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2. Abstract 

In this project, we have designed and prepared electrically conductive nanocomposites by 

using thermally reversible thermoset polymers. The thermosets, which are based on reversible 

covalent bonds (Diels-Alder) and physical interactions (hydrogen bonding), are reinforced with 

multi-walled carbon nanotubes (MWCNTs) to render nanocomposites with electrically induced 

self-healing properties. The results showed self-healing behavior of these materials at nano-scale 

by means of rearranging MWCNTs as shown by microscopy, micro-scale by cracks repairing and 

enhancement of mechanical properties at macro-scale by higher elastic (10,57 GPa) and loss 

modulus (0,27 GPa) and damping factor (Tan delta 183 °C) in thermo-mechanical measurements. 

All these features point out to prolong the service life of polyketone, improve the product 

performance making it effectively stronger and more reliable. Moreover, overcoming the non-

reprocessability of conventional cross-linked polymer nanocomposites after their service life. The 

latter represents a novel contribution to multifunctional nanocomposites that possess potential 

scalability and recyclability according to the “cradle to cradle” approach, a keystone in the current 

efforts for industrial sustainability. 

3. Introduction 

3.1 Polymers 

Polymers are worldwide involved in all the areas relevant to materials science and 

engineering. Polymeric materials were firstly full synthesize in the early 1900s but made its 

breakthrough around 1940/50’s driven by the chemical industry expansion and World War II. 

Since then, the main raw material supplier for the production of polymers are petrochemical 

related1. This reason triggers a great environment apprehension by society and as a consequence, 

more investigations towards decreasing the harm of polymers in nature have been done. There 

are a couple of methods presented that could lead to more environmentally friendly polymers, for 

instance, polymers made from renewable sources2, recyclable3 or biodegradable4 polymer 

materials, or even prolong the service-life of the material5 while preserving its function. One of 

the challenges to produce an environmentally friendly polymer is to match the price and/or the 

mechanical, physical and chemical features that the materials carry according to each application. 

Suitable to the purpose of materials assortment, polymers can be assigned to different groups 

according to their processing characteristics, type of polymerization mechanism, polymer 

structure6 or even on the basis of product properties7 (Figure 3.1) 
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Figure 3.1 Interrelated polymer properties categories 

On behalf of thermal processing behavior, polymers can be classified as thermoplastics or 

thermoset. Thermoplastics are materials that under high temperatures can melt and flow like a 

viscous liquid, allowing the materials to be formed in a specific shape when cooled hardens 

reacquiring its strength. Typically, thermoplastics are able to be reprocessed, at a certain level, by 

temperature cycles without losing much of its original mechanical properties8,9. On the other hand, 

thermosetting plastics are shaped under heat, pressure and/or mixing two reactive components 

that will harden the material permanently10 which makes this material a great candidate for 

composites, adhesives, and coatings. The process of polymerization consists of the creation of 

chemical covalent bonds between separate polymer chains, thus cross-linking the material to 

produce a network. Once these crosslinking covalent bonds are incorporated into the material, it 

produces a polymer usually with higher rigidity if compare to thermoplastics, and that is not able 

to be melted under high temperatures8,11. Due to this lack of reprocessability, thermosets are 

usually are ground to produce cheap reinforcement fillers, thermally processed to retrieve a 

possible fiber content or to generate energy at the end of their service-life 12,13. 

It is relevant to mention that polymers can be adjusted in a great variety of ways according 

to each application. Nowadays, polymer materials science has discovered numerous methods to 

perform these modulations with additives14, stabilizers15, fillers16 or modifying the chemistry of 

the material17. Moreover, the particular aspect of polymers to crosslink can also be tunable 

according to the demands of the final product. For instance, a higher degree of crosslinking may 

result in the network rather rigid and intractable, producing a material less soluble to organic 

solvents18. However, lightly cross-linked materials shall deliver the potential for reversible 
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deformation19, solvent swelled systems20 and liquid crystalline elastomers21. Additionally, 

different methods to adjust polymers properties and appearance have been implemented. 

Following the same concept of modulating polymers to fulfill a set of demands, electrically 

conductive or insulator polymers have an important role for industrial applications. Most of the 

polymers applied to deal with electricity in the actual scenario are applied with the aim to insulate 

electrically a certain material or region. However, electrically conductive polymers occasionally 

are neglected as a material since metals can present higher electrical conductivity. Anyhow, 

because of other properties associated with polymers plus the semi-electric conductivity22, most 

often polymers are used for instance to dissipate static electricity23. 

 Thermoreversible crosslinking 

Despite having reported that thermoset polymers are cross-linked and cannot be remolded, 

an interesting method still can be applied to thermosets in order to improve the after use of the 

material. The so-called reversibly crosslinked polymer indeed can be processed as a thermoplastic 

material at high temperature while the material will still behave like a thermoset at lower 

temperatures24. To put it in another way, thermoreversible cross-linked thermoset materials that 

can be at certain level remolded, present great potential to be recyclable and might be easier to 

process than conventional thermosets25. Significantly, the crosslinking reversibility does not 

breach all the bonds between chains, nevertheless, it does act in enough bonds to maintain 

dimension, stability, and thermoplasticity of the material26. During the process of reversibility, 

the polymer chains de-cross-liked and are able to be in motion due to the continuously disengage 

and reengage of the bonds according to the equilibrium shift heading to the de-cross-linked state. 

 Polyketones 

Polyketones are synthesized since the early 1940s, however, it reached the market only 

after the 90s with significant improvements in the production27 inspired by the discovery of a 

pathway involving catalyst (Figure 3.2)28. With the new improvements and introduction of a 

catalyst to the reaction, polyketone can be produced at relatively low pressure, and mild 

temperature, therefore until now a couple of improvements have been done in the aspects of 

selectivity, productivity, and environmental impact29. The reaction to obtain polyketone is 

reached through the copolymerization of carbon monoxide and unsaturated hydrocarbon 

monomers, for instance, olefins like ethylene and propylene30. Recapping, polyketones are of 

great advantage for polymers science due to the fact that essentially is composed of low-cost raw 

materials. In the case of ethylene and propylene, they are being utilized as unsaturated 

hydrocarbon monomers materials that can be originated from bio-based resources31. Besides, the 

copolymerization of CO with alkenes contributes to the sequestration of the gas, thus diminishing 
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its presence in the atmosphere. Owed by its structure, polyketones display considerable 

disposition to achieve functional polymers32 considering that the carbonyl group is quite polar 

therefore the oxygen is electronegative and draws electrons off from the carbon atom. 

 
Figure 3.2 Alternating ethylene-carbon monoxide polyketone.28 

The great concentration of highly reactive 1,4 di-carbonyl groups is responsible for the 

efficient reaction to functionalize polyketones. Nonetheless, the polymer modification can be 

performed under mild conditions (100oC and 1 atm) by Paal-Knorr synthesis, with a short time of 

reaction (4 to 5 hours), without any use of catalyst but still along with high effectiveness of 

conversion25. Because of these features, is prevailing in researches associated with polyketone, 

modification of the polymer with amine compounds (Figure 3.3)33, which involves basically the 

formation of a pyrrole ring between an amino group and two adjacent carbonyl groups and the 

elimination of water (Figure 3.4). Then again the Paal-Knorr method described, even with the 

simplicity of reaction have already presented researches that created materials with self-healing 

properties24, wood adhesives34, shape-memory features20, remediation of waste waters35,36, semi-

electrical conductors37 and recyclable thermosets38. 

 
Figure 3.3 Paal-Knorr reaction of alternating aliphatic polyketone with furfurylamine39 

 
Figure 3.4 Mechanism of Paal-Knorr reaction with a primary amine40 
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Provided that, it has been proved that polyketone modified with furfurylamine can be cross-

linked with bis-maleimide and result into a thermoset polymer network capable of performing 

reversible reaction via Diels-Alder (DA)/retro-DA reactions39 cycloaddition that will be explained 

with more details later in this section. That is to say, the furan groups grafted into the polyketone 

chain allows the formation of three-dimensional network structures after crosslinking.  

