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The intrinsic self-healing ability of polyketone (PK) chemically modified into furan and/or
OH groups containing derivatives is presented. Polymers bearing different ratios of both
functional groups were cross-linked via furan/bis-maleimide (Diels-Alder adducts) and
hydrogen bonding interactions (aliphatic and aromatic OH groups). The resulting ther-
mosets display tuneable softening points (peak of tan (d)) from 90 to 137 �C as established
by DMTA. It is found that the cross-linked system containing only furan groups shows the
highest softening temperature. On the other hand, systems displaying the combination of
Diels-Alder adducts and hydrogen bonding (up to 60 mol % of AOH groups) do not show
any change in modulus between heating cycles (i.e. factually a quantitative recovery of
the mechanical behaviour). It is believed that the novelty of these tuneable thermosets
can offer significant advantages over conventional reversible covalent systems. The syner-
gistic reinforcement of both interactions resists multiple heating/healing cycles without
any loss of mechanical properties even for thermally healed broken samples.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last few decades, researchers working on the design and optimization of plastic materials have reported consid-
erable improvements (e.g. in mechanical properties of recycled materials) often stimulated by societal driven demands in
terms of sustainability, enhancement of material quality and value-add services [1,2]. However, despite all the efforts, it
is widely recognized that plastic recycling is still facing relevant problems regarding collection, separation, cleaning, process-
ing chemistry and flow markets for recycled products [3–6].

As an attempt for improvements in this matter, the European Commission has categorized the waste treatment according
to the most environmentally favourable strategies. The ‘‘waste hierarchy” establishes as priority the prevention followed by
the reuse and recycling of waste, while the less favourable strategies are the recovery and disposal [7]. In the particular case of
plastics, suitable materials for recycling are subjected to the availability of treatment technology and markets [8,9]. For
instance, the most used procedures for thermoplastics recycling are the physical and chemical approaches. The physical
recycling is realized by the grinding and re-melting of thermoplastics to produce a material with equal, similar or completely
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different properties compared to the original one. On the other hand, the chemical recycling turns thermoplastics into mono-
mers or oligomers (by the addition of chemical additives and processing conditions) to be used as raw materials for the pro-
duction of new polymers [10].

Thermosets unlike thermoplastics, cannot be recycled by using the abovementioned approaches (e.g. re-melted/re-shaped
or chemical reduction tomonomers) since they degrade or decompose. In this context, (thermally) reversible thermosetmate-
rials represent an accessible solution due to their remarkable ability of being mended and recycled (according to a ‘‘cradle to
cradle” approach) in order to prolong their use after their first service life [11]. Several scientific articles have reported the abil-
ity of thermoset polymers to be repaired indifferentways. These include the incorporationof lowmolecularweight additives in
the form of capsules as healing agent after damage events (extrinsic self-repair) [12–16], but also the functionalization of raw
non-reworkable polymers that can heal cracks as a consequence of an external stimuli like heat [17–20] and light [21–25]
(intrinsic self-repair). The last approach relies on the chemical modification of the base polymer with functional groups able
to undergo a reversible reaction as function of the presence/absence of the external stimulus. Diels-Alder or hydrogen bonding
active groups are indeed often employed to prepare polymer networkswith thermally reversible properties [26,27]. Therefore,
in a fracture event, the healing process can be performed by the combination of covalent (Diels-Alder) and or non-covalent (H-
bonds) reversible interactions. It is ideal as the intrinsic self-healing ability (i.e. bonds reconnection) of both functional groups
plays a crucial role in supporting the recovery of the network (e.g. dimensional stability) at different levels of energy (i.e. com-
plementary reinforcement of chemical and physical interactions). Therefore, the healing process can be achieved under differ-
ent conditions (e.g. temperature) just by controlling the ratiobetween the introduced functional groups. These advantageshave
recently triggered the research on thermoset systems with tuneable chemical reversibility and mechanical properties (e.g.
polymers containing reversible [20,26,28] and non-reversible [29–31] covalent interactions in combination with hydrogen
bonding). However, the design of this kind of materials still faces problems in terms of lengthy, costly and cumbersome syn-
thetic steps, thus hindering any application at industrial scale.

