation: 

 

BDST model:        𝐶0  𝑡  
 0 ℎ

𝑢
−

 

𝑘
 𝑙𝑛 (

𝐶0

𝐶𝑡
− 1)      4 

 

with C0 being the influent concentration (mmol/L), t the service time to breakthrough (min), N0 the 

adsorption capacity (mmol metal ion/L), h the bed depth (cm), u the linear flow rate (cm/min), k the 

adsorption rate constant (L/(mmol min)), Ct the effluent concentration at time t (mmol/L). 

On the other hand, the Thomas model [66] determines the maximum solid phase concentration of 

solute on the adsorbent and the adsorption rate constant for an adsorption column as in the equation 

below: 

 

Thomas model:  ln (
𝐶0

𝐶𝑡
− 1)  

𝐾𝑡ℎ 𝑞0 𝑚

𝑄
−

𝐾𝑡ℎ 𝐶0 𝑉𝑒𝑓𝑓

𝑄
     5 
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where Kth is the Thomas rate constant (mL/(min mmol)), q0 the equilibrium Cu2+ uptake (mmol/g), m 

the amount of resin in the column (g), Veff the effluent volume, Q the volumetric flow rate (mL/min).  

Since Veff/Q is dimensionally a time as physical quantity, one single fitting equation can be obtained 

from both model equations:  

 

   ln (
𝐶0

𝐶𝑡
− 1)  𝐴 − 𝐵𝑡       6 

 

Where 𝐴  
𝑘  0 ℎ

𝑢
  (BDST model) and 𝐴  

𝐾𝑡ℎ 𝑞0 𝑚

𝑄
 (Thomas model), 𝐵  𝑘  𝐶0  (BDST model), 

𝐵  𝐾𝑡ℎ  𝐶0    (Thomas model). 

 

The evaluation of the kinetic adsorption rate, the maximum adsorption capacity and the time service 

to breakthrough are indispensable parameters to evaluate a possible up-scaling of this technology. 

 

Results 

In order to check through continuous experiments the industrial applicability and feasibility of metal 

adsorption, a column filled for 30 vol % with X-PKDap has been assembled and a Cu(II) solution has 

been poured through at a fixed flow of 3.9 ml/min. The results have been discussed on the basis of 

two known physical models for continuous adsorption: the Bed Depth Service Time (BDST) and the 

Thomas model [64]. These two models are used to determine the adsorption rate constant (K), 

adsorption capacity (N0 and Q0 respectively), Thomas rate constant (kTh). The breakthrough point tb is 

defined as the point when the effluent concentration is approximately 5% of the starting 

concentration. The breakthrough curves showed steep slopes and almost a vertical mass transfer zone 

(MTZ), indicating fast diffusion between solid surface and the adsorbate, which in turn implies that 

the resistance to mass transfer was controlled by external diffusion in the boundary layer of the 

particles (Figure 5.13).  
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Figure 5.13. Breakthrough curve of X-PKDap in the presence of Cu2+ ions and its data fitting with 

Thomas and BDST model 

 

The validity of the above-mentioned models has been confirmed by the high values of R2 values 

(Table 5.7), with the Thomas model displaying a better fitting. 

 

Model K (L/mmol*min) N0 (mmol/L) R
2
 Q0 (mmol/g) 

BDST 0.008005 858.0 0.95846  

Thomas 8.9121  0.97782 1.0165 

 

Table 5.7. BDST and Thomas fitting models for binary system X-PKDap/Cu2+ 

 

Higher values of K indicate a faster adsorption kinetics, while higher N0 values mean that the sorbent 

or the ion-exchange resin has a longer time to respond to the in-feed of copper ion solution. A 

computed N0 value of 40.5 mmol/L has been found for copper adsorption with a rate constant K of 

1.65 10-5 L/mmol min by using U. reticulata biomass [65] while a Kth of 0.117-0.331 L/mmol min and 

a Q0 of 55.7-59.5 mg/g depending of the flow rate has been calculated for the same system by using 

Thomas model. It is evident, by comparing the experimental Q0 values, that the model overestimated 

the metal uptake capacity of X-PKDap. Similarly, Yan et al. [66] reported that Thomas model 

overestimated Q0 values of cadmium, lead and zinc biosorption by immobilized Mucorrouxii. 

The total amount of copper adsorbed per gram of resin in continuous studies can be extrapolated by 

calculating the integral of the breakthrough curve and subtracting it from the area in case of maximum 

adsorption for copper. This amount is equal to 193 mg/g resin and it correspond to a ratio [NH2]/[Cu]= 

1.5:1. By considering that Copper has been found usually as a complex with amine in coordination 

four [29], beside confirming the excellent adsorption uptake of Cu(II) (see main text for a detailed 
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comparison), this result proved that pyrrole plays an active role in copper adsorption. 
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Abstract 

Novel cationic resins were synthesized for a direct application in automotive industry. A previous 

patent protocol with low bath toxicity (i.e. no use of catalyst or highly harmful compounds) compared 

to the current industrial methods based on polyurethane chemistry was implemented. This comprises 

the use of aliphatic polyketones as crosslinking agents for epoxy-based resins in electro-deposition 

processes. Cross-linking takes place through the Paal-Knorr reaction of the amino groups on the 

epoxy-based materials with the 1,4-dicarbonyl ones on the polyketone backbone. The reaction 

kinetics can be finely tuned by the steric hindrance on both components. This was preliminarily 

investigated by using 2,5,8-nonanetrione as model compound. The used amines included 4-

aminopiperidine (AP) and 4-aminomethyl piperidine (AMP), both displaying higher steric hindrance 

with respect to the primary ones used in the original protocol. Application of these components during 

electro-deposition coating yields the desired high-quality coating layers on several metallic substrates. 

Moreover, it reduces undesirable side reactions and avoids pin-holes formation.  

Several parameters have been considered, such as electrode distance, potential, electro-deposition 

time and temperature and curing times have been adjusted in order to optimize the annealing stage. 