3.2 Composite Materials 

Providing material design with a wider range of possibilities and most of the time with 

longer life span, composite materials are referred when two or more components are combined in 

one, visibly separated but that help each other to achieve different features if compare to them 

individually12. Polymer matrix composites are relatively easier to produce since comparing to 

other composites (i.e. metal and ceramic matrix) can be manufactured at lower temperatures8. 

Together with the broad possibilities of materials, the composite material can be designed aiming 

to influence the final product in the manner of price, density and the most common objective, the 

mechanical properties8,41. In addition, it is important to mention that in the process to design a 

composite material, it is important to take into consideration that the interphase interaction of 

reinforcement and matrix will tune the performance of the final product42. For instance, there 

might be relevant the wetting between polymer molecules and filler surface, the diffusion of low 

molecular weight components from the filler, if there is any catalytic effect in the interface or the 

existence of selective adsorption from the matrix component43,44(Figure 3.5). 

 

Figure 3.5 Schematic representation of composite interface/interphase44 

Hereafter, the dimension of reinforcements was reduced to micro and after to nano sizes. 

This reduction of magnitude is done in order to improve the control of direction and interaction 

of the filler with the matrix, considering that mechanical properties of a composite among other 

features can be remarkably better manipulated45 according to the dimensions of the reinforcement. 

Evidently, the decrease of filler dimensions is directly related with the increase in surface area, 

and that is the key point of singular properties that nanocomposites can cover and could not be 

achieved with macro and micro fillers11. 
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 Carbon Nanotubes 

Essentially carbon nanotubes (CNT) are ordered rolled sheets of hexagonal array of carbon 

atoms with nanometres of diameter and can be synthesized from graphite and fullerenes to 

produce two types, a more common form called multi-walled carbon nanotubes (MWCNT) where 

the cylindrical form consists of several layers of concentric graphitic carbon layers and a less 

common type the single wall carbon nanotube (SWCNT), and as the name suggest is one single 

layer of carbon atoms11. 

As a result of remarkable properties and recognized as one of the stiffest and strongest man-

made material in the world, carbon nanotubes (CNT) have been in the leading edge for the last 

generations in the nanotechnology researches. CNT is unique because, despite the dimensions, 

they are able to conduct electricity and heat considerably more efficient, present and provide to a 

composite matrix notable mechanical property46–48. However, a composite material with 

reinforced CNT mirroring all its singular properties is a challenge since it has to take into 

consideration CNT diameter, length, concentration, dispersion, interaction, adhesion, crystalline 

defects, etc41. Nowadays, the most studied application of CNT in composites are the polymer 

nanocomposites, in which its production implicates a dispersion to incorporate inside the polymer 

the CNT fillers. The CNT dispersion uniformity will highly effect on the polymer composite 

properties, not only mechanically, but also electrical and heat conductivity. CNT clusters inside 

the composite, might result in stress concentrate point and reduce mechanical property of the final 

product49. 

Enhance of mechanical properties of different polymer composites systems with CNT have 

been studied and proved that a small wt% of CNT can drastically improve toughness elastic 

modulus and break strength50 as long as it well introduced and dispersed. Anyhow, despite the 

numerous amounts of papers been published, still, there is room for investigation regarding 

variations of parameters as the polymer matrix, CNT type, chemical pre-treatment, processing 

strategy, interaction, etc, disclosing new class of composite materials with promising properties. 

3.3 Self-healing thermoset polymer  

Self-healing materials came into scope as an alternative to damage prevention with the 

concept of damage management. The issue with the failure of materials is now seen not as a 

problem as long as if can be corrected by an autonomous action of healing the damage51. As 

briefly mentioned before, is possible to increase the life span of a polymer thermoset or introduce 

a design to recycle it without considerably losing their original properties. The self-healing 

technique is one of the feasible solutions to introduce these features to a thermoset polymer, 

granting the material to be restored and reused after their first service life52. One particular 

technique that will be exploited in this report to achieve thermosets self-healing materials, is 
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where the damage management occurs due to chemical modification of the base polymer. 

Functional groups grafted to the backbone of the polymer are able to sustain a reversible reaction 

under, or not, external stimulus33,53. For instance, researches have already proved that is possible 

for a polymer with non-reworkable abilities to be functionalized with specific groups and acquire 

self-healing features that can be triggered under heat and/or light39,54 (Figure 3.6). 

 

Figure 3.6 Schematic illustration of light/heat-triggered self-healing of a crack, requiring the formation of new 

chemical bonds and fusion of crack surfaces54 

Moreover, to achieve the mentioned self-healing throughout the functional groups, a couple 

of approaches can be taken into consideration. Some of these concepts engage Diels-Alder (DA) 

and hydrogen bonding as active groups in order to produce a polymer material upon thermally 

reversible features55. Furthermore, the healing process can even include a combination of the DA 

groups retrieving covalent bonds, and hydrogen groups assisting to recover non-covalent bonds 

resulting in reversible interaction (Figure 3.7)33. This association of functional groups optimizes 

the network healing process because each group gives support to the damage maintenance at 

different levels of energy. Therefore, adjusting the ratio between groups can ease the tunability 

of the material consequently adjusting the healing speed, trigger temperature and other parameters 

related to the healing process39. 

 

Figure 3.7 Schematic representation of DA / retro-DA sequence of furan-functionalized polyketone (PK) cross-linked 

with bismaleimide and hydrogen bonding33 

This method of combining two functional groups not only allow to manufacture a range of 

different polymer materials with the same polymer backbone structure but also to define with 

Heat

Light   
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more precision the importance of each group and its interaction on the thermal and mechanical 

performance of the system. Despite the significance of the system and a lot of publications 

regarding the combination of groups and their activity apart39,55,56, the design and implementation 

of such system in the industry still face issues concerning cost, synthetic steps and reproduction 

of mechanical properties as polymers already used in the market. 

 Self-healing thermoset nanocomposite 

As already mentioned, thermoset composite systems present a variety of improvements and 

have been studied for a long time. Researches in the field of materials mention a combination of 

polymers with fillers like glass beads57, carbon fibers58, even thermoplastics59 and rubbery core-

shell particles60 in order to achieve improved materials for diversified applications. Anyhow, the 

main effort of this research is towards thermoset nanocomposites with improved general 

mechanical properties of the polymer matrices61,62. It is noticeable in almost all the researches that 

the wt% of nanofillers in the matrix is very relevant not only to the outcome of the materials but 

also for the integrity of the material. Usually, studies are performed to optimize the wt% of fillers 

trying to achieve the maximal reinforcement from the nanoparticles considering the aspect ratio 

and loading. However it is important to realize that every matrix has a maximum loading 

threshold, were if exceed, most likely the matrix will lose effective interaction between 

components in the interface, and a failure will occur in the whole system before reaching the 

maximum capacity of mechanical properties63,64. Therein, chemical functionalization of 

nanofillers by means of compatibilizing functional groups (Figure 3.8), which have a great affinity 

with polymers matrices have been studied. It was proved that to not only increase the mechanical 

properties of the polymer nanocomposite material but also increase the max limit of fillers a 

polymer matrix can support before crumbling due to excess of fillers65–67. 

 

Figure 3.8 Schematic illustration of the functionalization of MWNTs with polyamines65 

Couple with the fillers, in order to achieve a nanocomposite that can last longer, the 

employment of damage healing mechanisms is a very promising method. The techniques are 

broad, provided that self-healing thermoset has been studied to achieve such feature 
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autonomously or not autonomously, according to the procedure employed or the assignment of 

the polymer material5,38,68. Essentially, one of the causes to happen the autonomous self-healing 

trigger in some materials is the incorporation of low molecular weight healing agents hides in 

nanocapsules of hollow fibers inserted in the polymer matrix. That is to say when the damage 

happens in the structure, not only the polymer matrix will be affected but also the structure 

containing the healing agent, immediately and locally realizing the curing promoter. This method 

of healing is being classified as extrinsic self-repair concept and is presented in Figure 3.9 and is 

being reported by several authors64,69,70 with outstanding advantages but also a couple of 

drawbacks. 