Against this drawback, we recently reported on the novel thermally self-healing properties of polymer networks contain-
ing reversible covalent and non-covalent interactions based on aliphatic polyketones [20,32]. In order to prepare the target
materials, we started modifying alternating aliphatic polyketone (PK) into new polymers by using the Paal-Knorr reaction, i.
e. the chemical modification of the di-carbonyl arrangement of PK into pyrrole groups bearing furan or amine active groups
[20]. This synthetic pathway offers several advantages like high yield under relatively mild condition (100 �C) and fast reac-
tion kinetics (4 h) even without any catalyst, with water as the only by-product. Subsequently, the modified PK was cova-
lently cross-linked through the Diels-Alder (DA) reaction by using bis-maleimide. The simultaneous presence in the modified
polymers of both interactions (H-bonding and DA adducts) resulted in networks with softening points from 100 to 185 �C.
Remarkably, the materials retained quantitative modulus values after multi heating-healing cycles. However, they also dis-
played an increase in the softening point between cycles, which was ascribed to the formation of irreversible cross-linking
points via the reaction of the pendant amine groups with the unreacted carbonyls along the backbone [20]. In order to over-
come this drawback, this work is focused on preparing tuneable reversible thermosets through the synergistic cooperation of
covalent and non-covalent interactions. These materials should then be able to display reversible properties after several
heating/healing and recycling cycles. In principle, this can be achieved by using OH functional groups (instead of amino ones)
as hydrogen bonding active moieties, thus avoiding any side reaction with the unreacted carbonyls along the backbone. In
order to establish more clearly the role of the OH-groups, reference polymers displaying the same pyrrolic backbone of the
target ones were functionalized with less reactive moieties without OH groups.

After modification, the polymers are covalently cross-linked via furan/maleimide Diels-Alder adducts and hydrogen
bondings. The thermal and mechanical behaviour is then studied by differential scanning calorimetry DSC and dynamic
mechanical thermal analysis (DMTA) to determine the reversibility, rework-ability and intrinsic self-healing ability of the
thermoset polymers.

2. Experimental section

2.1. Reagents

The alternating aliphatic polyketone, terpolymer of carbon monoxide with 30% of ethylene and 70% of propylene per mol
(PK30, Mw 2687 g/mol), on the basis of the total olefin content, was synthetized according to a reported procedure [33,34].
The resulting product presents a 43% of carbonyl content on the basis of the total molecular weight of polymer. Furfury-
lamine (Fu) was freshly distilled (Aldrich, P99%). 3-Amino-1-propanol (Ap) (Acros, The Netherland), 2-(4-hydroxyphenyl)
ethylamine (tyramine Ty) (Sigma Aldrich 99%), 2,5-hexanedione (Sigma Aldrich 98%), butylamine (Ba) (Sigma Aldrich
99%) benzylamine (Bea) (Sigma Aldrich 99%), 1-Propanol, Milli-Q water, (1,1-(methylenedi-4,1-phenylene) bis-maleimide
(b-Ma) (Sigma Aldrich 95%), chloroform (CHCl3 Laboratory-Scan, 99.5%), were purchased and used as received. Deuterated
dimethylsulfoxide (DMSO-d6, Sigma Aldrich, P99.9 atom%) was used as solvent for 1H NMR measurements.

2.2. Model component reaction

Model reactions between stoichiometric amounts of 2,5-hexanedione (8.7 mmol) with either furfurylamine (previously
reported by our group [35]), 3-amino-1-propanol (0.65 g) or tyramine (1.2 g) were carried out in order to identify the
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presence of any side product. The reactants were poured into a flask provided with a reflux condenser and transferred to the
microwave apparatus. The reactions were performed at 100 �C (200W) for two hours in bulk in the case of 2,5-hexanedione
with 3-amino-1-propanol and using 1-propanol as solvent (10 wt%) in the case of 2,5-hexanedione with tyramine. There-
after, the organic solvent was removed in a vacuum oven at 50 �C for 24 h and the by product (H2O) was removed in a freeze
dryer for 72 h.