All the produced coatings scored a higher adhesion and chemical resistance rating than the amine-

based ones used in the previous protocol (i.e. diethylentriamine, DETA). Afterwards, the coatings 

have been tested on different metallic substrate and the same electro-deposition baths have been re-

used after 21 and 56 days in order to check their stability.  
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The kinetics of Paal-Knorr reaction in polyketone-based 

materials as tuning tool for electro-deposition coatings 
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6.1 Introduction 

The corrosion of metal layers in outdoor applications remains an ongoing subject of investigation [1-

3]. The dimension and gravity of the problem is paradigmatic in the automotive industry, where it is 

common practice to apply a multi-layer coating to the metallic frame (body) of a vehicle [4]. In 

particular, the first coating, i.e. the inner layer, is of paramount importance since it must ensure 

adhesion of the coating to the metal surface and act as binder between the metallic surface and the 

outer layers (e.g. the primer and the final paint). Nowadays, the automotive market requires an 

average of 1 million tons of material per year for the production of car paints, including clear coats, 

primer surfaces, base coats and electrodeposition coatings [5]. The latter, being widely used as the 

outer layer, consists of stimulating deposition on one of the electrodes by application of an electrical 

field on water-borne charged polymer dispersions [6-8]. This technique is characterized by several 

advantages, such as a high efficiency, no drag-out, and easiness of control and optimization [9]. 

However, the resin systems applied in the majority of industrial applications involves partly blocked 

organic isocyanates as cross-linkers and a metal salt as curing catalyst (mainly lead and tin-based) 

[10]. Despite the outstanding corrosion resistance and adhesion to the metal surface of the final 

coating, the polyurethane cross-linkers display several drawbacks. Besides the well-known 

environmental issues connected with these chemicals and their preparation (ultimately requiring the 

use of phosgene), both the isocyanates and the catalyst are toxic and dangerous for human health, they 

require  relatively high curing temperature (160-180
0
C) and are characterized by high stoving losses.  

A first step [11] towards a successful study of an alternative system involves the use of aliphatic 

polyketones (X in Figure 6.1) as cross-linking agents through a Paal-Knorr reaction mechanism (E in 

Figure 6.1).  
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Figure 6.1. Total synthesis of cationic resin: flexibilizer (A), ketimine (B), protected resin (C) , de-protected  cationic resin (D) and resin dispersion and cross-

linking (E) 
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The complete reaction scheme (Figure 6.1) involves the preparation of a resin (VIII) by coupling a 

flexibilizer (III), in turn prepared by modification of an epoxy component (I) with a di-amine (II), to a 

partially protected amine (VI) with the help of low molecular weight glycidyl-ether end-capped (VII) 

epoxy resin. The final step (D) of the procedure is constituted by the amine de-protection (IX) with 

lactic acid followed by the curing reaction (E) of the in situ generated and partly protonated amino 

groups with aliphatic polyketone (X) through the Paal-Knorr mechanism [12]. 

The latter implies the reaction of the free primary amino group with two carbonyl moieties yielding a 

pyrrole ring, the only by-product being water, which is absorbed in the aqueous reaction resin 

dispersion medium.  The reaction proceeds in relatively mild conditions (120-140°C), its kinetics 

being fast enough to make the use of a metal catalyst unnecessary. The practical advantages of this 

approach are testified by the use of the same polyketone oligomers as cross-linkers for applications 

such as coatings [13,14], wood [15] and electronic adhesives [16].  

As such, the proposed system fulfills already most of the criteria outlined above except for two crucial 

(conceptually linked) factors. The reaction kinetics for the cross-linking of the two dispersed 

components E (Figure 6.1) is actually too fast (relatively high conversion being achieved in a few 

minutes at elevated temperatures), which even at low temperatures seriously affects the stability of the 

resin-bath (e.g. the resin-dispersion prior to deposition) and causes premature cross-linking and 

coagulation of the resin system. The latter causes the formation of gas bubbles between the metal 

surface and the coating during the ultimate electro-deposition and curing process.  

A possible solution to this problem can be found by an in-depth analysis of the reaction mechanism. 

The Paal-Knorr reaction, as already reported in the literature [12,17], is sensitive to steric hindrance 

on the carbon adjacent to the amino group. In this respect, the use of more sterically hindered amino 

groups instead of those present in V (Figure 6.1) should allow the fine-tuning of the cross-linking 

kinetics, and, as a result, of the stability of the resin dispersion prior to its use in the actual coating 

application.   

In this study, we aim at presenting the proof of principle for this idea by testing different amino 

compounds. In particular, we plan to investigate the corresponding kinetics in the Paal-Knorr reaction 

with model compounds and subsequently employ the most promising ones in real lab-scale electro-

deposition coatings on different metal substrates.  

 

6.2 Experimental 

 

6.2.1 Materials 

Methyl isobutyl ketone (MIBK; Fluka, ≥ 98%), diethylenetriamine (DETA; Fluka, ≥ 97%), 4-

(aminomethyl)piperidine (AMP; Aldrich, 96%), 4-aminopiperidine (AP; Aldrich, 99%), 1,6-

hexanediamine (HDA; Aldrich, 98%), 2,5,8 nonanetrione (Sigma-Aldrich, 99%), 
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bis(aminomethyl)norbornane (TCI Europe, mixture of isomers, 98%), m-xylylenediamine (Sigma-

Aldrich, 99%), 4,4’-methylene-bis(cyclohexylamine) (Sigma-Aldrich, mixture of isomers, >98%), 3-

Aminomethyl-3,5,5-trimethylcyclohexylamine (isophorone-diamine, Sigma Aldrich, >98%), Cardura 

E10 (Resolution Europe BV, batch no. HCPD0036), methyl ethyl ketone (MEK, Acros, 99 %), 

Epikote 1001 (Resolution Europe BV, batch no. FBES 1121, Mn 880), 2-butoxyethanol (Fluka, 

≥98%), ethanolamine (Aldrich, ≥98%), dichloromethane (Aldrich, 99 %), lactic acid (SAFC, 85% 

FCC), toluene (Sigma-Aldrich, 99%) were purchased and used without further purification.  