 
Figure 3.9 The autonomic healing concept where a crack ruptures the embedded capsules (a) which release the 

healing agent into the crack (b) that form a new polymer when coming into contact with a catalyst dispersed 

throughout the polymer matrix (c)64 

The autonomous extrinsic approach presents the advantage, as the name suggests, an 

autonomous trigger at the local where the damage occurs because of the architecture of the 

material. In the other hand, the disadvantage, that is also linked to the advantage, is that the more 

damage occurs, the more healing agent will be released, and less will be the capacity of healing 

since the healing effect relies exclusively on the material inside the structure. By contrast, the 

non-autonomous triggered intrinsic self-healing mechanism, in theory, can be performed multiple 

times because it does not involve nanostructures holding healing agents. However, intrinsic self-

healing mechanism is often conducted by an external stimulus in form of mechanical, thermal, 

electrical, optical, or another form of stimuli such as pH changes or the presence of redox agents 

in order to provoke the healing. Subsequently, it leads to damage repair throughout the lifetime 

of the material38,71,72. Meanwhile, the extrinsic mechanism counts on the nanostructures embedded 

in the matrix protection an agent ready to heal the material, intrinsic mechanism occur due to the 
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presence of active functional moieties and generally triggered by external stimuli like heat73 or 

light74. One of the most studied intrinsic system with thermal trigger stimulus to achieve self-

healing in polymer nanocomposites, as mentioned before on this report, is the Diels-Alder 

reversible cycloaddition represented in Figure 3.1075. 

 

Figure 3.10 Schematic representation of polymer nanocomposite displaying the DA (65 °C)/retro-DA (105 °C) 

reaction process with the changes of temperature75 

3.4 Electrically self-healing thermoset nanocomposites 

Electrically-induced self-healing is a relatively new concept and recent studies have been 

targeting lower weight materials with long-lasting service life nanocomposites mostly for 

electronic applications76,77. The healing in this specific systems occurs due to the resistive heating 

(Joule-effect) of the electrical current passing through a conductive nanostructure network 

increasing the temperature. Because the Joule-effect triggers the heating of the sample which by 

consequence activates the intrinsic self-healing feature of thermally polymer matrix in order to 

repair the local damage78,79. 



12 

 

 

Figure 3.11 Development of thermo-responsive and electrically conductive networks based on Diels–Alder moieties 

by reactive extrusion and thermal activation at the crack tip by the Joule effect78 

A common approach aiming at the electrical response healing is to combine electrical 

conductor fillers as carbon nanotubes, to a thermally reversible polymer, for instance, based on 

DA chemistry. That is to say, the Joule effect that happens because of the electricity passing 

through the material, tend to have a larger impact within damages (cracks). The damage offers a 

bigger resistance if compare to the pristine material, in other words, the crack will change the 

conductivity of the material in the locality where the damage happens. This increase in resistivity 

will impact in an increase of temperature exactly on the damaged region, making possible to 

increase the temperature nearby just enough to improve the chain mobility to close and seal the 

damage by DA reaction. 

3.5 Objective  

The aim of this project is to design and prepare an electrically conductive polymer 

thermoset nanocomposite with self-healing features. The thermosets, which are based on 

thermally reversible Diels-Alder (DA) and hydrogen bonding (H-B) cross-linkages, will be 

reinforced with multi-walled carbon nanotubes (MWCNTs) to render nanocomposites with 

electrically-induced self-healing properties. For these particular systems, the healing process 

occurs via nanoscopic heat generation when an electrical current passes through a conductive 

nanostructured network. This heating process is called Joule effect or resistive heating and 

activates the intrinsic self-healing ability of thermally self-mendable matrices based on DA 

chemistry, to heal structural damage and prolong the service life of the material.  

Alternating aliphatic polyketones (PK) have been chosen as polymer matrices due to its 

versatility and already proven straightforward chemical modification with amine-substituted 
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compounds by the Paal-Knorr reaction. A novel PK bearing furfurylamine as DA and amino-2-

propanol as H-B functional groups will be crosslinked with a bifunctional cross-linker agent and 

MWCNTs by the reversible DA cycloaddition. MWCNTs will be used in order to reinforce the 

thermosets implementing the systems with thermal and electrical conductive properties. 

Moreover, a innovative systematically investigation on the ratio between DA/H-B functional 

groups of the polymers and the nanofiller volume fraction will be evaluated to tailor the thermo-

mechanical and conductive properties of the nanocomposites. 

The project will be performed in the following order: First functionalization of the 

polyketone with different amines and respective ratios. Second crosslink the samples with a 

variation of MWCNT weight content. Third, make the test bars and evaluate mechanical and 

healing properties of the different series. As expected, between steps a series of relevant 

characterization will be performed in order to evaluate the efficiency and effectiveness of the 

reactions and product. 

4. Experimental 

4.1 Materials 

The alternating aliphatic polyketone (PK30) was synthesized according to works 

previously reported32,80,81. The resulting co- and terpolymers of carbon monoxide present a total 

olefin content of 30 % of ethylene and 70 % of propylene (PK30, MW 2687 Da). Maleated 

ethylene/propylene rubber (EPM-MA,49 wt.% ethylene, 49 wt.% propylene, 2.1 wt.% maleic 

anhydride, Mw = 50 kg/mol, PDI = 2.0) was kindly provided by ARLANXEO Performance 

Elastomers B.V and dried in a vacuum oven at 175 °C for one hour to convert hydrolyzed diacids 

into anhydrides82. Furfurylamine (FU, Sigma-Aldrich, ≥ 99 %, Zwijndrecht, The Netherlands) 

and Amino-2-Propanol (A2P, Sigma Aldrich 99 %, Germany) were freshly distilled before used. 

Multi-walled carbon nanotubes (MWCNTs, O.D. 6-9 nm, average length 5 µm, Sigma-Aldrich 

95 % carbon, USA), Dimethyl sulfoxide-d6 (DMSO-d6, Laboratory-Scan, 99.5% The 

Netherlands), (1,1-(methylenedi-4,1-phenylene)bis-maleimide (B-Ma, Sigma Aldrich 95 %), 

tetrahydrofuran (THF, Laboratory-Scan, 99.5 % add provider), chloroform (CHCl3, Laboratory-

Scan, 99.5 % ) and deuterated chloroform (CDCl3, Sigma Aldrich 99.8 atom% D) were purchased 

and used as received. 
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4.2 Methods 

 Paal-Knorr Functionalization of Polyketone  

The reaction between polyketone, furfurylamine (FU) and amino-2-propanol (A2P) (Figure 

4.1) was carried out at different ratios between the 1,4-dicarbonyl groups of the polyketone and 

the primary amine groups of FU and A2P.  

 

Figure 4.1 Schematic representation of Paal-Knorr functionalization of Polyketone with furfurylamine and amino-2-

propanol (PK-FU-A2P) 

The molar ratio between the reactants was established as a percentage with a maximal 

carbonyl conversion of 80% as early described 72,80,83 according to Table 4.1. The chemical 

modifications of PK30 yielded different polymers bearing furan and hydroxy groups (PK30-FU-

A2P). 