2.3. Polyketone modification

The chemical modification of PK30 was performed by two different methods (1 conventional oil bath and 2 microwave
oven). In both methods, the reaction conditions were set at different molar ratios between 1,4-dicarbonyl of PK30 and amine
compounds. PK30-Fu and PK30-Fu-Ap were prepared in a conventional oil bath as well as the reference polymers PK30-Ba
and PK30-Bea, while PK-Fu and PK-Fu-Ty by using the microwave oven.

In the case of 1, the reactions were carried out in bulk in a sealed 250 mL round-bottomed glass reactor with a reflux con-
denser, a U-type anchor impeller, and an oil bath for heating. After 60 g of PK30 were preheated to a liquid state at 100 �C, the
amine compounds furfurylamine and/or 3-amino-1-propanol (butylamine or benzylamine for reference polymers) were
added dropwise to the reactor during the first 20 min (mmol equivalent to 20–80% aimed conversion). The stirring speed
was set at a constant value of 600 rpm and the reaction time was set at 4 h.

Procedure number 2 is employed in order to reduce the reaction time for the chemical modification of PK30 into polymers
bearing Fu and aromatic-OH groups [36]. In a typical experiment, a mixture of polymer (4.0 g PK30) with furfurylamine and/
or tyramine (mmol equivalent to 35–80% aimed conversion) was pre-dissolved in 1-propanol (�10 wt% of polymer) and then
poured into a flask provided with a reflux and transferred to the microwave apparatus. The microwave power was set at
200 W to keep a constant temperature of 100 �C for 2 h. After reaction, the solvent was removed using rotary evaporation.
Finally, the products were dried under vacuum at 50 �C for 24 h.

In both procedures, the resulting polymers were frozen with liquid nitrogen, crushed to powdery samples and washed
three times with deionized Milli-Q water to remove unreacted amine compounds, if any. After filtering and freeze drying,
light-brown polymers were obtained as final products. The carbonyl conversion (Cco) of PK30 can be calculated by:
Cco ¼ y
yþ x

� 100 ð1Þ
where x and y represent the moles of di-ketone and pyrrolic units after conversion, respectively. y can be calculated as
follows:
y ¼ N
AmðNÞ

ð2Þ
where N represents the grams of nitrogen in the product according to elemental analysis and AmðNÞ represents the atomic
mass of nitrogen. x can be calculated as follows:
gp ¼ x �Mpk
w þ y �My

w ð3Þ

where gp represents the grams of the final product after conversion,Mw

y the molecular weight of the pyrrolic unit (i.e. pyrrolic
units bearing either Fu, OH or both functional groups) and Mw

pk the molecular weight of the 1,4 di-ketone unit. Then we can
conclude that:
x ¼ gp � y �My
w

Mpk
w

ð4Þ
The conversion efficiency g can be defined as the ratio between the final carbonyl conversion Cco and the targeted one
according to the amount of polymer and amine compounds provided in the feed (Cco

feed):
g ¼ Cco

Cfeed
co

� 100 ð5Þ
The Cco
feed is calculated as follow:
Cfeed
co ¼ Molamine

MolPK30
� 100 ð6Þ
with Molamine representing the moles of amine compounds and MolPK30 the moles of di-carbonyl units in the feed.

2.4. Diels-Alder reaction

The DA reaction of PK30-Fu and PK30-Fu-OH (2.0 g) with bis-maleimide was carried out in a ratio 1:1 between the furan
moiety and the maleimide group using chloroform as solvent (�10 wt% of polymer) in a 100 mL round-bottomed flask
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equipped with a magnetic stirrer and a reflux condenser. The reaction mixture was heated up to 50 �C for 24 h to form the DA
adducts. After reaction, the cross-linked polymers were dried at 50 �C under vacuum overnight to remove the solvent.

