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A B S T R A C T   

This work is a proof-of-concept of the use of azomethine-bearing diamines as novel hardeners of standard epoxy 
compounds to yield cleavable and thermoformable covalent adaptable networks (CANs), with functional prop
erties otherwise comparable to conventional epoxy networks. A suitable aromatic diamine (TPA-o-PD) was 
synthesised at acceptable purity for the intended use and successfully reacted with DGEBA. The resulting 
azomethine-bearing cured epoxy networks exhibited glass transition temperature values and a thermal stability 
profile similar to conventional epoxy network counterparts. In contrast to their conventional counterparts 
however, the azomethine-bearing networks were shown to dissolve in mixtures of chloroform and meth
anesulfonic acid, due to acid hydrolysis of at least some of the azomethine bonds of the network. The resulting 
recyclate material after evaporating the solvent was consistent with the profile of a thermoplastic polymer of 
high molecular weight, suggesting limited depolymerisation/network cleavage during dissolution in the chlo
roform/methanesulfonic acid mixture. The recyclates were soluble in polar aprotic solvents and showed good 
thermal stability, high Tg and molecular weight values, consistent with the attributes of engineering thermo
plastics. Lastly, the cured networks were shown to be thermoformable at 200 ◦C, yielding self-standing films with 
only minor reduction of properties.   

1. Introduction 

Epoxy resins are ubiquitous commodity materials in modern society, 
in the form of adhesives, coatings, plastic parts, and as matrices in 
thermoset fibre-reinforced polymer (FRP) composites [1]. Epoxies are 
key components in various products in major economy sectors (e.g. 
construction, transport, food, energy, electronics and leisure amongst 
others) [2]. However, their irreversible curing chemistry results in a 
covalently cross-linked thermoset polymer network which, whilst it 
demonstrates exceptional properties such as adhesion, physical and 
mechanical performance, chemical & thermal stability during its life
time, cannot be dissolved or re-shaped/re-processed under heat as a 
thermoplastic polymer would. 

As a result, thermoset polymer networks including epoxies are 

considered largely non-recyclable. The available end-of-life treatments 
[3] for thermoset polymer and polymer composite products include size 
reduction for use as low-value fillers in other formulations (e.g. cement 
[4]), incineration to recover some of the energy released, chemical 
recycling where the thermoset matrix is in essence chemically degraded, 
and landfill. These treatments are environmentally challenging and are 
overall considered mass- and energy-inefficient. 

The notion of a class of materials that would combine desirable 
features of both thermoset and thermoplastic polymers has been dis
cussed as early as 2010 [5] when the term “covalent adaptable net
works”, CANs, was first presented. It has been shown since in a plethora 
of studies and review papers [6–11] that it is possible to obtain a 
covalently cross-linked thermoset polymer network which can still be 
malleable and processable in bulk with the help of exchange reactions 
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between carefully selected dynamic covalent bonds used as crosslinks. 
Such networks can retain their characteristic thermoset properties, 
avoid extensive depolymerisation and be dynamic in nature, allowing 
for e.g. stress relaxation and shaping when applying heat and force. A 
number of dynamic covalent bonds [5–7,9–11] have been employed as 
reversible/exchangeable cross-links in the synthesis of CANs, including 
ester, Diels-Alder, disulfide, acetal and imine/azomethine amongst 
others. Reactivity of these bonds can be triggered with various stimuli, 
including heat, presence of reagent and/or catalyst, and radiation. 

CANs are further categorised in dissociative (where bonds would be 
first cleaved and then re-formed elsewhere in the network) and asso
ciative (where new bonds are formed first, and bonds are cleaved only 
after new bonds have been formed) [7,9,10]. Probably the most well- 
known related study is by Leibler et al. [12] where an epoxy network 
was synthesised forming β-hydroxyester crosslinks from the reaction 
between epoxide and carboxylic acid groups. A catalysed trans
esterification reaction was employed between the ester and the β-hy
droxyl groups of the network to yield a dynamic material that resembled 
glass in its rheological behaviour – hence the term “vitrimer”. The two 
terms (CAN and vitrimer) have been used rather interchangeably since, 
although there are certain criteria [7,10] that would specify if a CAN can 
be characterised as a vitrimer (e.g. retain insolubility in good solvents 
even at higher temperatures, thermally induced associative exchange 
reactions between crosslinks). Moreover, it is only associative CANs that 
can lead to vitrimers [7,10]. 