Table 4.1 Composition of polyketones functionalized with FU and A2P groups 

Sample PK (g) Fu (g) A2P(g) Tot (g) 

PK30-FU80 30,0 17,7 0,0 47,7 

PK30-FU60-A2P20 30,0 13,2 3,3 46,6 

PK30-FU40-A2P40 30,0 8,8 6,7 45,6 

PK30-FU20-A2P60 30,0 4,4 10,1 44,5 

PK30-A2P80 30,0 0,00 13,7 43,7 

 

The Paal-Knorr reaction was carried out in bulk in a sealed round-bottomed glass reactor 

with a reflux condenser, a U-type anchor impeller, and an oil bath for heating. A reaction with 

FU and a second single reaction with A2P alone were carried out in order to prepare additional 

reference systems. 

The PK30 was preheated to the liquid state at the employed reaction temperature (110 °C). 

Then FU and A2P were added dropwise to the reactor in the first 30 min in sequence. The stirring 

speed was set at a constant value of 600 rpm, and the employed reaction time was 4 h from the 

moment that the last drop was added. After the reaction, the color of the reaction mixtures changed 

from light yellow to a range of brown72,80, depending on the ratio of FU/A2P. The resulting 

products were then allowed to cool down to room temperature before being dissolved with 

chloroform to facilitate the extraction from the glassware. The resulting polymer solutions were 

poured in a Teflon plate and let rest for 24h inside the fume hood, in sequence the plate was 
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transferred to a vacuum oven at 50OC for 24 h to remove the solvent. The resulting polymers were 

frozen with liquid nitrogen, ground to powder and washed using Milli-Q water by stirring it for 

15 minutes. The process was repeated 3 times to remove any leftover amine compounds. After 

filtering, the materials were dried in a vacuum oven at 60OC for 48h to remove the remaining 

Milli-Q water. In order to avoid hydration, the samples were sealed in brown glass vials and stored 

at 6 oC for further characterization. The percentage of conversion of carbonyls (Cco) into pyrrole 

groups can be calculated as follows; 

 𝐶𝑐𝑜 =
𝑦

𝑦 + 𝑥
× 100% (1) 

   
Where x and y represent the moles of di-ketone and pyrrolic units after conversion, 

respectively y can be calculated as follows; 

 𝑦 =
𝑤𝑡(𝑁)

𝐴𝑚(𝑁)
 (2) 

   
Where wt(N) represents the grams of nitrogen in the final product according to the 

elemental analysis and Am(N) is the atomic mass of nitrogen. X can be calculated as follows: 

 𝑥 =
𝑔𝑝𝑟𝑜𝑑 − 𝑦 ×𝑀𝑤

𝑦

𝑀𝑤
𝑝𝑘

 (3) 

   

Where gprod represents the grams of the product after conversion, 𝑀𝑤
𝑦

 the molecular weight 

of the pyrrolic unit and 𝑀𝑤
𝑝𝑘

 the molecular weight of a 1,4 di-ketone unit (131,6 g/mol). The 

conversion efficiency 𝜂 is defined as the ratio between the carbonyl conversion Cco and the 

targeted one according to the amount of polymer and amine compounds provided in the feed 

(𝐶𝑐𝑜
𝑓𝑒𝑒𝑑

) 

 𝜂 =
𝐶𝑐𝑜

𝐶𝑐𝑜
𝑓𝑒𝑒𝑑

× 100% (4) 

   

The 𝐶𝑐𝑜
𝑓𝑒𝑒𝑑

 is calculated as follows: 

 𝐶𝑐𝑜
𝑓𝑒𝑒𝑑

=
𝑀𝑜𝑙𝑎𝑚𝑖𝑛𝑒

𝑀𝑜𝑙𝑑−𝐶𝑂
× 100% (5) 

   
With 𝑀𝑜𝑙𝑎𝑚𝑖𝑛𝑒representing the moles of amine compounds and 𝑀𝑜𝑙𝑑−𝐶𝑂 the moles of di-

carbonyl units in the feed. 



16 

 

 Diels-Alder reaction and Polymer Network preparation 

Diels-Alder reaction allows the formation of three-dimensional and reversible network 

structures, by means of the DA and r-DA sequence. Simultaneously with being cross-linked with 

the aromatic bismaleimide (cross-linker agent), the reinforcing with MWCNTs take place using 

the same chemical pathway (i.e. by exploiting the diene/dienophile character of the graphitic 

surface of the MWCNTs) ref. First, MWCNTs were suspended in Chloroform (0,5 vol.%), a 

solvent reported as an effective dispersant for MWCNTs84,85 and sonicated for 30 minutes in a 

sonication bath. Polymers grafted with FU and A2P groups at different ratios were reacted with 

bismaleimide at equimolar amounts with the furan groups. The polymer sample, bismaleimide, 

specific percentages of MWCNTs (already sonicated) (Table 4.2) were mixed in chloroform 

(compromised roughly 90% of the total volume) in a round-bottom flask with a condenser 

attached. The reaction was set under vigorous stirring at 50 °C for 24 h using an oil bath equipped 

with a temperature controller. The resulting mixtures were put on Teflon plates to evaporate the 

majority of solvent under the fume hood and then dried in a vacuum oven at 60 °C for 48 h. 

Table 4.2 Experimental conditions of grafted polymers mixed with different wt.% of MWCNTs 

Sample BisMa CNT Total 

Name (g) (g) (%) (g) (g) 

PK30-FU80 3,000 0,000 0,0% 0,000 3,000 

PK30-FU60-

A2P20 

3,000 1,83 0,0% 0,000 4,83 

3,000 1,83 0,1% 0,005 4,83 

3,000 1,83 0,5% 0,024 4,85 

3,000 1,83 1,5% 0,074 4,90 

3,000 1,83 2,5% 0,124 4,95 

3,000 1,83 5,0% 0,254 5,08 

PK30-FU40-

A2P40 

3,000 1,25 0,0% 0,000 4,25 

3,000 1,25 0,1% 0,004 4,25 

3,000 1,25 0,5% 0,021 4,27 

3,000 1,25 1,5% 0,065 4,31 

3,000 1,25 2,5% 0,109 4,36 

3,000 1,25 5,0% 0,224 4,47 

PK30-FU20-

A2P60 

3,000 0,64 0,0% 0,000 3,64 

3,000 0,64 0,1% 0,004 3,64 

3,000 0,64 0,5% 0,018 3,66 

3,000 0,64 1,5% 0,055 3,69 

3,000 0,64 2,5% 0,093 3,73 

3,000 0,64 5,0% 0,192 3,83 

PK30-A2P80 3,000 0,000 0,0% 0,000 0,00 
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In addition, one sample containing both MWCNT and EPM-g-FU were synthesized with 

the same protocol. The chosen sample was PK30-FU20-A2P60 (4,521g) and its reacted with Bis-

Maleimide (0,982g), 6,0% of EPM-g-FU (0,35g) and 2,5% of MWCNT (0,146g). The reason for 

this choice is in accordance with some results concerning the polymers and will be explained 

further in this report. 

 Bar preparation  

Around 250 mg of the powder acquired from ground materials after Diels-Alder reaction 

was set in stainless steel molds lined with Teflon paper. The powders were then pressed using 

Schwabentan Polystat 100T with its operating condition set to 150 °C and 40 bar pressure for 30 

minutes to form rectangular bars with dimensions of 35 mm x 6 mm x 1 mm. The bars were 

cooled down to room temperature and stored for further testing.  

5. Characterization 

The elemental composition of the samples was analyzed using a Euro EA elemental 

analyzer (Langenselbold, Germany) for elements nitrogen, carbon and hydrogen. 1H NMR spectra 

were recorded on a Varian Mercury Plus 400 MHz apparatus (Agilent, Santa Clara, CA, USA) 

using deuterated chloroform or DMSO-d6 as solvent. FT-IR spectra were collected using a Perkin-

Elmer Spectrum 2000 (San Francisco, CA, USA), transmission measurements were recorded at 

the range of 4000 cm-1 to 500 cm-1 at a resolution of 4 cm-1 averaged over 64 scans. Differential 

Scanning Calorimetry (DSC) analysis was performed on a Perkin Elmer Pyris Diamond under a 

nitrogen atmosphere (Shelton, Connecticut, USA). The samples were weighed (5–12 mg) in an 

aluminum pan, which was then sealed. Then, the samples were heated from 0OC to 150OC and 

then cooled to 0OC. Four heating-cooling cycles were performed at a rate of 10 OC/min. 