2.5. Characterization

The elemental analysis was performed using an Euro EA elemental analyzer. 1H NMR spectra were recorded on a Varian
Mercury Plus 400 MHz apparatus using DMSO-d6 as solvent (residual resonance at 2.5 ppm). FT-IR spectra were recorded
using a Perkin-Elmer Spectrum 2000. The samples (pellets) were prepared by mixing potassium bromide (KBr) with the
polymers at (1.5 wt%). The pills were then kept in an oven for 24 h at 50 �C to remove residual water. DSC analysis was per-
formed on a TA-Instrument DSC 2920 under N2 atmosphere. The samples for DSC were weighed (10–17 mg) in an aluminium
pan, which was then sealed. The samples were first heated from 0 to 180 �C and then cooled to 0 �C. Four cycles were per-
formed at 10 �C/min scanning rates. GPC measurements were performed with a HP1100 Hewlett-Packard to evaluate pos-
sible side reactions of the polymers during the modification step, if any. The equipment consists of three 300 � 7.5 mm
PLgel 3 lm MIXED-E columns in series and a GBC LC 1240 IR detector. The samples were dissolved in THF at a concentration
of 1 mg/mL. THF was used as eluent at a flow rate of 1 mL/min at a temperature of 40 �C. The calibration curve was realized
using Polystyrene as standard and the data were determined using PSS WinGPC software. The samples for DMTA analysis
were prepared by compression molding of 500 mg of cross-linked PK30-Fu/Bis-maleimide and PK30-Fu-OH/Bis-
maleimide into rectangular bars of 6 mm in width, 1 mm in thickness, and 54 mm in length at 150 �C for 30 min under a
pressure of 40 bar. The samples were then kept in an oven at 50 �C for 24 h aimed at thermal healing treatment. The DMTA
analysis of the bars was conducted on a Rheometrics scientific solid analyzer (RSA II) under an air environment using the
dual cantilever mode at an oscillation frequency of 1 Hz and a heating rate of 3 �C/min.

3. Results and discussion

3.1. Model component Paal-Knorr reaction

Model reactions of 2,5-hexanedione (i.e. representative for the di-carbonyl moieties along PK30 backbone) with aliphatic
and aromatic amines were performed. The present Paal-Knorr reaction resulted in the formation of a pyrrole group, ulti-
mately yielding pyrrole-furane [35] and pyrrole-OH derivatives (see Fig. 1 for NMR spectra). In Fig. 1A it is possible to notice
the signal of protons associated to the pyrrole ring at 5.6 ppm, the presence of CH2 units at 1.6, 3.4 and 3.8 ppm and the pro-
ton signal at 4.6 corresponding to the OH group. In a similar way, Fig. 1B displays the proton signals associated to the pyrrole
ring at 5.6 ppm, the presence of CH2 units at 2.7 and 3.8 ppm, the proton signals associated to the aromatic ring at 6.6 and
6.9 ppm and the proton signal corresponding to the OH group at 9.2. In both cases, no relevant by-products are observed and,
in particular, no evidence is found for a possible reaction between the AOH and carbonyl groups.

3.2. Paal-Knorr reaction of PK30

The aim of this work is the preparation of thermo-reversible polymer networks by combining reversible covalent bonding
(DA and r-DA sequence) using PK-furan derivatives together with OH groups. We started with the conversion of PK into the
PK-Furan-OH (i.e. aliphatic or aromatic OH derivatives) by Paal-Knorr reaction by using a mixture of the corresponding
amino compounds (Fig. 2).

Since the amine conversion is practically quantitative in this reaction [20,35], this easily allows (in principle) the prepa-
ration of materials characterized by different conversion values of carbonyl groups. The reactions between PK30 and alipha-
tic/aromatic amine compounds were carried out according to different molar ratios as expressed in the sample nomenclature
(Table 1). The corresponding samples are coded as PK30-FuX1-OHX2 with xi being the mol percentage of amine with respect
to carbonyl groups in the feed while OH represents a common symbol for 3-amine-1-propanol (Ap) or tyramine (Ty).