Alternating polyketones with 0% (PK0, 100% propene-CO co-polymer; Mw-1680) and 30% ethene 

(PK30, 30%-ethene,-70%-propene-CO ter-polymer; Mw-3970) based on the total olefin content were 

synthesized according to a reported procedure [18]. 

 

6.2.2 Paal-Knorr kinetics model compound 

0.117 g (2.0 mol) of 2,5,8-nonanetrione were reacted with the respective equimolar amount of 

diamine to form a bis-pyrrole. The reaction was carried out in toluene (25% m/m nonanetrione in 

toluene) and the solution was refluxed on a hot plate using a magnetic stirrer. A potentiometric 

titration method previously described in literature [17] was employed by using 702 SM Titrino 

Metrohm with an automatic burette of 10 mL capacity.  

 

6.2.3 Synthesis of cationic resins 

Ketimines (VI in Figure 6.1) were synthesized according to the procedure described in literature [11]. 

The reactions of AMP and AP with MIBK have been carried out in the presence of molecular sieves (3 

Å pellets, 3.2 mm diameter) to remove from the reaction equilibrium the produced water; conversions 

were evaluated by GC/MS at reaction times of 90, 200 and 4600 min. The reaction between DETA 

and MIBK required 420 min till full conversion. 

The synthesis of the flexibiliser (A in Figure 6.1) and the final step to the cationic resins (C in Figure 

6.1) have been carried out by following the same supra-mentioned protocol [11].  

 

Flexibilizer 1H NMR: 1.5 (m, 4H, NH-CH2-CH2), 4.1 (m, 4H, CH2-CHOH-CH2), 1.0 (CH3-CH2), 1.7 

(CH2 Aliph.), 1.3 (CH3-CH), 2.8 (CH2OH-CH2-NH) 

 

Cationic resin elemental analysis: Calcd. N 2.53, O 13.37, C 75.22, H 8.88, Found. N 2.56, O 16.37, 

C 72.86, H 8.21 

 

6.2.4 Electro-deposition bath set-up 

The employed electro-deposition lab-scaled equipment is depicted in Figure 6.2.  

Two Q-panels were connected with PVC rods and rinsed with dichloromethane. 

Then they were immerged in the electro-coating solution and the rods connected with the power 
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supply and different voltages were applied. 

The anode was always a QD type while the cathode was varied during the analysis of different 

substrate for the present cathodic electrodeposition (Figure 6.2).  

 

Figure 6.2. Schematic representation of the lab-scaled electrodeposition setup 

 

The electro-deposition bath has been set-up using the same ratios between cationic resin (VIII in 

Figure 6.1), lactic acid, 2-butoxyethanol and polyketone (IX in Figure 6.1) in water solution as 

described in the previous protocol [11]. The same holds for the weight ratios of ketimine, di-epoxy 

and flexibilizer in reaction step C (Figure 6.1) for all different di-amine analyzed. The potential has 

been individually tuned according to the acidity of the resulting protonated nitrogen moieties. Indeed, 

since electro-deposition is a charge-transfer limited phenomenon, more acid proton groups will need 

lower potential to achieve the same coating thickness. 

Depending on the observed kinetics, curing has been carried out in oven at atmospheric pressure, 

different temperatures (120 - 160°C) and different curing times (20 - 110 min). 

 

6.2.5 Methods 

The GC/MS of ketimine based on DETA was performed on a HP 5890 series II Plus GC system, using 

a SolGel-1 ms column, with a length of 30 m, an inner diameter of 0.25 mm and a 0.25 m film. 

Tetrahydrofuran (THF) was used as the carrier phase. A HP 5972 series Mass Selective Detector was 

used as the mass spectrometer.  

The GC/MS of the other ketimines was performed on a HP 6890 series GC system, using a HP5 

column (5% phenylmethylsiloxane) with a length of 30 m, an inner diameter of 0.25 mm and a 0.25 

m film. THF was used as the carrier phase. A HP 5973 Mass Selective Detector was used as the mass 

spectrometer. (Tinj 275°C) 

1H-NMR spectra were collected at room temperature using a Varian Oxford 200 MHz using CDCl3 as 
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the solvent.  

Elemental analysis was carried out on a Euro EA CAP 4012. 

Coatings were examined with a Zeiss Axioskop microscope, using the ZEISS Achrostigmat 10x/0.25 

and Zeiss Achrostigmat 20x/0.45 lenses respectively. 

The coatings thickness on the QD and R type Q-panels was measured in accordance with the ASTM 

D1186 [19] standard using a CM-8828 Refinishing Gauge. The thickness of coatings on the AL and A 

type Q-panels was measured in accordance with the ASTM D1400 [20] standard using a CM-8828 

Refinishing Gauge. 

Solvent resistance of the coatings was measured in accordance with the ASTM D5402 standard [21], 

using cotton cloth and methyl ethyl ketone (Acros, 99%) as the solvent.  

The strength index (n) for the coatings is defined as a normalized value of the coating solvent 

resistance in relation to its thickness.  

Adhesion of the coatings was measured by the tape test in accordance with test method B described in 

the ASTM D3359 standard [22]. 

 

6.3 Results and discussion 

The aim of this study was to design novel resin chemistry that provides controllable reactivity in 

polyketone based electro-deposition coating dispersions, while maintaining excellent coating 

performance. The sequential steps followed to achieve this goal and to optimize the deposition 

process will be discussed in the next paragraphs. The first paragraph discusses the reaction kinetics for 

some selected di-amines, which will be followed by the evaluation of the new resin performance in 

the coating process and as final cured coating.  