Looking specifically at epoxy-based CANs and their composites, 
many of the aforementioned approaches have been adopted with a 
particular focus on amine hardeners combined with standard diglycidyl 
ether of bisphenol A (DGEBA) resins, or other tailor-made epoxides. The 
most frequently utilised dynamic covalent bonds to date have been 
acetal [13,14], disulfide [15–20] and imine/azomethine [21–24]. The 
dynamic covalent bonds can be present in the amine hardener molecule 
[13–15,17–20,23], the epoxide [16,21] or formed in-situ after bringing 
the two components (and potentially other co-reagents) together for 
network formation [22,24]. 

Malleability/re-processing and repair have been amongst the main 
focal points for epoxy CANs and their composites to date, with several 
studies [15–24] demonstrating the possibility of repairing a damaged 
area under heat and pressure, inducing intricate shapes from flat sheets 
of CAN/vitrimer material, recombination of material fragments to pro
duce a uniform flat sheet by hot compression moulding, or thermo
forming a FRP composite flat laminate into a 90o angle or a wavy pattern 
[17]. Recyclability of FRP composites based on CAN matrices has been 
examined to a lesser extent [17,23], in the context of dissolving the CAN 
matrix by cleavage of the utilised dynamic bond/inducing exchange 
reactions with the selected solvent [17,23] and hence being able to 
separate and recover the reinforcing fibres. The resulting CAN matrix 
recyclate could also be of added value as a polymer matrix for other 
applications; however, its properties have not been examined in these 
studies [17,23]. 

In the context of potential industrial uptake of such CAN epoxy 
matrices however, the two main conditions to be met would be equiv
alence of performance to standard epoxy counterparts and recyclability 
at the end-of-life. The likelihood of inducing repair in actual structural 
parts made from CAN epoxy matrices would be overall low, due to the 
stringent quality requirements in all related sectors. Acetal-based CAN 
epoxy matrices and composites have been shown to be recyclable under 
a mild acidic treatment [13], yet the overall high sensitivity of acetals to 
hydrolysis may present issues with respect to in-service performance of 
such parts – even under moderate humidity. Still, a large collection of 
relevant amine hardeners has been reported [13]. The disulfide epoxy 
CANs have been almost exclusively based on a single diamine hardener, 
namely 4-aminophenyldisulfide [15–18,20], and to a much lesser extent 
the 2-aminophenyldisulfide isomer [19]. Despite the considerable suc
cess of this approach in both performance equivalence and recyclability, 
other hardeners have not yet been reported (e.g. trifunctional or 

aliphatic) which could produce epoxy materials with a wider range of 
properties. As a result, the use of an aromatic diamine hardener would 
inevitably result in high glass transition temperature systems – which 
may not be always desirable. 

Imine or azomethine based epoxy CANs [21–24] have had a wide 
variety of structures reported, with vanillin [21,23,24] playing a central 
role in the synthesis of imine/azomethine functionalised epoxy net
works. Zhao and Abu-Omar [21] reported the synthesis of a symmetric 
diglycidyl ether based on vanillin and 4-aminophenol with a central 
azomethine moiety, which was combined with Jeffamine as a linear 
diamine crosslinker to yield epoxy CANs. Liu et al. [23] have synthesised 
an azomethine-bearing mono-amine phenol cross-linker based on 
vanillin and 4-methylcyclohexane-1,3-diamine, which was subsequently 
combined with ethylene glycol diglycidyl ether and a trifunctional 
epoxide (AFG-90H) to yield epoxy CANs. Carbon fibre prepregs were 
fabricated by a solution impregnation approach and were subsequently 
combined in stacks of eight for thermoforming experiments. Lastly, 
Zhang and co-workers [24] used vanillin glycidyl ether with standard 
aliphatic diamines, and also reported [22] the in-situ formation of an 
azomethine-bearing CAN using terephthalaldehyde with a mixture of 
linear aliphatic diamines, which was then reacted further in a one-pot 
reaction with a standard DGEBA-type epoxy resin. 