The obtained results (Table 1) include the carbonyl conversion (CCO, asmeasured experimentally) and the relative efficiency
for themain conversion (g). Indeed, in terms of conversion efficiency, almost all used amines display values around 100%, thus
testifying the easiness of the reaction as well as its quantitative yield [20,35]. Moreover, the reported data in Table 1 confirm
that the use of microwaves can significantly shorten the reaction time with no detrimental effect on the conversion values
[20,35,37,38]. However, minor detrimental effects were observed on the molecular weight of polymers modified with only
tyramine according to GPC data (SI1). Besides, slightly lower g values are obtained for PK30-Fu-Ty when the concentration
of Fu is increased in agreementwith the sensitivity of this reaction to steric hindrance [38,39]. The 1HNMR spectra of the poly-
mers bearing different ratios of pendant groups are displayed in Fig. 3. Asmentioned earlier, model compounds can be used as
simple representations of complex polymeric systems. In the case of Fig. 3, the overlapping and broad character ofmany peaks
was easily overcome using the information obtained from the model compounds. Fig. 3a shows signals that belong to protons
associated to pyrrole rings at 5.6 ppm, the presence of CH2 units attached to the pyrrol groups in the OH moiety at 3.3 and
3.7 ppmand the proton signal of OH groups at 4.6 ppm. In a similarway, the presence of CH2 unit between the pyrrol and furan
group is noticed at 4.9 ppm and proton signals of furanmoieties at 6.1, 6.3 and 7.5 ppm are observed. Fig. 3b evidences the for-
mation of the pyrrole ring at 5.6 ppm, the presence of CH2 unit attached to the pyrrol group in the OH moiety at 3.8 ppm, the
protons associated to the benzene ring at 6.6 and 6.9 ppm, and the protons of OH groups at 9.2 ppm.



Fig. 1. 1H NMR spectra of model compound reaction between 2,5-hexanedione and 3-amino-1-propanol (A) and tyramine (B). The peak at 3.3 ppm can be
assigned to residual water.

Fig. 2. Schematic representation of polyketone PK functionalized with aliphatic and aromatic amines by Paal-Knorr reaction.

Table 1
Experimental conditions and results of the chemical modification of PK30 using different ratios between aliphatic and aromatic amine compounds (XNH2 ).

Oil bath XNH2=C@O XNH2 (moles) CCO
a (%) gb (%) Microwave XNH2=C@O XNH2 (moles) CCO

a (%) gb (%)

PK30-Ba80c 0.8 0.365 78 98 PK30-Bea80c 0.8 0.024 69 86
PK30-Fu20 0.2 0.091 19 99 PK30-Fu80 0.8 0.024 68 85
PK30-Fu40 0.4 0.182 39 99 PK30-Ty35 0.35 0.011 34 97
PK30-Fu60 0.6 0.274 58 98 PK30-Ty50 0.5 0.015 49 98
PK30-Fu80 0.8 0.365 76 96 PK30-Ty65 0.65 0.020 63 97
PK30-Ap20 0.2 0.091 15 75 PK30-Ty80 0.8 0.024 76 95
PK30-Ap40 0.4 0.182 36 90 PK30-Fu65-Ty15 0.8 0.024 60 75
PK30-Ap60 0.6 0.274 57 95 PK30-Fu50-Ty30 0.8 0.024 67 83
PK30-Ap80 0.8 0.365 79 99 PK30-Fu35-Ty45 0.8 0.024 73 91
PK30-Fu20-Ap60 0.8 0.365 77 96 PK30-Fu15-Ty65 0.8 0.024 73 91
PK30-Fu40-Ap40 0.8 0.365 78 97
PK30-Fu60-Ap20 0.8 0.365 78 98

a % conversion of carbonyl groups.
b g conversion efficiency.
c Reference samples: PK30-Ba (butylamine) and PK30-Bea (benzylamine) same polymer structure but not bearing active functional Fu (furan) or OH