 

6.3.1 Paal-Knorr kinetics 

In order to assess a proper qualitative relations between amine steric hindrance and Paal-Knorr 

reactivity to be used during the curing stage, a kinetic study has been performed using a model 1,4-

dicarbonyl compound (i.e. 2,5,8-nonane-tri-one) and several di-amines (Figure 6.3). The amount of 

unreacted amine as function of time was determined by potentiometric titration. 
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Figure 6.3. Conversion data for the reaction of 2,5,8-nonanetrione with sterically hindered primary 

amines in the presence of 25% m/m ratio of 2,5,8-nonanetrione at toluene refluxing temperature 

 

The results show that the Paal-Knorr reaction is affected by steric hindrance at the - and -position 

relative to the primary amine groups.  Di-amines with un-substituted carbons in the -position to the 

amino group (i.e. m-xylylenediamine, norbornanedimethylamine and 4-aminomethylpiperidine 

(AMP)) clearly display faster kinetics than isophoronediamine and 4,4’-methylene-bis-

cyclohexylamine (the latter two are characterized by more steric hindrance in the - or -positions).  

Taking the supra-mentioned reactivity differences into consideration, it was decided to test the 

stability of the dispersion and the quality of the coating for two selected amines.  Each represents one 

of the two types identified above: 4-aminomethylpiperidine as a non-hindered diamine (AMP) and 4-

aminopiperidine (AP) as hindered structure comparable to the bis-cyclohexanediamine (employed in 

the kinetic study), but it still satisfying to the main requirements for the next electrodeposition studies. 

Indeed, bis-cyclohexanediamine cannot be directly used because one primary amino group needs to 

be selectively protected in order to further react during the Paal-Knorr curing reaction while the other 

is reacting with the bisphenol A resin. Thus a difference in reactivity between the two amino groups is 

compulsory and it can be achieved by using compounds with one primary and one secondary amino 
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groups, such as in the case of AMP and AP compounds. AMP and AP display the same chemical 

surroundings (i.e. the presence of a piperidine ring), but represent different levels of steric hindrance 

in the -position to the primary amine. Both indeed contain a secondary amino group, but their 

primary amino group is linked to a primary and secondary carbon, respectively. The two new systems 

were then compared with the PK0 and PK30 with DETA di-amine as reference systems. 

 

6.3.2 Effect of physical parameters in electro-deposition bath: time, applied potential and 

electrode distance  

The physical parameters of the electro-deposition bath are expected to affect the overall performance 

in terms of coating quality. The strength index (n) of the coating has been measured as a function of 

electrode distance, deposition time and applied deposition potential. 

For each of the coating types employed in the following experiments (DETA-0, DETA-30, AMP-30 

and AP-30), the setting of the experimental parameters were individually optimized in order to get a 

stable and homogeneous coating dispersion (Table 6.1). Indeed, the overall charge density of the 

amine-modified epoxy resin and their diffusion parameters are remarkably different. 

 

 Electrode 

distance (cm) 

Electrodeposition 

time (min) 

Applied 

voltage (V) 

Curing 

temperature (°C) 

Curing time 

(min) 

AMP-30 3 2 50 140 45 

AP-30 3 2 100 140 75 

DETA-30 3 2 150 140 30 

DETA-0 3 2 150 140 30 

Table 6.1. Overall experimental conditions used for the electrodeposition experiments 

 

The index was found to decrease as function of the electrode distance for the three employed systems 

(Figure 6.4) at 2 minutes electrodeposition time and 150 V. 
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Figure 6.4. Strength index (chemical resistance score divided for the coating thickness) for 

electrodeposition layers synthesized by DETA with different polyketones ethene content (30% and 

0%, DETA-30 and DETA-0, respectively) and AMP-30 with PK30 as cross-linker at different 

electrode distances. 

 

The indices for the three employed systems clearly seem to depend on the reactivity of the system. A 

better performance of AMP-30 with respect to DETA is observed which is in agreement with the 

corresponding reaction kinetics (vide supra). The fact that steric hindrance plays a dominant role here 

is further confirmed by using two different polyketones, differing in their ethylene content (30% for 

DETA-30 and 0% for DETA-0 in Figure 6.4) and thus in their relative steric hindrance along the 

backbone (the latter generally decreases with increasing ethylene content[17]). 

By analyzing the coating thickness at different electrodeposition time (d=3 cm, different V), it appears 

more clear that DETA-0 and AMP-30 coatings displayed constant thickness values at different times 

while DETA-30 coatings results to be thicker for longer electrodeposition times. The overall thickness 

follow this order DETA-30>DETA-0>>AMP-30.   
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Figure 6.5. Variation of thickness in coatings produced by DETA-30, DETA-0 and AMP-30 at 

different deposition times (3 cm electrode distance, different employed potential according to amine 

type) 

 

This is not surprising if one takes into account [23-25] that electro-deposition is a resistivity-limited 

phenomenon. As a consequence the polymeric coatings thickness increases till the layer resistivity 

formed around the electrode counter-balances the applied voltage. The thickness of the DETA 

coatings produced by using more sterically hindered polyketone PK0 (DETA-0) reached, at the same 

electro-deposition times, lower thickness in comparison with the one obtained with PK30 (DETA-30), 

probably because of the presence of the methyl groups along the backbone. The strength index vs. 

applied potential of DETA-30, AMP-30 and AP-30 coatings (Figure 6.6) showed that the first is 

remarkably affected by the potential while the latter two displayed more stable behavior.  
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Figure 6.6 Strength index of electro-deposition coatings synthesized with DETA-30, AMP-30 and 

AP-30 compounds (i.e. in the presence of PK30 as cross-linker) at different applied voltage with 2 

minutes electrodeposition time and 3 cm electrode distance. 

 

These results might be correlated with the protonation degree of the three resins. Indeed, a pH of 4.5 

is used during electrodeposition and, at this pH value, part of the amino group pendant on the cationic 

resins are protonated and responsible of the macromolecule migration and deposition on the cathode 

[26]. Since AMP and AP display a lower PKa than DETA, the electrodeposition process of the former 

is more gradual and less susceptible to potential variations.   