It is evident that whilst the imine/azomethine based epoxy CANs 
would be very promising in terms of achieving a wide variety of epoxy 
network structures, there have not been any reports of relevant indi
vidual di- or poly-amine hardener molecules (as in the case of acetal and 
disulfide described above) that could be directly combined with com
mercial epoxy resins and hence show increased potential for industrial 
adoption – particularly in order to manufacture recyclable epoxy FRP 
laminates. This apparent gap has been the main motivation for our work, 
as we aim to provide a proof-of-concept in which it is possible to:  

- synthesise such azomethine-bearing diamine molecules, which can 
be successfully used as epoxy hardeners 

- produce azomethine-bearing epoxy CAN networks that are compa
rable in their main properties to conventional epoxy counterparts  

- dissolve such epoxy CAN networks by azomethine bond cleavage and 
yet under conditions that do not compromise their in-service 
performance 

In this paper, therefore, we present the indicative synthesis of one 
such azomethine aromatic diamine (hereafter referred to as TPA-o-PD) 
synthesised from terephthalaldehyde (TPA) and o-phenylene diamine 
(o-PD), its reaction with DGEBA to form azomethine-bearing epoxy 
networks and their characterisation, as well as the dissolution of such 
networks under moderate to high acidic conditions. To our knowledge, 
this is the first report of TPA-o-PD used as epoxy hardener, as well as the 
first example of an azomethine-bearing diamine that can be used as 
hardener of any standard/commercial epoxy resin altogether, and that 
can form an epoxy CAN network in particular. The approaches adopted 
to date in order to synthesise imine/azomethine based epoxy CAN net
works [21–24] followed more intricate synthetic routes, and not the 
standard and commercially relevant direct combination of an epoxy 
resin and an amine hardener. 

We also present evidence on the malleability of the formed networks 
and, unlike previous studies, we show that there is indeed some minor 
property deterioration from the thermoforming procedure. Lastly, we 
present data from the analysis of the recyclate CAN matrix (after the 
azomethine bond acidic cleavage) which suggest that this recovered 
product remains a high molecular weight polymer with interesting 
properties. 

2. Experimental 

Details on Materials & Methods, synthesis, characterisation and im
purity analysis of TPA-o-PD, epoxy network formation – reaction of 
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DGEBA with TPA-o-PD and o-PD, gel fraction calculation and hot 
compression moulding are given in the Supplementary Information. 

3. Results & discussion 

3.1. Synthesis of TPA-o-PD 

TPA-o-PD was conveniently synthesised by the direct stoichiometric 
condensation reaction of terephthalaldehyde (TPA) and o-phenylene 
diamine (o-PD) as per Scheme 1. 

TPA-o-PD was reported in previous studies [25,26] (not related to 
epoxy networks) and was selected as a model azomethine-bearing 
diamine compound for our work due the facile reported synthesis and 
the associated potential for industrial adoption. The selected route was 
adapted from the literature [26] and involved ethanol as solvent and the 
use of acetic acid as catalyst. A reaction time of 2.5 h was adequate to 
produce TPA-o-PD in good yield and at adequate purity for the intended 
use as epoxy hardener with minimum purification (washing the ob
tained orange powder with ethanol). A fine orange precipitate formed 
instantly after adding the catalytic amount of acetic acid (see SI/section 
2), which suggested that the desired product was formed readily and 
hence preferentially. Oligomer formation may have been favoured from 
using a 1:1 TPA/o-PD mole ratio, and the 2:1 TPA/o-PD stoichiometry 
employed here would promote the formation of the desired compound. 
Mass spectrometry showed the dominant [MH]+ fragment of TPA-o-PD, 
with no evidence for the presence of any oligomers. As the desired 
product appeared to form very quickly under the reaction conditions, 
the likelihood of major side-products (including oligomers) forming 
would be overall considered low. However and in the absence of a 
dedicated purification step, the presence of minor amounts of aromatic 
impurities was suggested by 1H NMR spectroscopy. A detailed analysis 
on the impurities in our TPA-o-PD grade (including oligomers) is pre
sented in the SI (Section 3, Fig. S1 and Scheme S1). The removal of the 
water by-product by e.g. in-situ distillation was not employed in the 
relevant literature [25,26], and any major issues with possible hydro
lysis of the formed azomethine bond during synthesis (from the water 
by-product and the slightly acidic conditions) were not suggested from 
the characterisation data. 