(propanol, phenol) groups.
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The area below each signal changes according to the number of protons that belong to each functional group whereas the
intensity of the signal assigned to the pyrrole ring remains constant. This trend well agrees with the formation of the desired
structure, although a quantitative estimation is affected by peak overlapping. Furthermore, spectral data obtained by FT-IR
analysis corroborate the 1H NMR results. Fig. 4A displays FT-IR spectra for PK30-Fu-Ap at two different conversion values.
We start by noticing the appearance of broad peaks around 3400 cm�1 that belong to the OH group experiencing intermolec-
ular hydrogen bonding, the pyrrole ring at 3115 and 1505 cm�1 and the furan moiety at 3150, 1145 and 738 cm�1.

The same holds true for PK30-Fu-Ty (Fig. 4B) with the expected appearance of absorptions related to the benzyl ring at
1613 and 828 cm�1. In both cases (Fig. 4A and B the intensity between the peaks of furan and OH groups change as a function
of conversion. Fig. 4C displays the magnification of the PK30-Fu-Ty spectra in the CAH bending region for polymers bearing
only furan or both furan and benzyl-OH groups at different conversion values. The figure clearly evidences the furan peak
decreasing as conversion becomes in favour of benzyl-OH groups (i.e. out-of-plane CAH bending). All prepared polymers
were characterized, before cross-linking, by DSC analysis (Fig. 5).

Polymers with only one functional group (either Fu or OH) display a monotonous increase of Tg with the amine conver-
sion (Fig. 5A). This is in agreement with the increased rigidity of the backbone by increasing the amount of pyrrole groups.



Fig. 3. 1H NMR spectra of PK30 modified with different ratios between furane (Fu) and OH groups (aliphatic-OH (a) and aromatic-OH (b)) at a maximal 80%
of conversion.
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Moreover, PK30 functionalized with aromatic OH groups (PK30-Ty) systematically displays (at equal conversion values) sig-
nificantly higher Tg than those modified with furane (PK30-Fu) and aliphatic OH groups (PK30-Ap). This behaviour can be
attributed to both the bulkiness of aromatic groups compared to aliphatic ones (compare PK30Ba80 with PK30Bea80 in
Fig. 5B) which increases the steric hindrance so that the energy demand to activate segmental motions, and the relevant con-
tribution (differences are up to 60 �C) provided by hydrogen bonding interactions (compare PK30Ap80 with PK30Ba80 and
PK30Ty80 with PK30Bea80 respectively, Fig. 5B). The higher Tg value displayed by PK30-Ty compared to PK30-Ap can also be
possibly due to the more acidic nature of phenyl-OH groups. This feature can be confirmed by the broad character of signals
associated to hydrogen bonding of OH groups around 3420–3390 cm�1 and considering the evident bathochromic shift
(30 cm�1 for PK30-Fu-Ty) by increasing the amount of tyramine moieties (Fig. 4B). As expected, samples of the PK30-Fu-
OH series (thus displaying the presence of both hydrogen bonding and possibly aromatic interactions (e.g. PK30-Fu-Ty))
show Tg values intermediate between the ones of the two reference compounds (PK30-Fu80 and PK30-OH80) at the same
total conversion value (Fig. 5C). It is interesting to note in Fig. 5C a deviation from linearity for PK30-Fu65-Ty15. This can
possibly be ascribed to the total lower conversion of this system, compared to the others (see Table 1).1 It is worth noting
that all DSC data clearly demonstrate, even before cross-linking, the remarkable versatility of the employed synthetic approach
in yielding polymeric systems with tuneable thermal behaviour as a function of composition.