Such control in the deposition kinetic is highly desirable in order to achieve good homogeneity 

between the cross-linker and the cationic resin in the final coating. Moreover, Figure 6.6 indicates a 

comparable strength index of AP-30 and DETA-30 coatings while AMP-30 scored higher values.   

It is important to notice that in the general framework of physical parameters optimization, lower 

coating thickness was obtained for AP-30 and AMP-30 coatings compared to DETA-30 and DETA-

100 ones, but with comparable, if not superior, properties in terms of adhesion and chemical 

resistance.  

 

6.3.3 Effect of different curing times and temperatures 

Curing time and temperature will affect the coating quality in terms of mechanical properties, such as 

wear-resistance and adhesion. Cationic resin synthesized by DETA-30, DETA-0, AMP and AP in the 

presence of PK30 as cross-linker, at different curing times and temperatures (Figure 6.7 a and b 

respectively) showed that AMP-30 and AP-30 coating need longer curing time in order to achieve the 

same performance in terms of coating durability.  
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a 

 

b 

Figure 6.7. Strength index of coatings synthesized by diverse amine compounds at different curing 

time (a) with curing temperature of 140°C and different curing temperatures (b) with curing time of 

75 min for AP-30, 30 min for DETA-30 and DETA-0, 45 min for AMP-30  

 

This is in perfect agreement with the kinetics on model compounds (vide supra). On the other hand, 

AMP-30 coating showed an outstanding strength index at 45 minutes, which is longer than all other 

examined coatings. Moreover, longer curing time causes an overall slight increase of strength index 

for the three resins characterized by steric hindrance (i.e. DETA-0, AMP-30 and AP-30) while DETA-

30 was not significantly affected.  
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Data for strength against cure time (at constant temperature of 140°C) and those for strength against 

cure temperature show that better strength data are achieved for better cured resins. Longer reaction 

times and higher temperatures result in better strength performance for each system and stipulate the 

differences in reactivity between the systems. The reactivity follows the sequence (high to low): 

DETA-30> DETA-0>AMP-30>AP-30.  

All the displayed results might be explained as a consequence of slower kinetics for AMP-30 and AP-

30 with the respect to DETA-30, thus confirming the validity of the original hypothesis (i.e. fine 

tuning of the coating properties by control of the reaction kinetics). 

 

6.3.4 Effect of different metallic substrates 

In order to assess the versatility of such electro-deposition process, four diverse electrode substrates 

were tested. 

QD and R panels were used as stainless steel material with different roughness (<20 and 25-65 inch) 

as well as two types of aluminum panels, chromated (AL) and not chromated (A) (Figure 6.8).  

 

Figure 6.8. Strength index performance of cationic resins synthesized by DETA-30, AP-30 and AMP-

30 amines in the presence of PK30 as cross-linker and coated on different metal substrates (t=2 min, 

d= 3 cm, V and curing time varied with amine type (Table 6.1), curing temperature 140°C) 

 

AMP-30 coatings resulted in higher strength index in all materials, except when using AL panels. By 

using the latter, the strength index of the three cationic resin coatings did not vary. While DETA-30 

reached the highest strength index with AL substrate, AMP-30 showed its best result with R panel and 

AP strength index did not vary by using diverse electrodes. Although the reason for such differences 

at the molecular level are yet to be investigated, one might notice that not only the newly synthesized 

AMP-30 and AP-30 coatings did not reduce the DETA-30 coating versatility but the overall 
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performance in all substrates are evidently improved.  

 

6.3.5 Electro-deposition bath stability 

The previous electro-deposition dispersions used for the coatings during the process optimization 

phase have also been tested after 21 and 56 days (Figure 6.9) in order to check their stability.  

Figure 6.9. From the top to the bottom, optical microscope (20X) and visual coating images of 

DETA-30, AP-30, AMP-30 (in the presence of PK30 as cross-linker) (experimental conditions listed 

in Table 6.1) (Samples a – c based on resin stored for 56 days) 

 

As a result, the coating morphology of the three different amines (DETA-30, AMP-30 and AP-30) is 

strikingly different. The coatings with the two sterically hindered amines showed a radical 

improvement in morphology with respect to the one based on DETA-30. The coating prepared with a 

fresh resin of the latter appeared quite irregular and different thickness values were indeed measured 

in different regions proving its intrinsic roughness. In addition, the appearance of bubbles caused by 

the electrochemical formation of hydrogen and resin instability affected the coating homogeneity and 

is not expected to ensure an adequate protection towards corrosion processes at the metal substrate 

[27]. Freshly prepared AP-30 and AMP-30 based resins produced a uniform coating, with few visible 

imperfections or pinholes. Retaining of the morphological properties were actually observed by 

optical microscope and visually after re-usage of the stored AMP-30 and AP-30 electrodeposition 

baths after 28 days and 56 days (Figure 6.9). 

Such result is indicative of higher bath stability of AMP-30 and AP-30 coatings compared to DETA-

30 ones and confirms our first hypothesis of a possible tuning by steric hindrance of the amine in 

Paal-Knorr curing mechanism for electrodeposition baths.    
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6.4 Conclusions 

Novel polyketone-based resins were tested in electro-deposition process for automotive applications 

in order to implement a previous protocol based on diethylentriamine (DETA) modified epoxy 

coatings. 

In first instance, we proved the sensibility of the curing reaction (Paal Knorr mechanism) through a 

relatively simple model compounds study. As a consequence, higher sterically hindered (i.e. 4-

aminopiperidine, AP and 4-(aminomethyl)piperidine, AMP) amino coatings were successfully 

prepared and compared to the previous study. The displayed coatings showed higher bath stability and 

negligible formation of pin-holes on the coating surfaces even 56 days after the preparation of the 

bath, thus exhibiting an excellent shelf-life. 