Thermogravimetric analysis (TGA) was carried out in a nitrogen environment with PerkinElmer 

TGA 7 from 20 °C to 900 °C at a heating rate of 10°C/min. Gel Permeation Chromatography 

(GPC) measurements were performed with an HP1100 Hewlett-Packard (Wilmington, 

Philadelphia, PA, USA). The equipment consists of three 300 7.5 mm PLgel 3 m MIXED-E 

columns in series and a GBC LC 1240 RI detector (Dandenong, Victoria, Australia). The samples 

were dissolved in THF (1 mg/mL) and eluted at a flow rate of 1 mL/min and a pressure of 100–

140 bar. The calibration curve was made using polystyrene as standard and the data were 

interpolated using the PSS WinGPC software. Dynamic Mechanical Thermal Analyses (DMTA) 

were conducted on a Perkin Elmer Dynamic Mechanical Analyzer 8000 (Waltham, 

Massachusetts, USA) using single cantilever mode at an oscillation frequency of 1 Hz and a 

heating rate of 3 oC/min. The samples for DMTA analysis were prepared by compression molding 

of 250 mg of the composite into rectangular bars (6 mm wide, 1 mm thick, 35 mm long) at 150 
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oC for 30 min under a pressure of 40 bar to ensure full homogeneity and then annealed in an oven 

at 50 °C for 24 hours. Electrical measurements were performed on the rectangular bars used for 

DMTA analysis. The setup consisted of a Velleman Powe supply single output DC switching 

bench 60V, 5A and a multimeter (Gossen Metrawatt Metrahit 18S). Electrical parameters were 

measured on samples connected to a conventional circuit using copper clamps holders. Also, 

silver paste is used at both ends of the bars and cover into aluminum foil to improve the contact 

area between the copper clamps holder and the sample. Since the silver paste is used it is possible 

to calculate the sample resistivity (ρ) as follows; 

 𝜌 = 𝑅
𝐴

𝑙
 (6) 

   
Where ρ is given in Ω·m, R (Ω) is the electrical resistance, A (m2) is the cross-sectional 

area and l (m) is the length between copper clamps holders. The electrical resistance is calculated 

as follows; 

 𝑅 =
𝑉

𝐼
 (7) 

   
Where V stands for voltage (V) supplied in the electrical circuit and I is the current (A) 

measured in amperes passing through the sample. Thermal images of the samples subjected to 

electrical current were obtained using a Fluke IR thermometer camera (VT02) (Everett, WA, 

USA). 

6. Results and Discussion 

6.1 Polymer modification 

This work aims to achieve an improved material combining two functionalities in the same 

polyketone backbone to achieve a polymer with combined features. Moreover, the Paal-Knorr 

reaction, without the use of solvent, PK and the amine compounds was carried out using different 

molar ratios between the 1,4-dicarbonyl groups of polyketone and furfurylamine and 

isopropanolamine aiming at the conversion of 80%. The outline of the experimental results is 

displayed in Table 6.1. 
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Table 6.1 Elemental Analysis 

Sample Xco(%)a η(%)b 

PK30-FU80 65,4 81,8 

PK30-FU60-A2P20 71,6 89,5 

PK30-FU40-A2P40 72,9 91,1 

PK30-FU20-A2P60 71,3 89,1 

PK30-A2P80 72,1 90,1 
a % conversion of carbonyl groups, b η conversion efficiency 

From Table 6.1 is possible to obtain information relevant to the carbonyl conversion (Cco, 

as measured experimentally) and the relative efficiency for the main conversion (η). Despite the 

sample PK30-FU80, all the other reactions present an efficiency around 90%, in this manner 

proving that the reaction can be performed fast at mild conditions without the use of extra 

techniques to improve or speed the conversion39,72. Lower values are acquired for PK30-FU80 in 

agreement with the sensitivity of this reaction to steric hindrance34,80. Anyhow, according to GPC 

measurements shown in Table 6.2, there is no divergence effecting the molecular weight of 

polymers modified if compared to the pristine polyketone, nonetheless grafted polymers the 

molecular weight and heterogeneity of sizes of molecules remain similar. The slghly disparity of 

values are assigned to the inaccurancy and limitation of the equipament. 

Table 6.2 GPC measurements of PK30 alone, modified with furfurylamine and isopropanolamine and at different 

ratio of amines 

Sample Mn(x103) Mw(x103) PDI 

PK30 2,4 5,4 2,2 

PK30-FU80 2,1 5,4 2,6 

PK30-FU60-A2P20 1,8 5,0 2,7 

PK30-FU40-A2P40 2,0 5,4 2,7 

PK30-FU20-A2P60 1,9 5,3 2,7 

PK30-A2P80 1,7 4,1 2,4 

 

Proton nuclear magnetic resonance characterization of PK30, PK30 -FU80 and PK3-

A2P80 shown in Figure 6.1 give guidance to visualize the peaks that might change according to 

the ratio of FU and A2P grafted into the polymer. These peaks are also in accordance with the 

prediction made with NMRPredict Desktop software of Mestrenova and literature39,82,83,86. The 

resonance peak at 4.9 ppm is designated to the proton signal of CH2 between the pyrrole and the 

furan group. The resonance signals at 5.9, 6.2, 7,3 ppm are assigned to the protons on the furan 

ring connected to the polymer backbone. The peak at 3.9 ppm refers to the proton from the CH 

between the hydroxyl and methyl groups. Signals that belong to protons associated to the pirrole 

rings are shown at 5.7 ppm. 
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Figure 6.1 1H-NMR spectra of unmodified polyketone (PK), FU-modified polyketone and A2P modified polyketone 

As expected, it is clear with Figure 6.2 that the different ratios of grafted amines into the 

polymer present different peaks intensities. Moreover, the area under the peaks was measured and 

it certifies the resulted polymer in accordance with the projected ratio. 
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PK30FU40A2P40

PK30FU20A2P60

PK30A2P80

PK30FU80

ppm

PK30FU60A2P20

 
Figure 6.2 1H-NMR spectra of polyketone functionalized with different ratios of FU and A2P 

In addition to the 1H-NMR evidence that the amines were attached to the polymer backbone 

successfully, FT-IR also indicates that signals at different wavenumbers will have different 

intensities according to the ratio of amines into the polymer (Figure 6.3). Moreover, in accordance 

with the literature87,88 and previous researches33,83, it is possible to identify the peaks according to 

the chemical composition and bond arrangement. Firstly, it was chosen some key peaks that are 



21 

 

very distinct and particular to specific amines. Polyketone grafted with isopropanolamine has a 

hydroxyl group and reflect a distinct and broad peak between 3100 and 3600 cm-1 and a sharp 

weak peak at 840cm-1, both peaks can be identified by the dashed blue line in Figure 6.3. In the 

other hand polyketone grafted with furfurylamine display signal of C-H bending out of plane peak 

around 740cm-1, signals at 1145 and 1007 cm-1 reflecting essentially the furan moiety and for the 

last peak identified by a red dashed line is the peak at 1506 cm-1 assigned to the C=C stretching. 