On the other hand, it can also be speculated that Tg values may come from undesired cross-linking reactions occurring
during the polymer modifications. In order to clarify this point, Gel Permeation Chromatography analysis was performed
on the different products (SI1). According to these results, it can be recognized that all systems display similar values of
the polydispersity index (PDI) and practically the same magnitude of Mn and Mw, which proves that the different values
obtained for Tg are only consequences of pyrrole formation, inter-polymeric interactions of functional groups and steric hin-
drance according to the bulkiness of each modifier as above mentioned.

The polymers were then cross-linked and de-cross-linked via a DA and r-DA sequence using an aromatic bis-maleimide
(Fig. 6).

The cross-linking reactions of PK30-Fu and PK30-Fu-OH with bis-maleimide occurred at 50 �C for 24 h. All prepared sam-
ples were cross-linked with bis-maleimide in a ratio 1:1 between furane and maleimide groups. In a first step, DSC analysis
was carried out in order to investigate the thermal behaviour of the prepared samples (Fig. 7).

In the heating and cooling runs, the occurrence of the Diels-Alder reaction (exothermic peaks) and its reverse process
(endothermic peaks) are clearly visible. It is worth noting that each sample showed practically the same thermogram curves
up to 3 cycles between 0 and 180 �C, thus confirming the full system reversibility. Moreover, the endothermic transition
phase in all samples took place over a broad range of temperatures that reached values up to twenty degrees from the begin-
ning to the end of the r-DA (i.e. the highest peak in the endothermic transition phase).

On the other hand, it is worthmentioning that the r-DA enthalpy (i.e. the area under the curve associated to the r-DA peak)
is related to the energy required to break all DA adducts in each particular cross-linked system. According to this, one could
assume in advance that the system containing the higher amount of furan/maleimide adducts (e.g. PK30-Fu80/Ma) should
display the higher value of enthalpy when compared to those samples displaying the combination with Fu/b-Ma and
1 We are grateful to the anonymous reviewer #1 for this observation.



Fig. 4. FT-IR spectra of PK30 functionalized with furan/OH groups at different ratios, aliphatic OH (A) and aromatic OH (B). Figure (C) displays the
magnification in the CAH bending region for (B) (furan peak 742 cm�1 and benzene peak 827 cm�1). Bands normalized at 2962 cm�1 (CAH stretch).
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hydrogen bonding OH groups. Indeed, the enthalpy value decreases (Fig. 7A = 33.66 J/g > 7B = 11.18 J/g > 7C = 8.17 J/g) with
decreasing amount of DA adducts. Notably, the almost quantitative overlap of the endothermic and exothermic traces clearly
indicates the reversibility of the systems upon thermal treatment at least in terms of amount of DA adducts broken and
formed, respectively.

The thermo-mechanical behaviour of all prepared samples (as solid bars) was tested by DMTA at four heating cycles.
DMTA results demonstrated that the corresponding softening point (taken as peak of tan (d) in the corresponding DMTA
curves) increases with the amount of furan/maleimide adducts in systems bearing only Fu groups. This is expected on the
basis of the corresponding network density (Fig. 8).

In systems containing both Fu and OH functional groups (i.e. same 80% of carbonyl conversion along the backbone), the
corresponding softening point decreases with the relative amount of OH groups (i.e. hydrogen bonding interactions) with
respect to the furan ones (i.e. DA adduct). The trend is not linear with composition (or at least it does not seem to follow
a linear pattern) since hydrogen bonding between OH groups and the carbonyl ones on the bis-maleimide compound might
also take place and thus decrease the amount of available OH groups. In addition, the recovery of mechanical properties
(modulus in this case) seems to be fully quantitative for both PK30-Fu (Fig. 9A) and PK30-Fu-OH (Fig. 9B and C; for brevity
only three samples are shown).



Fig. 5. Tg (measured by DSC) of PK30: as a function of different percentage of conversion with furfurylamine (PK30Fu), 3-amino-1-propanol (PK30Ap) and
tyramine (PK30Ty) (A), as a function of different interacting side groups but same (�80%) total conversion and backbone structure (B) and as a function of
different Fu/OH ratios at 80% total conversion (C).