The proposed system represents a perfect and desirable alternative to the several coating formulations 

used in electro-deposition process for automotive applications and a firm, green-oriented perspective 

for catalyst-free and not highly toxic electro-deposition bath formulations. 
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 Summary  
 

 
Alternating aliphatic polyketones, synthesized by ter-polymerization of carbon monoxide, ethene and 

propene through the use of homogeneous palladium catalyst, represent excellent polymer building 

blocks for the synthesis of functional polymers. This research focuses on the synthesis and 

applications of functional polymeric materials derived from alternating aliphatic polyketones (Mw 

1500-5500). These materials, because of the presence of carbonyl groups along the backbone, allow a 

wide range of modification reactions, by which the thermal, morphological and mechanical properties 

can be easily modulated. In particular, the Paal-Knorr reaction of primary amines with 1,4-dicarbonyls 

yields pyrrolic rings along the backbone in a straightforward and convenient way (i.e. without the use 

of any solvent or catalysts). The reaction is tolerant towards a wide range of functional groups on the 

amine compound, thus paving the way for a variety of functional polymers (Figure 1). 

 

 

 

Figure 1. Synthesis of functional polymers by Paal-Knorr reaction of alternated aliphatic 

ethene/propene polyketones with various amines 

 

In the last decade, many publications have suggested that site-specific binding between charged 

polyelectrolytes bearing aromatic functional groups and aromatic water-soluble counterions such as 

dyes, redox-active compounds and drugs, can be held by means of aromatic-aromatic interactions. In 

Chapter 2, modified polyketones bearing pyridine and imidazole pendant groups as charged aromatic 

moieities (light blue frame in Figure 1) were used to prevent aggregation of 5,10,15,20-tetrakis-(4-
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sulfonatophenyl)-porphyrin. These polymers undergo aromatic-aromatic interactions with H2TPPS4- 

seen through UV-Vis spectroscopy by a shift of 10 nm of the Soret band to lower energies. Besides, 

the interaction produces a stabilization of the tetra-anionic form of TPPS, avoiding the formation of 

the di-anionic H4TPPS2- and its self-aggregation up to pHs lower than 2. In the presence of a large 

excess of PK-Py (90-fold), H4TPPS2- is formed at pH 1.4 or lower, while in the presence of PK-Im it is 

not formed at all even at strong acidic conditions such as pH 1.3. The influence of the polyelectrolytes 

on the aggregation patterns of TPPS strongly depends on the polymer structure as a whole: low linear 

aromatic density and flexibility enhances H-aggregation of H2TPPS4-; higher linear aromatic density 

and rigidity serves to prevent the formation of these H-aggregates. 

 

The concept of re-workable thermosets aims at combining the positive properties of cross-linked 

materials with the processability and recyclability of thermoplastic ones. Indeed, part of the polymer 

network can be de-cross-linked by applying an external stimulus, like for example light or heat. A 

DA/rDA thermo-reversible thermoset was previously synthesized by employing the Paal-Knorr 

reaction of aliphatic polyketones with furfurylamine (yellow frame in Figure 1), followed by cross-

linking with an aromatic bis-maleimide. In this previous study, 100% healing and recyclability was 

found for several (up to seven) thermal cycles through DMTA and 3-point bending test. This thermo-

recovering efficiency was tested in Chapter 3 for other furan concentrations and furan/maleimide 

ratios through gelation experiments, DSC and DMTA studies. Cross-link density measurements show 

that higher furan intakes and maleimide concentrations both lead to higher cross-link densities as well 

as shorter gelation times. DSC measurements show that the de-cross-linking temperature is only 

marginally influenced by the furan and maleimide concentrations. However, the rDA enthalpies 

steadily decrease, although only slightly, for different thermal cycles. Isothermal DMTA 

measurements show how the majority of the cross-linked samples regain their original strength in 1 h 

aftertreatment at 50°C. The Tg of these materials can be tuned by using the right amount of furfuryl 

amine (during the PK modification step) and cross-linker. This demonstrates the robustness of the 

furan-modified PK system, showing almost full mechanical reversibility (e.g. loss and storage 

modulus during thermal cycling), independently of the furan intake.  

 

In Chapter 4, another DA/rDA thermo-reversible system was synthesized based on cyclopentadiene 

pendant units. The synthesis was carried out in two steps: chloride functionalization of alternated 

aliphatic polyketones by Paal-Knorr reaction with 1-amine, 3-chloropropyl (green frame in Figure 1) 

followed by substitution of the chlorine with cyclopentadiene. Gelation experiments, DSC and DMTA 

analysis showed the materials’ thermoreversibility.  Up to six DMTA thermal cycles were performed 

without any significant loss of thermo-mechanical properties. DSC measurements show a broad rDA 

exothermic transition around 70-160°C assigned to dicyclopentadiene rDA de-cross-linking while the 

softening temperature (as measured by DMTA) is in the range 203-209°C. Such relevant difference 
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between the cyclopentadiene system and the one based on furan has been tentatively related to the 

chemical structure of the formed polymer. It must be noticed how this represents a relevant extension 

of temperature application window for such covalent reversible network.  

 

Water streams polluted by the presence of heavy metal ions, such as Cr(VI), Hg(II), Ni(II) or Co(II), 

represent relevant problems of the environment. The current purification methods (i.e. liquid–liquid 

extraction, bulk-liquid membrane system, sorption, precipitation, coagulation, flocculation process and 

electrochemical treatment) do not represent optimal solutions since they display problems connected 

with up-scaling. In this context, the use of cross-linked functional polymers able to form complexes 

with several metal ions might offer an alternative techological solution. In Chapter 5, we describe the 

synthesis and cross-linking of polyketones bearing primary amines, amino-carboxyls, piperazine and 

tertiary amines as pendant functional groups (red frame in Figure 1). Three cross-linked resins (X-

PKDap, X-PKLys and X-PKPip) were selected for metal uptake experiments in the presence of 

several different inorganic salts (Cu(II), Ni(II), Co(II), Cr(III), Fe(III), Ag(I) and Hg(II)). The 

differences in uptake were tentatively explained on the basis of specific characteristics of the ligand 

(functional group)/ion pair. The observed uptakes are shown to be significantly higher than those for 

similar systems reported in the literature, probably because of the relatively higher concentration of 

complex forming functional groups.  