Despite these six chosen peaks, alternative peaks could have been chosen since both amines 

present distinct molecular structure. PK30-FU80 was characterized multiple times by numerous 

researches and in summary it is expected more spectrum signals at 3110 cm-1 of C-H alkyl 

stretching; 1700 cm-1 C=O stretching; 1653 cm-1, 1580 cm-1, and 1445 cm-1 C=C and C-C 

stretching; 1444 cm-1 asymmetric bending of CH3; 1380 cm-1 C-N stretching; 1343 cm-1 C-O 

Furan stretching; 1070 cm-1 in plane bending of alkyl C-H and those of the C-H bending out of 

plane 927 cm-1, 878 cm-1, 808 cm-1, attributed to the furan and pyrrole group. 
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Figure 6.3 FT-IT spectra of Grafted polyketone with different ratios of amine 
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According to differential scanning calorimetry (DSC) first curve after the removal of 

thermal history (Figure 6.4), the samples present different thermal behavior as function of the 

chemical group grafted into the polymer, and as expected, polymers with more intermolecular 

interaction, i.e. hydrogen bonding present higher Tg. Moreover, the polyketone grafted with only 

A2P presents the higher glass transition as compare to the polyketone grafted with only furan 

groups. The samples with both functional groups at different ratios reflect the same outcome 

according to the percentage of FU and A2P attached to the backbone of the sample (Figure 6.5). 

The complete DSC thermograms can be checked in the appendix. 

 

Figure 6.4 DSC first cycle after thermal history erase of PK30 grafted with FU, A2P and their respective ratios 

 

Figure 6.5 Glass transition of PK30 grafted with FU, A2P and their respective ratios according to DSC 

6.2 Diels-Alder Reaction and MWCNT dispersion 

As proved that the grafting furan and propanol groups on the polyketone is possible and 

ensure promising results, the samples were once more inserted to Diels-Alder reaction for 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

H
e
a
t 
fl
o
w

 (
-)

Temperature (oC)

 PK30 - A2P80

 PK30 - FU20 - A2P60

 PK30 - FU40 - A2P40

 PK30 - FU60 - A2P20

 PK30 - FU80

PK30-FU80

PK30-FU60-A2P20

PK30-FU4-0A2P40

PK30-FU20-A2P60

PK30-A2P80

40

45

50

55

60

65

70

75

80

T
e
m

p
e

ra
tu

re
 (

o
C

)

R2=0,9729



24 

 

crosslinking. The reaction was carried out at 50 oC for 24h with bismaleimide and the systems 

reinforced with MWCNT utilizing chloroform as solvent since all the reactants are in the solid 

form. In order to verify the materialization of the cross-link bonds, previous researches72,83,89 have 

performed FT-IR to evaluate the DA cycloaddition reaction. Figure 6.6 showing all the 3 series 

of different FU/A2P ratio, and from the non-cross-liked, and the cross-linked samples, there are 

unveiling bands centred at approximately 1180 cm-1 belonging to the C-N-C attributed to the 

stretching of the succinimide ring of DA adduct (red dashed line) and the disappearing of the band 

1009 cm-1 assigned to C-O-C of unreacted furans (blue dashed line). Furthermore, a band at a 

wavelength of approximately 1378cm-1, representing C-N stretching in the maleimide ring prove 

the presence of the bis-maleimide (green dashed line). In addition, as already mentioned here in 

this report, is possible that the furans from the polyketone react with the MWCNT forming 

covalent bonds, therefore side reactions might occur and the FTIR results will show in the finger 

print region bonds relevant to this side reactions and/or interfere with the bands that we are 

evaluating in order to confir the presence of bismaleimide bonding with the polymer. However, 

theses side reactions will not be evaluated for this report due to it is complexity and addition of 

analysis methods to prove the point. 
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Figure 6.6 FT-IR of PK grafted with the ratios of FU and A2P not crosslinked (Untried) and crosslinked plus 

different mw% of MWCNT. 

Seemingly, the bands dashed in red and green in Figure 6.6 mentioned before slightly 

change according to the weight percentage of MWCNT. There are two theories explaining the 

meaning of this to happen. The first concept is related to the fact that the MWCNT (dienophile) 

and the Fu-polymer (diene) interact creating DA bonds, so as to the Fu / bismaleimide 

cycloaddition and was studied previously24. A second theory is that FT-IR works by shining beam 

light through the sample and measure the amount of radiation absorbed in a while a detector plots 

the absorbance as a function of wavenumber, so the MWCNT might be blocking the way of the 

light exhibiting smaller peaks than it should be. By any means, this report will not evaluate the 

chemical interaction of the MWCNT with the polymer samples, so no further comments will be 

done in this matter. 

In a similar intention to the non-cross-linked samples, DSC was performed with the cross-

linked samples in order to assess thermal history, reversibility and the exo / endo-thermal process 

related to the DA and r-DA sequence of the material. The resulting graphs that can be accessed 

in the appendix, display a broad endothermic transition in the range of temperature 100-140 °C 

for each consecutive thermal cycle (For brevity only one sample – Figure 6.7). The resemblance 
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between the cycle curves in the DSC graphs confirm the thermoreversible coupling and 

decoupling of the samples, in other words, the resilience of the material. Despite of the heat 

capacity of the material is not alter significantly over the evaluation of consecutive cycles, the 

region related to the rDA decoupling reation, between 120 and 140oC decrease according to the 

number of cycles. Ther are 2 more feasible reasons for this shift to happen. The first propose that 

this change relies in the ratio of endo and exo DA-adducts since the exo isomer is 

thermodynamically favoured resulting in the kinetically favoured endo adduct is formed in 

exceess, however along the cycles of heating and cooling the equilibrium turn to the more 

favoured exo product shifing the curve in the region of the rDA90,91. The second theory is still 

being studied, but it originated from the authors that reported the bismaleimide homopolimerazing 

at high temperatures92,93, therefore at mild temperatures as 100 or 150oC despite is not triggering 

fully homopolymeriztion, still there is a chance that the resulting molecules of rDA could be 

interacting with each other, and occupying sites that previously were linked to the furan groups 

and moreover are not reversible, developing the change that is possible to visualize in the DSC 

results. 

  
Figure 6.7 DSC thermal cycles of PK-Fu cross-linked with b-Ma and reinforced with MWCNTs 

In addition, the DSC analysis is possible to extract more information other than the 

resilience of the material. For instance, it is possible to evaluate the de-crosslinking temperature 

analogous to the method used to evaluate the glass transition point to the non-cross-linked 

samples. Since the endothermic transition corresponds to the r-DA process, we can assign many 

parameters to compare samples. Thus, the peak of the curves is related to the temperature at which 

most of the DA adducts are broken. The area under the curve associated with this peak is therefore 

related to the energy absorbed during the cleavage of the DA adducts94. That is to say, results 
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(Figure 6.8) present no relevant changes or trends relating temperature to the ratio of amines or 

the weight mass percentage of MWCNT in each sample, only the ratio 20/60 FU/A2P have shown 

slightly lower glass transition temperature if compare to the other 2 systems. This result can be 

interpreted as the intermolecular bonds playing an important role in the system hence the greater 

amount of FU the bigger cross-link density will be present. On the other hand, a greater amount 

of A2P results in more hydrogen bonds that despite not being as strong as covalent bonds, can 

provide energy enough to influence thermoanalytical analysis. 
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Figure 6.8 Glass transition temperature and temperature peak where most of the DA adducts are broken of all 

crosslinked samples 

Likewise, the area under the curve, also being address as the endothermic integral, does not 

present the trend of relation in the manner of different weight mass percentage of MWCNT 

(Figure 6.9). Nonetheless, there is a pertinent difference of area if take in consideration the 

different amine ratios (Figure 6.9), and clearly, the percentage amount of FU grafted into the 

polymer will dictate the energy absorbed during the cleavage of the DA adducts, and that in 

conformity with the crosslinked density of the material as already mentioned. 
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Figure 6.9 Enthalpy of crosslinked samples according to wt% of MWCTN and ratios of amines 