Fig. 6. Schematic representation of DA/r-DA sequence and molding of functionalized polyketone PK-Fu-OH cross-linked with bis-maleimide. In red
reversible covalent interactions and blue hydrogen bonding (aliphatic or aromatic). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Despite the relatively high softening point and the fully quantitative recovery of modulus during the thermal cycles and
recycling (grained samples), the formation of reversible cross-linking through DA adducts seems to be a better option for the
creation of materials with higher damping capabilities. However, the combination with hydrogen bonding discloses very
interesting and promising pathways towards the design of tuneable (in terms of thermal properties) reversible thermosets.
Actually, considerable compensation of the lower cross-linking density (due to the reduced amount of furan moieties) by
hydrogen bonding is observed. In fact, by comparing the three different systems in Fig. 9, it is possibly to see that the elastic
and loss modulus are increased by the contribution of hydrogen bonding. It is worth mentioning that the ratio E00/E0 = Tand
(right axes in Fig. 9) reach values of 9A = 0.15 < 9C = 0.28 < 9B = 0.32 indicating the formation of more elastic materials by
decreasing the Diels-Alder crosslink density, respectively.



Fig. 7. DSC thermal cycles of cross-linked PK30-Fu80 (A), PK30-Fu40-Ap40 (B), PK30-Fu35-Ty45 (C). Ratio Fu/Maleimide = 1. Only three samples are
showed for brevity.
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In these particular systems (PK-Fu-OH), the addition of OH groups is crucially from two different points of view:

– from a scientific perspective it allows comparing polymers with the same backbone structure (vide supra), which in turn
allows pinpointing the exact influence of hydrogen bonding on the thermal and mechanical behaviour;

– from an applicative point of view, it provides an easy and straightforward way to modulate the softening point of the final
product while decreasing the chance of side reactions due to the fact that the carbonyl conversion is factually close to its
theoretical maximum of 80% [37]. Moreover, the presence of OH groups increases the internal motion (friction) and relax-
ation of the polymeric chains during the applied stress. This certainly increases the intrinsic self-healing properties of the
materials. It can be noticed by the fact that elastic and loss modulus remains practically as the original in continuous
DMTA measurements (Fig. 9) due to the faster recovery of the hydrogen bonds.



Fig. 8. Softening points (tand) tested by DMTA of PK30-Fu at different grade of conversions and PK30-Fu-OH systems at different ratios of functional groups
cross-linked with bis-maleimide. Ratio Fu/Maleimide 1:1.

Fig. 9. Dynamic thermo-mechanical behaviour of cross-linked PK30-Fu80 (A). PK30-Fu20-Ap60 (B). PK30-Fu35-Ty45 (C). E0: storage modulus, E00: loss
modulus and Tan d: softening point (dumping factor). Ratio Fu/Maleimide = 1.
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4. Conclusion

This work illustrates the facile synthesis of intrinsic thermally self-healing polymeric material based on the chemical
modification of aliphatic polyketones by Paal-Knorr reaction. The modification of the polymers was proved to be feasible
using conventional oil bath and microwaves pathways to achieve similar end-products. Besides the easiness of the modifi-
cation procedure, which constitutes a relevant novelty in the open literature, the Paal–Knorr reaction with aliphatic and aro-
matic amine compounds provides a series of general advantages. In particular it allows the preparation of a series of
compounds displaying the exact backbone structure but a (systematic) variation in the amount of hydrogen bonding and
Diels-Alder active groups. From a scientific perspective this allows to pinpoint exactly the influence of both kinds of inter-
actions on the thermal and mechanical behaviour. Indeed, DSC traces indicated that furan/OH-functionalized polyketones
are capable to be repeatedly cross-linked and de-cross-linked with bis-maleimide by only using heat as external stimulus.
Furthermore, DMTA measurements testify the relevant contribution of Diels-Alder covalent bonding to the final softening
point temperature while hydrogen bonding interactions seem to contribute with faster quantitative recovery of modulus
in these systems.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.eur-
polymj.2016.06.004.
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