 

Electrodeposition processes of organic coating layers on metal surfaces are of paramount importance 

(e.g. in the automotive industry) in providing resistance against corrosion for several different metallic 

substrates. However, the materials currently used as well as the electrodeposition process itself are far 

from optimal. The currently used materials (i.e. polyurethanes) rely on the use of toxic catalytic 

systems and compounds and are charcaterized by relatively fast curing kinetics, these represent a clear 

disdavantage when taking into account the stability of the electrodeposition bath. A previous study on 

the implementation of an alternative system involved the use of aliphatic polyketones as cross-linking 

agents prepared through a Paal-Knorr reaction of selected amino compounds (dark blue frame in 

Figure 1). The proposed system shows a relatively low bath toxicity compared to the current industrial 

methods based on polyurethanes, but is still characterized by relatively fast kinetics. In Chapter 6, we 

proved the sensibility of the curing reaction (Paal Knorr mechanism) to steric hindrance through a 

simple kinetic study involving on a model compound (2,5,8-nonanetrione). As a consequence, more 

sterically hindered amines (i.e. 4-aminopiperidine, AP and 4-(aminomethyl)piperidine, AMP), with 

respect to the ones claimed in the previous study, were used for the coating preparation. The proposed 

coatings show higher bath stability and negligible formation of pin-holes on the coating surfaces even 

56 days after the bath preparation, thus exhibiting an excellent shelf-life. The proposed system 

represents a perfect and desirable alternative to the several coating formulations used in electro-

deposition processes. 
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Alternerende alifatische polyketonen, gesynthetiseerd doormiddel van ter-polymerisatie van 

koolstofmonoxide, etheen en propeen met behulp van een palladium katalysator, vormen een 

excellent polymere bouwsteen voor de synthese van gefunctionaliseerde polymeren. Dit onderzoek 

focust zich op de synthese en toepassing van functionele polymere materialen afgeleid van 

alternerende alifatische polyketonen (Mw 1200-5500). Deze materialen zijn, door de aanwezigheid 

van carbonyl groepen in de hoofd-polymeerketen, geschikt voor een breed scala aan 

modificatiereacties waarmee de thermische, morfologische en mechanische eigenschappen 

gemakkelijk gemodificeerd kunnen worden. De Paal-Knorr reactie, in het bijzonder, van primaire 

amines met 1,4 dicarbonylen geeft pyrrool ringen in de hoofd-polymeerketen in een gemakkelijke en 

directe manier (d.w.z. zonder gebruik van oplosmiddel of katalysator). De reactie tolereert een breed 

scala aan functionele groepen in de amine verbinding, wat de weg vrijmaakt voor een variëteit aan 

functionele polymeren (fig1).  

 

Figuur 1. Synthese van functionele polymeren door Paal-Knorr reactie van alternerend alifatisch 

etheen/propeen polyketon met diverse amines  

 

In de afgelopen tien jaar is er in diverse publicaties gesuggereerd dat aromaat-aromaat interacties 

verantwoordelijk zijn voor regio-specifieke binding tussen geladen polyelektrolyten met aromatische 

functionaliteit en aromatische water-oplosbare tegenionen als kleurstoffen, redox-actieve stoffen en 
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geneesmiddelen. In Hoofdstuk 2 worden gemodificeerde polyketonen met pyridine en imidazool 

zijgroepen als geladen aromatische component gebruikt om aggregatie van 5,10,15,20-tetrakis-(4-

sulfonatofenyl)-porfyrine tegen te gaan. Deze polymeren ondergaan aromaat-aromaat interacties met 

H2TPPS4- zichtbaar met behulp van UV-vis spectroscopie door een verschuiving van de Soret band 

van 10 nm. richting lagere energie. Tevens vindt er door de interactie een stabilisatie plaats van de 

tetra-anionische vorm van TPPS waardoor de vorming van het di-anionisch H4TPPS2- en de zelf-

aggregatie tot pH-waarden lager dan 2 geremd wordt.  In aanwezigheid van een grote overmaat PK-

Py (90 equivalenten) wordt H4TPPS2- gevormd bij pH-waarden van 1,4 en lager, terwijl in 

aanwezigheid van PK-Im dit zelfs niet gevormd wordt bij zeer zure omstandigheden zoals pH 1,3. De 

invloed van polyelektrolyten op de aggregatiepatronen van TPPS is sterk afhankelijk van de structuur 

van het polymeer in zijn totaliteit: lage aromaat dichtheid en flexibiliteit verbetert H-aggregatie van 

H4TPPS2- ; hogere lineaire aromaat dichtheid en starheid voorkomt de vorming van deze H-

aggregaten.  

Het concept re-workable thermosets tracht de positieve eigenschappen van vernet materiaal te 

combineren met de verwerkbaarheid, en recycleerbaarheid van thermoplasten. Het is zelfs zo dat een 

gedeelte van het polymeernetwerk kan worden ontkoppeld door externe stimuli zoals bijvoorbeeld 

licht of warmte. Een DA/rDA reversibele thermoharder is reeds gesynthetiseerd door gebruik van de 