The formation of the azomethine bond was confirmed by NMR 
(singlet resonance at 8.70 ppm in the 1H NMR spectrum, Fig. 1) and FTIR 
(-C=N- stretch at 1613 cm− 1, Fig. S2) spectroscopies, and the detailed 
spectral profiles were in agreement with the literature [25,26]. A neat 
splitting pattern was observed for the protons of the ortho-disubstituted 
segments of the molecule (protons c, d, e, f; Fig. S3), with doublet of 
doublets (dd) resonances for protons c and f, and triplet of doublets 
(ddd) for protons e and d. The electron-donating resonance effect from 
the amine group at the ortho- and para- position would shield the cor
responding protons (f and d) and these appear upfield compared to their 
counterparts (c and e, respectively). Additional confirmation of the 
compound identity was provided by DSC with a melting point of 227 ◦C 
and by mass spectrometry. 

3.2. Network formation by TPA-o-PD and DGEBA 

3.2.1. Formulation and network formation 
Appropriate amounts of TPA-o-PD were mixed manually with 

DGEBA (1.0 g) to produce three formulations A-C (Table 1). Formulation 
C reflected the stoichiometric composition considering the four active 
hydrogens of the two amine groups, while formulations A and B took 
also the two azomethine hydrogens into account, in the event these were 
active towards the oxirane ring. Despite the lack of indications from the 
relevant previous studies [21–24] to suggest reactivity of the epoxide 
ring against the azomethine hydrogens, we opted to include such for
mulations due to the higher temperatures required to initiate reaction of 
the aromatic amine hardener with DGEBA (see details below). Some 
even earlier studies have reported the synthesis of azomethine-bearing 
epoxide pre-polymers [27,28] and phenol-based hardeners with azo
methine moieties [29], with no suggestion of any such side-reaction. 
Under negligible azomethine hydrogen reactivity, formulations A and 
B would be sub-stoichiometric with approximately 33% less hardener 
than the stoichiometric formulation C. 

The minimum curing reaction temperature was established from a 
series of trial-and-error tests, where it was determined that the bright 
orange paste that was produced from the manual mixing of TPA-o-PD 
and DGEBA was transforming to a free-flowing liquid at temperatures 
above 180 ◦C, progressively darkening in colour with time. As a result, 
all reactions were conducted at 190 ◦C oil bath temperature, corre
sponding to an estimated 185 ◦C actual reaction temperature. Curing 
time was varied between 2 and 4 h. The complete set of experimental 
conditions for TPA-o-PD/DGEBA network formation is given in Table 1. 

The selection of the minimum curing temperature of 185 ◦C was 
supported by dynamic DSC scans to 250 ◦C of the uncured hardener/ 
DGEBA mixture at both %w/w levels indicated in Table 1. Pronounced 
exotherms were observed, with onset values at approximately 
177–187 ◦C and a maximum peak at 200–202 ◦C (Figs. S4-S5). The 
second heating scans (after a quick cooling cycle to 25 ◦C and no 
isothermal cure) revealed a glass transition for both compositions, 
which however was much higher for the stoichiometric composition of 
46% w/w (onset Tg of 139 ◦C) compared to the 31% w/w one (onset Tg 
of 86 ◦C). It was however clear that both formulations react to produce 
an amorphous epoxy network, and ultimately the curing time would 
determine the thermal properties of the formed networks. 

The successful reaction of TPA-o-PD with DGEBA was also confirmed 
by FTIR spectroscopy [17], with the disappearance of the -C-O- stretch 
of the oxirane ring at 916 cm− 1 (Fig. 2) observed after curing for both 
hardener content levels. The azomethine -C=N- stretch appeared at a 
slightly lower frequency in the TPA-o-PD/DGEBA uncured mixture 
(1607 cm− 1) compared to TPA-o-PD (1613 cm− 1, Fig. S2), and this was 
retained in the cured formulations. Lastly and at the macroscopical 
level, the cured networks were tough transparent solids of intense ruby 
colour (Fig. S6). 