In addition to the DSC, TGA also was performed in order to complete the analysis of the 

material thermal behavior. In the case of this research, the TGA was carried out under nitrogen 

as an inert gas, at a temperature range of 20 to 900 °C, with a heating rate of 10 °C/minute. TGA 

can be addressed as an implicit way to evaluate the approximate real amount of MWCNT included 

in the composite matrix since MWCNT can stand temperatures up to 600oC95 and the samples 

present great degradation already at 400 oC (Figure 6.10). 
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Figure 6.10 TGA of PK grafted with the ratios of FU and A2P not crosslinked (Untried) and crosslinked plus 

different mw% of MWCNT 

The difference between the residual weight of modified polyketone with zero percentage 

of MWCNTs and samples with some MWCNT determine the approximate real amount of 

MWCNT in the material. The temperature used as a reference will be 700oC as already mentioned 

being a point where the MWCNT is still relatively stable and the polymers are mostly degraded 

(Table 6.3). 
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Table 6.3 Weight percentage of MWCNTs aimed in the feed and measured by TGA analysis of crosslinked samples 

Sample 

MWCNT 

supplied 

(wt%) 

TGA data 

(%) 

PK30-FU60-A2P20 

0,0 0,00 

0,1 4,3 

0,5 4,2 

1,5 6,7 

2,5 8,7 

5,0 9,5 

PK30-FU40-A2P40 

0,0 0,0 

0,1 1,7 

0,5 1,1 

1,5 3,3 

2,5 3,5 

5,0 5,7 

PK30-FU20-A2P60 

0,0 0,0 

0,1 2,5 

0,5 0,4 

1,5 4,7 

2,5 2,0 

5,0 3,6 

 

Apparently, there is a substantial difference between the feed of MWCNT and the amount 

measured by TGA. This discrepancy might be related to the capacity of the polymer or method 

utilized to disperse the fillers. It is not unusual that no authors have reported the same phenomena 

or otherwise, despite it appears that the MWCNT are not completely homogeneously distributed 

in the sample, still, there are a considerable amount of ashes in the crucible, which can interfere 

with the analysis. In other words, there are too many factors that might be evolved in this 

equipament, so no solid assumptions can be made with our further study. 

6.3 Mechanical properties 

Despite of the brittleness of the material, successful test-specimens for DMA were obtained 

after some hardship using hot compression molding. The issue with the process is mainly during 

the extraction of the bars after the press and required extra care to push the bars out without 

damaging it. The variation in storage modulus (G’ - ability of the material to store energy), loss 

modulus (G” - ability of the material to dissipate energy) and ratio of the loss modulus to the 

storage modulus (tan δ) of all the samples are measured using single cantilever, a well known 

technique to evaluate the mechanical properties of a polymer. 
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The ratio of functionalities grafted on the polymer portrays relevant features to the final 

product. Anyhow, all samples evidence a plateau followed by a drop appearing between 100 and 

120 OC, that despite still being cross-linked, indicate rubbery transition on account of progressive 

softening of the system that most likely mislay partially of the DA adducts during the heating96. 

Samples with ratio 60/20 of FU/A2P are the least brittle from all 3 series and present results as 

expected according to the amount of fillers introduced to the polymer. Samples with a higher 

quantity of MWCNT not only presented higher storage modulus but also less disparity of modulus 

accompanying the rise of temperature (Figure 6.11). Moreover, there is a slight increase in the 

peak of the tan δ meaning that according to the amount of MWCNT the softening point of the 

material changes, in other words, more MWCNT dispersed into the polymer, the higher will be 

the softening point (Figure 6.13). 

 

Figure 6.11 Dynamic thermo-mechanical behavior of cross-linked PK30 - FU60 - A2P20 (all the samples are not 

shown for brevity) 

Importantly samples with the same ratio of FU and A2P (40/40) present similar results as 

the sample previous described, however the discrepancy of results between  samples with 

different amount of MWCNT is more accentuated, pointing that the amount of fillers might play 

a more critical function in the polymer than chemical interaction (Figure 6.12-A). Couple with 

the previous explanation, a sample with less amount of FU and higher amount of A2P (20/60) 

presented such great amount of inelasticity that the measurement in the DMA equipment is of an 

immense challenge since the sample broke inside the chamber during the experiment or because 

the clamps were overly tight for the bar to handle. It might be that the threshold for effective 

interfacial interaction between the components was overcome rendering weakness at different 
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points. During this research, was not possible to overcome these challenges, to that end, limited 

information is possible to extract from the resulting graphics (Figure 6.12-B). 

 

Figure 6.12 Dynamic thermo-mechanical behavior of cross-linked (A) PK30 - FU40 - A2P40 and (B) PK30 - FU20 - 

A2P60 ((all the samples are not shown for brevity) 

However, storage modulus from ratios with higher to a lower amount of FU present 

relatively smaller values possibly related to crosslinking density of the samples, since only FU 

provide covalent bonds with the bis-maleimide. 

 

Figure 6.13 Soften point of the samples PK30 – FU60 - A2P20, PK30 - FU40 - A2P40 and PK30 - FU20 - A2P60 

according to Dynamic thermo-mechanical behavior test (No values were computed for PK30 - FU20 - A2P60 due to 

the brittleness of the sample – explanation in the report) 
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6.4 Electrical conductivity properties 

In addition to the mechanical analysis, some electrical conductivity assessment was 

performed in order to evaluate the minimum amount of MWCNT to achieve an efficient 

percolation pathway for electricity enough to heat the sample by resistive heating. It was used as 

a conventional method where the bar is placed between two copper clamps and applied a current 

through it. Silver paste and aluminum foil are used to improve the contact area between the surface 

of the copper clamps and the contact surface of the bars. This last practice also confers the study 

to take into consideration the entire cross-section area of the bar instead of only the surface. In 

order to keep track of the temperature raise an infrared camera is used during the electrical tests 

in parallel with a digital thermometer with a thermocouple attached to the sample (Figure 6.14). 

 

The dimensions of the bars together with a power supply with voltage control and a 

multimeter displaying the current is possible to calculate the conductivity of the bars with the 

equations (6) and (7) previously described. Each bar conductivity is measured to an asset not only 

the percolation pathway for electricity but also to evaluate if there is a correlation among polymer 

structure and electrical features. Figure 6.15 shows that the material established a closed circuit 

at MWCNT wt% above 1,5% for all 3 different ratios. Moreover, the eletrictrical percolation 

threshold of this system is between 1,5wt% and 5,0wt%, quantities higher than 5,0 wt% most 

likely will not have greater effect in the conductivity66,78, and since it is a trade of interest towards 

the joule effect, is possible that if the MWCNT content is too high, the material might respond in 

two not desired behavious. Firstly, the material could become high electric conductor and not 

perform the desirable joule effect, and secondly, the polymer can still undego resistive heating, 

however such high amount of temperature with little tension that can result in burning the 

material.At same figure is also possible to visualize that samples containing a greater amount of 

FU with 5% of MWCTN conduct electricity better than the other ratios. This characteristic is 

anticipated since is already reported that MWCNT and FU attach to each other by forming 

crosslinking, cooperating for the overall distribution of the filler along the sample25. 

A B C 

Figure 6.14 Set up for electrical conductive measuments of (A) bar (B) clamps and (C) 

Infrared camera 
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Figure 6.15 Electrical conductivity of sample bars 

Importantly, the temperature that the bars achieve with different electric tension was 

measured with the same set up under inspection with the thermal camera. For safety and practical 

reasons, the increase of the voltage would cease if the bar temperature would reach 150oC. This 

measure was taken into consideration for all the characterization previously described in this 

report, especially DSC and DMA results. Since only samples with more than 1,5% of MWCNT 

presented conductivity, at least under these conditions, it is convenient that the temperature test 

is just applied to those. As expected, higher temperatures are achieved with samples with 5,0 wt% 

of MWCNT at same or inferior electric tension (Figure 6.16) also in compliance with a couple of 

authors that reported similar results, however evaluating for instance temperature 

homogeneity24,79. The same is applied when evaluated by the ratio of amine compounds, the 

higher amount of FU grafted, the higher achieved temperature with lesser electric tension. 