Paal-Knorr reactie op alifatische polyketonen met furfurylamine (gele kader in figuur 1), gevolgd 

door vernetting met een aromatisch bismaleimide. In dit onderzoek werd 100% healing en 

recycleerbaarheid gevonden na diverse (tot zeven) thermische cycli in DMTA en 3-point-bending 

tests. De effectiviteit van deze thermo-regeneratie is getest in Hoofdstuk 3 met andere furaan 

concentraties en furaan/bismaleimide ratio’s met behulp van gelatie experimenten, DSC en DMTA 

studies. Vernettingsdichtheidsmetingen tonen dat een hogere furaan opname en maleimide 

concentraties beiden leiden tot hogere vernettings dichtheid alsook een kortere gelatietijd. DSC 

metingen tonen dat de ontkoppelingstemperatuur slechts marginaal beïnvloed wordt door de furaan en 

maleimide concentraties. Echter, de rDA enthalpieën nemen geleidelijk af, al is het maar gering, bij 

verschillende thermische cycli. Isothermische DMTA metingen tonen dat de meerderheid van de 

vernette monsters hun originele sterkte herkrijgen in 1 uur nabehandeling bij 50°C. De Tg van deze 

materialen kan worden afgesteld door gebruik van de juiste hoeveelheid furfurylamine (tijdens de PK 

modificatiestap) en crosslinker. Dit demonstreert de robuustheid van het furaan-gemodificeerd PK 

systeem, waarbij een bijna volledige mechanische reversibiliteit getoond wordt (bijv. de loss en 

storage modulus gedurende thermische cycli) onafhankelijk van de furaan opname.  

In Hoofdstuk 4 is een ander DA/rDA thermo reversibel systeem gesynthetiseerd gebaseerd op 

cyclopentadieen zijgroepen. De synthese is uitgevoerd in twee stappen: chloride functionalisatie van 

alternerend alifatisch polyketon door Paal-Knorr reactie met 1-amine, 3-chloropropyl (groen kader in 

figuur 1), gevolgd door substitutie van het chloor door cyclopentadieen. Gelatie experimenten, DSC 
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en DMTA analyse toonden de thermoreversibiliteit van het materiaal. Tot zes DMTA thermische 

cycli zijn uitgevoerd zonder significante afname van thermo mechanische eigenschappen. DSC 

metingen toonden een brede rDA exothermische overgang bij 70-160°C behorende bij 

dicyclopentadieen rDA ontkoppeling terwijl de verwekingstemperatuur zich bevindt in de regio 203-

209°C (zoals aangetoond door DSC). Een dergelijk relevant verschil tussen het cyclopentadieen 

systeem, en hetgene gebaseerd op furaan is voorlopig toegedicht aan de structuur van het gevormde 

polymeer. Het moet worden opgemerkt dat dit een relevante uitbereiding vertegenwoordigd op het 

toepasbare temperatuur gebied voor dergelijke covalente netwerken.  

Waterstromen, verontreinigd door de aanwezigheid van zwaar metaal ionen als Cr(VI), Hg(II), Ni(II) 

of Co(II), vormen een relevant probleem voor het milieu. De huidige zuiveringsmethoden 

(bijvoorbeeld vloeistof-vloeistof extractie, bulk-vloeistof membraan systeem, sorptie, neerslag, 

coagulatie, vlokvorming proces, en elektrochemische behandeling) zijn geen optimale oplossingen 

daar ze allen problemen tonen met relatie tot opschalen. In deze context kan het gebruik van vernette 

functionele polymeren welke in staat zijn complexen te vormen met diverse metaalionen een 

alternatieve technische oplossing bieden. In Hoofdstuk 5 beschrijven we de synthese en vernetting 

van polyketonen met primaire amines, amino-carboxylen, piperazine en tertiaire amines als zijgroep 

(rode kader in figuur 1). Deze vernette harsen (X-PKDap, X-PKLys en X-PKPip) zijn geselecteerd 

voor metaalopname experimenten in aanwezigheid van diverse anorganische zouten (Cu(II), Ni(II), 

Co(II), Cr(III), Fe(III), Ag(I) en Hg(II)). De verschillen in opname zijn voorlopig verklaard op basis 

van de specifieke karakteristieken van het ligand(functionele groep)/ ion paar. De geobserveerde 

opnames zijn aangetoond als significant hoger dan die van vergelijkbare systemen vermeld in de 

literatuur, waarschijnlijk door de relatief hogere concentratie van complex vormende functionele 

groepen.  

 Elektrostatische depositie processen voor organische coatingslagen op metalen oppervlaktes zijn van 

cruciaal belang(in bijvoorbeeld de auto-industrie) voor het aanbrengen van weerstand tegen corrosie 

voor diverse metalen. Echter de materialen die momenteel gebruikt worden evenals het proces zelf 

zijn verre van geoptimaliseerd. De huidig toegepaste materialen (bijv. polyurethanen) zijn afhankelijk 

van het gebruik van giftige katalysatoren en grondstoffen en worden gekarakteriseerd door relatief 

snelle uithardingskinetiek, dit vormt een nadeel wanneer de stabiliteit van het depositie bad wordt 

beschouwd. Een eerder onderzoek over de implementatie van een alternatief systeem betrof het 

gebruik van alifatische polyketonen als crosslinker, bereid door de Paal-Knorr reactie met bepaalde 

amino-verbindingen (donkerblauwe kader in figuur 1). Het voorgestelde systeem vertoont een relatief 

lage bad-toxiciteit vergeleken met de huidig toegepaste industriële systemen gebaseerd op 

polyurethanen, maar wordt nog steeds gekenmerkt door relatief snelle kinetiek. In Hoofdstuk 6, 

hebben we de gevoeligheid van de uithardingsreactie (Paal-Knorr mechanisme) voor sterische hinder 

aangetoond met behulp van een simpel kinetisch model van een modelverbinding (2,5,8-nonaantrion). 
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Vervolgens zijn er meer sterisch gehinderde amines ( bijv. 1,4-aminopiperidine, AP en 4-

aminomethyl)-piperidine)gebruikt voor de bereiding van de coating in verhouding tot degenen 

vermeld in het voorgaande onderzoek. De voorgestelde coatings tonen een hogere bad-stabiliteit en 

verwaarloosbare formatie van pin-holes in het coatings oppervlak, zelfs na 56 dagen na de bad 

preparatie, wat een excellente houdbaarheid betekent. Het voorgestelde systeem vertegenwoordigt een 

perfect, en wenselijk alternatief voor de diverse coatings formulaties gebruikt in elektro depositie 

processen.  
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