3.2.2. Characterisation of cured TPA-o-PD/DGEBA networks 
The cured epoxy networks according to the formulations in Table 1 

were characterised by means of thermal analysis (TGA, DSC), FTIR and 
solid-state NMR spectroscopies. 

3.2.2.1. TGA/DSC – gel fraction. As discussed in 3.2.1, all formulations 
appeared to produce amorphous cured networks under dynamic heating 
conditions. Under the selected curing conditions presented in Table 1, 
the glass transition temperature values, Tg (by DSC) and onset degra
dation temperature values, Td (by TGA) were obtained by the relevant 

Scheme 1. Synthesis of TPA-o-PD.  
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techniques and are presented in Table 2 (DSC thermograms and TGA 
curves shown in Figs. S7-S9). A reference network was also synthesised 
by reacting stoichiometric amounts of o-phenylene diamine and DGEBA 
(thus lacking the azomethine moiety) at 185 ◦C for 4 h, for comparison 
purposes. The choice of o-phenylene diamine as hardener for the con
ventional epoxy reference network was due to its relative structural 
similarity to TPA-o-PD compared to other standard aromatic diamines 
used as epoxy hardeners (e.g. 4,4′-diaminodiphenylmethane, 4,4′-dia
minodiphenylsulfone), and would also allow to compare reactivity of 
TPA-o-PD against DGEBA to a conventional ortho- aromatic diamine 
under the same reaction conditions. 

Gel fraction values were calculated after immersion in THF and are 
also shown in Table 2. The gel fraction values of all networks were at or 
above 99%, confirming complete curing for all TPA-o-PD based formu
lations. This further supported the argument of adequate reactivity of 
the TPA-o-PD grade used, which was shown to be comparable to the 
reactivity of the conventional o-PD diamine. 

The selected curing conditions produced high Tg networks for all 
formulations of Table 2, as expected with aromatic amine hardeners. 
Midpoint Tg values exceeded 150 ◦C for the azomethine networks A-C, 
and were higher than the Tg values of the conventional reference 
network. It is interesting to note that the only structural difference be
tween networks A-C and the reference formulation is the presence of the 

azomethine bond and the 1,4-bis(azomethine) phenylene moiety 
(Schemes 2 & 3), which however appeared to influence the glass tran
sition temperature values of A-C (presumably due to the polarity of the 
-C=N- moiety). At the same time however, the reference network 
exhibited higher thermal stability compared to the azomethine net
works, with a degradation onset of 365 ◦C. Still, all azomethine networks 
showed Td values well above 300 ◦C, and an improved char-forming 
capacity [29] (as indicated by the % mass retained at 600 ◦C) 
compared to the reference – again to be attributed to the presence of the 
azomethine bond in the structure. This feature could be of particular 
interest with respect to increased fire resistance. Overall, formulations 
A-C showed comparable thermal properties to conventional epoxy net
works made with aromatic amine hardeners and hence would be ex
pected to perform equally well under similar operating conditions. 

3.2.2.2. Solid-state NMR spectroscopy. Solid-state NMR spectroscopy 
was employed for a more detailed characterisation of the cured epoxy 
networks. Additional structural information on the formed networks 
were obtained, and TPA-o-PD was possible to be used as a model com
pound and link solid-state and solution-state spectra. The 13C NMR 
spectra of TPA-o-PD (solid-state and solution-state) are shown in Fig. 3. 

It is evident from Fig. 3 that the solid-state spectrum of TPA-o-PD is 
particularly well resolved and in excellent agreement with the solution- 
state data. The full assignment of resonances was conducted for the 
solution-state spectrum (using DEPT 135 and HMQC 2D data, see 
Figs. S10 and S11) and was adopted also for the solid-state data. Apart 
from Ca appearing slightly downfield in the solid-state spectrum, the two 
spectra are essentially identical. The azomethine carbon was charac
teristically noted as the most downfield resonance (155.99 ppm, solu
tion; 154.29 ppm, solid) and was confirmed from the HMQC solution 
data by coupling to the azomethine proton at 8.70 ppm (see Fig. 1). 