 

Figure 6.16 Temperature reached with each sample bars according to voltage 
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Notably, the conductivity and resistive heat are very reproducible, thus testifying for the 

fact that the percolation pathway does not undergo relevant alteration in the course of temperature 

changes. Moreover, according to the conductivity tests, the higher the FU content in the sample, 

the greater is the overall bar conductivity, which results in improved resistive heating needed in 

order to perform self-healing. That is to say that the MWCNT distribution is superior in the sample 

PK30-FU60-A2P20 than other FU/A2P ratios. 

6.5 Healing and reworkability 

In order to demonstrate the self-healing features of the polymer, three qualitative scenarios 

were proposed. The first test consisted in deliberately damage the samples with substantial force 

regardless of the wt% of MWCNT to verify the healing features of the polymer if placed in 1) a 

conventional oven similarly to the previous studies94,97,98 but at 140oC for over 48 hours. 

Essentially, the scratch on the surface decreased to a large extent but not to complete heal, and 

that is because there is some material loss in the damaged area so DA groups responsible for the 

healing cannot come into contact as already mentioned in previous reports97,99. 

 

 

Secondly, samples with 5,0 %wt MWCNT were set once more in the same frame used to 

evaluate the conductivity of the bars, although in this experiment the whole device was set under 

a microscope with the objective to have a closer look at the healing effect under a moderate 

damage 2) using electricity. In Figure 6.18 is possible to notice three pictures (A, B and C). Picture 

A display the intact sample positioned under the microscope. Picture B present at the same 

position as Picture A but with scratches on the surface of the sample done by hand with a sharp 

blade. Subsequently to the damage, the sample is submitted to electrical tension with the aim to 

trigger the resistive heating in the sample, enough to perform the healing. After the sample 

reached a temperature about 145oC the healing became more apparent and as turn out in Picture 

C nearly full recovery from the damage, the marks after healing the sample are due to the same 

reasons as the first attempt done with the thermal healing with a conventional oven. It is important 

A1 A2 A3 B1 

B2 

B3 

Figure 6.17 Conventional oven healing by scratch test with samples (A) PK30-FU20-

A2P60-CNT 0,0% and (B)PK30-FU40-A2P40-CNT 0,0% at the moment (1) without 

damage, (2) damaged and (3) healed 
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to mention that all the different ratios of amines performed successfully the healing at the 

approximately same period (about 10 minutes), however, samples with lower content of FU 

remain with more apparent scars at the end of the test. The latter highlights the importance of DA 

reversible covalent crosslinking to achieve effective healing using electricity. 

 

 

The last test 3) with the bars attempting to validate healing consists in breaking the bar, 

regardless the wt% of MWCNT once or multiple times, place them back to the cast where they 

were first made and apply once again the initial process condition of 150oC and 40 bars for over 

30 minutes. Despite a shorter period under thermal healing and greater damage compared to the 

previous attempts, the results in this experiment were relatively more satisfactory since that 

visually the bars almost recover their full configuration (Figure 6.19). The great efficiency of this 

method is expected because of the pressure that enforces the contact between the damaged faces, 

improving the DA groups to perform the healing of the material. This method will not only prove 

self-healing properties but also reworkability of the material since with the same initial process 

can be reproduced multiple times with the same sample. 

Figure 6.18 Microscope images of polyketone grafted with different ratio of amines and crosslinked during the 

healing process. Same area with (A) no damage, (B) damaged and (C) healed. 

PK30 – FU60 – A2P20 – CNT 5,0% 

PK30 – FU40 – A2P40 – CNT 5,0% 

PK30 – FU20 – A2P60 – CNT 5,0% 

A 

A 

A B 

B 

B C 

C 
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7. Conclusion  

All things considered, in this project we have demonstrated to be possible to design and 

develop an electrically conductive polymer thermoset nanocomposite. The material is capable to 

recover structural damage due thermally reversible DA bonds assisted by HB through resistive 

heating. The groundwork is followed by a systematic investigation into the effect of amines ratios 

and volume variation of fillers on the self-healing, electrical and mechanical properties of the 

final product. The self-healing nanocomposite material was prepared via the Paal-Knorr 

modifications of an alternating aliphatic PK with the association of DA reversible reaction 

(Furfurylamine) and HB (Amino-2-propanol) to assist the healing process. In addition, MWCNT 

was included as reinforcement filler and provider of the electrical pathway. The reactions were 

carried out favorably in a one-pot reaction and verified its high-efficiency yield with FT-IR, 1H-

NMR analysis, elemental analysis, and GPC. The thermal properties of the polymer evaluated by 

DSC before crosslinking present relevant contribution of HB groups to the glass transition. 

Likewise, FT-IR analysis confirmed the presence of DA adduct proving the favorable 

outcome of the cross-linking reaction. DSC study confirms the thermal reversibility of the 

nanocomposites by the thermograms graphs where consecutive cycles approximately overlap 

each other in all the samples. The electrical investigation discovers the correlation of weight 

content of MWCNT and resistivity. It proved that moderate amount of MWCNT filler, more 

precisely 1,5 wt% is enough to build an electrical network inside the nanocomposite, however 

with this amount of filler was not enough to heat the sample with a voltage of 60,5V. Anyhow 

samples with 5,0 wt% of MWCNT could reach optimal temperatures in order to perform r-DA 

reaction. Interesting, the electrical measurements also established that samples with a higher ratio 

of FU conduct electricity better if compare to the other ratios. This latter comes to suggest the 

ability of FU groups to react with MWCNT and possibly assisting the distribution of MWCNT 

during the dispersion. In the matter of self-healing and reworkability properties, the 

nanocomposite presented excellent results in all the three methods applied. The conventional way 

in the oven and the resistive heating, both could almost vanish the damage done in the samples. 

A1 

A2 

A3 

B2 C2 

C3 B3 

B1 C1 

Figure 6.19 Self-healing of sample during the re-process of the bars with press in a conventional process. Sample 

(A) PK30-FU20-A2P60-CNT 0,0% (B) PK30-FU20-A2P60-CNT 1,5% (C) PK30-FU60-A2P20-CNT 0,1% at the 

moment (1) broken, (2) healed front face (3)healed back face 
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The scars still presented in the samples are awaited due to material loss and consequently the 

absence of contact between surfaces. On the other hand, the third healing test was performed in 

the press imposing some pressure in a complete rupture of the bars, which turns out to assist the 

healing to happen and proved to remodel the bars. 

In conclusion, we have established that functionalized PK becomes electrically conductive 

over the inclusion of moderate amounts of MWCNT achieving resistive heating at considerable 

temperatures important to trigger intrinsic self-healing by thermally reversible DA crosslinks. 

Significantly, the polymer nanocomposite presented enhanced mechanical properties achieving 

impressive elastic modulus of 10,6 GPa, loss modulus of 0,27 GPa and softening point at 182,6oC. 

In summary, in our opinion, this research is beneficial not only for the scientific community but 

also for industries. The scientific aspect is cover by the systematic investigation into the effect of 

amines ratios and volume variation of fillers on the self-healing, electrical and mechanical 

properties of the proposed systems. Moreover, this research may benefit the progress towards a 

cost-effective industrial production of electrically-conductive, recyclable thermoset 

nanocomposites featuring intrinsic re-connection triggered by resistive heating or conventional 

ways. 

In light of the evidence this project provides, in my opinion, it is recommended to perform 

mechanical tests with the broken bars after healing with the press. In addition, is also a possibility 

to grind the samples that were subjected to mechanical or electrical analysis and perform new 

bars and again characterize them. This evaluation will indeed prove the recyclability of the 

material. Since the final product present desirable properties, it is a possibility to introduce 

different or perhaps cheaper conductive materials into the mixture. A last but least opportunity is 

to blend the functionalized polyketone with a rubber material like EPM-g-MA. The latter will be 

useful to overcome the lack of ductility of the samples, facilitating the extraction from the mold 

and mechanical test measurements. 
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9. Appendix 
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9.1 DMA 
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