As expected, the solid-state spectra of the cured TPA-o-PD/DGEBA 
networks (Fig. 4, showing network C) showed significant resonance 
broadening, yet were overall in line with the expected aromatic/ 

Fig. 1. 1H NMR spectrum of TPA-o-PD in DMSO‑d6 (5.0–9.0 ppm).  

Table 1 
TPA-o-PD/DGEBA network formation variables.  

Formulation % hardener relative 
to stoichiometric 
amount* 

% w/w 
hardener 

Curing 
temperature 
(◦C) 

Curing 
time (h) 

A 67 31 185 2 
B 67 31 185 4 
C 100 (stoichiometric) 46 185 4  

* : four active hydrogens considered. 
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aliphatic structure of networks A-C, and very similar between all three 
azomethine networks (with network A showing one additional aliphatic 
resonance, see Figs. S12-S13). 

The most downfield resonance in the cured networks at approxi
mately 156.5 ppm is most probably comprised of the azomethine carbon 
together with other species (e.g. the aromatic carbon next to the ether 
bond in the DGEBA segment). This deduction was supported by the fact 
that the reference o-PD/DGEBA network also showed a very similar 
spectrum (Fig. S14), yet the relative integration of the aliphatic versus 
the aromatic region confirmed less aromatic carbons in the reference 
network. To summarise, the azomethine networks A-C exhibited solid- 
state 13C NMR spectra of fair quality and in agreement with their 
structure. The presence of the azomethine bond was suggested from the 
most downfield resonance in the cured networks at approximately 
156.5 ppm and in combination with the solid-state 13C NMR spectrum of 
TPA-o-PD. 

We have also endeavoured to collect 15N NMR solid-state data which 
was possible for TPA-o-PD (Fig. S15), and indeed the presence of two 
nitrogen species at 56 (amine nitrogen) and 308 (azomethine nitrogen) 
ppm was revealed. Despite the long acquisition times, we attempted to 
collect data for the azomethine and reference networks, and indeed the 
DGEBA/o-PD material showed evidence of a singlet resonance at 55 ppm 

(indicative of a single nitrogen species; Fig. S16), as per its structure 
(Scheme 3). Unfortunately, it proved impossible to obtain meaningful 
15N signals compared to the background noise for the azomethine net
works even at 7 days acquisition time. 

3.2.2.3. FTIR spectroscopy. Formulations A-C showed very similar FTIR 
spectra (Fig. S17), indicating complete reaction of the epoxide groups 
from the DGEBA component in all cases. The stretching vibration of the 
carbon‑nitrogen double bond of the azomethine group was associated 
with the band at 1607 cm− 1 (Fig. 2), appearing consistently in all cured 
formulations. 

3.3. Solvent resistance, cleavage & dissolution of cured TPA-o-PD/ 
DGEBA networks 

After the structural and thermal characterisation described in 3.2.2, 
the azomethine networks were investigated for their solvent resistance 
and stability in different environments. The working hypothesis was that 
the networks would be practically insoluble in common organic solvents 
as thermoset materials, but may be possible to dissolve by cleavage of 
the azomethine bond under acidic or basic conditions. 

A range of solvents and solutions have been tested and are shown for 
network A in Table 3. 

The azomethine networks overall showed high resistance to organic 
solvents and acidic/basic environments. Aqueous HCl and NaOH and 
neat acetic acid had no effect, as did mixtures of acetone and NaOH 
(0.01 and 1.0 M). In the case of a 1/1 v/v mixture of NaOH 1.0 M and 
acetone, there was a slight coloration of the liquid observed (Fig. 5a; 
observed also for DMF and THF), however the network remained 
practically undissolved after several days. Chloroform appeared to at 
least penetrate the solid piece of network immersed in it, yet without any 
eventual dissolution. A number of combinations based on chloroform 
were tried thereafter (trace additions of o-PD to initiate azomethine 

Fig. 2. Comparison of FTIR spectra for Formulation A: uncured (light blue trace); cured (red trace). The oxirane-related -C-O- stretch at 916 cm− 1 disappears in the 
cured material. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
DSC/TGA and gel fraction data of cured networks.  

Formulation Gel 
fraction 
(%) 

Tg 

onset 
(◦C) 

Tg mid- 
point 
(◦C) 

Td 

onset 
(◦C) 

% Mass 
retained 
@600 ◦C 

A > 99 149 155 347 26.2 
B 99 164 166 344 39.3 
C > 99 150 160 338 50.0 
DGEBA/o-PD 

ref. network 
99 139 150 365 11.6  
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exchange reactions, acetic acid as additional catalyst, and both at the 
same time), yet with no eventual dissolution taking place (see Fig. S18). 
In some cases there was darkening of the solid network piece observed, 
indicating probable network degradation. 

Taking into account the expected higher hydrolytic resistance of 
imines and azomethines compared to acetals, our last effort was with an 

organic-based mixture of chloroform and methanesulfonic acid (MSA). 
MSA is a well-known strong organic acid (pKa = − 2.0) which has been 
used to protonate and dissolve solvent-resistant polymers such as poly 
(arylene ether ketone)s [30]. The ratio of 4/1 v/v stemmed from pre
vious NMR studies of related hard-to-dissolve polyimides [31]. Indeed, 
all networks A-C were shown to eventually dissolve fully after 

Scheme 2. Generic synthesis of azomethine-bearing networks A-B-C.  

Scheme 3. Generic synthesis of reference conventional epoxy network from DGEBA and o-PD.  
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approximately 48 h (without stirring), forming a dark purple/ruby so
lution. A photograph of network A is shown in Fig. 5b. As expected, the 
DGEBA-o-PD reference network did not dissolve even after several 
weeks in the same CHCl3/MSA mixture. 

It has been therefore demonstrated that whilst exhibiting good sol
vent resistance as expected for thermoset materials, the azomethine 
networks can be selectively cleaved and fully dissolved under moderate- 
to-strong acidic conditions in a 4/1 v/v CHCl3/MSA solution within 48 
h, and without stirring or size reduction. This discovery is expected to be 
very useful in the case of composite laminates, where it can be envisaged 
that an epoxy laminate cured with the TPA-o-PD hardener can be stat
ically immersed in a container with the 4/1 v/v CHCl3/MSA solution 
and dissolve fully after a few days; thus leaving the fibres behind to be 
collected. As the specific acidic conditions to achieve network cleavage 
are moderate-to-strong, it is not expected that performance of a com
posite laminate under normal operating conditions would be affected. 

3.4. Characterisation of recyclate fraction of cured TPA-o-PD/DGEBA 
networks 

Having confirmed that dissolution of networks A-C is feasible, the 
next step involved isolating the solubilised material (hereafter referred 
to as recyclate) by evaporating the CHCl3/MSA solvent mixture and 
washing with excess water to remove any residual MSA. Light-brown 
powdery materials were isolated and were subjected to a characterisa
tion campaign similar to their parent networks. The focus of this work 
has been to understand the nature of the recyclate materials, and assess 
whether extensive depolymerisation of the parent network may have 
occurred (from the cleavage of a large number of azomethine bonds in 
the network). Our main aim here was to evaluate the key engineering 
properties of the recyclates (thermal properties & stability, molecular 
weight), in order to assess whether these materials could be useful as 
engineering polymers. The recyclates were therefore characterised by 
means of FTIR and solution NMR spectroscopies, as well as DSC/TGA 
and gel permeation chromatography (GPC). 

Recyclates A-C were shown to fully dissolve in polar aprotic solvents 
such as DMSO and DMF for NMR spectroscopy purposes. However, the 
overall achieved solubility was between 5 and 10 mg/mL at room 
temperature, indicating that the recyclate materials were likely to be of 
polymeric nature and appreciable molecular weight. Fig. 6 depicts the 
1H NMR spectrum of recyclate C, which is consistent with a polymeric 
structure showing broad resonances at the expected frequency ranges 
(aromatics 6.0–8.0 ppm, aliphatics next-to-ether and next-to‑nitrogen 
3.0–5.0 ppm, DGEBA methyl groups 1.0–1.5 ppm; see Scheme 1). There 
is also evidence of a weak resonance consistent with azomethine protons 
at 8.15 ppm, as well as indication of a further downfield weak resonance 
which could potentially be of an aldehyde proton after azomethine 
cleavage. This observation would be in line with a limited depolymer
isation hypothesis, where the cleavage of only a limited number of 
azomethine bonds in the cured network is enough to lead to eventual 
dissolution, and to the co-existence of azomethine (product) and alde
hyde/amine species (reactants). A proposed mechanism for the acid 
hydrolysis of the azomethine moiety in the cured networks A-C is given 
in Scheme S2. 

FTIR spectra of the recyclates were as anticipated similar to those of 
their parent cured networks with the azomethine band exhibiting a 
slight yet consistent shift to 1600 cm− 1, and evidence of a new weak 
band at approximately 1700 cm− 1 (shown more prominently in the FTIR 
spectrum of recyclate B at 1703 cm− 1, Fig. 7). This band could be 
associated with the carbonyl group stretch of an aldehyde moiety, in line 
with the 1H NMR evidence and the postulated presence of both azo
methine and aldehyde species. As in the case of 1H NMR, any free amine 
evidence is likely obscured by other bands in the same region (namely 
the broad signature from hydroxyl groups centred around 3400 cm− 1). 

With respect to recyclate thermal properties (Table 4) and in com
parison to Table 2, all recyclates exhibited Tg values of the same order of 
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magnitude as their cured network counterparts – consistent with a 
polymeric nature and limited depolymerisation after dissolution. In 
contrast, all recyclate materials showed a significant drop in their onset 
degradation temperature, ranging from − 23 to − 67 ◦C. This would be 
again in line with the cleavage of at least some azomethine bonds in the 
network. 

The last technique employed to characterise the recyclates was GPC 
in DMF/LiBr at 40 ◦C, in order to directly verify the presence of high 
molecular weight materials. Only recyclate C proved fully soluble for 
injection under the required conditions, and it exhibited values of Mn =

26.0 kDa, Mw = 60.4 kDa and D = 2.3 (chromatogram shown in 
Fig. S19); thus providing direct evidence of high molecular weight 
consistent with a polymeric structure. 

In conclusion, the results from all characterisation techniques for the 
recyclates were in line with the hypothesis of limited depolymerisation 
of the parent cured networks during dissolution in the chloroform/ 

methanesulfonic acid mixture, due to the acid hydrolysis of only a small 
number of azomethine bonds in the network. The recyclates exhibited a 
range of properties which would categorise them as engineering ther
moplastics: high Tg and good thermal stability, and high molecular 
weight. 

3.5. Malleability of cured TPA-o-PD/DGEBA networks: hot compression 
moulding 

The cured TPA-o-PD/DGEBA networks were tested for their 
malleability using hot compression moulding. The thermoforming 
regime included heating to 200 ◦C for a total of 15 min (including a pre- 
heating step) under a pressure of 10 MPa. The selected temperature was 
well below the degradation onset for all networks, and well above the 
onset glass transition temperature to ensure chain mobility. A number of 
separate pieces of cured network were brought in loose contact (Fig. 8a) 
and thermoformed as per the above regime. Two types of PTFE release 
sheets were used: a textured (Fig. S21) sheet for the first trial (for all 
networks), and a smooth sheet with additional release agent for the 
second trial using only network A – which was the one that produced the 
most promising results in the first trial. 

The main aim of these experiments was a proof-of-concept that in
dividual pieces of these networks can be thermoformed into a single, 
self-standing moulding due to malleability stemming from exchange 
reactions across the network during heating. 

After the first trial, all samples were found to be flattened and have 
fused into a single piece, with their surface texture matching the PTFE 
texture pattern. This evidence serves as indirect proof of the thermo
formability of the networks. The thickness of the hot formed samples 
varied along their width due to the uneven size of the individual un
treated pieces in each case (Fig. S21). Formulation A yielded the most 
promising hot-formed article from a macroscopic examination, and it 
was therefore decided to repeat the process for Formulation A using a 

Fig. 4. 13C NMR solid-state spectrum of network C.  

Table 3 
Qualitative assessment of dissolution of azomethine network A in different 
environments (typically 40 mg/mL over several days).  

Solvent/solution Network dissolving 

HCl aq. 30% No 
NaOH aq. 1.0 M No 
NaOH aq. 1.0 M/acetone 1/1 v/v No 
Acetone No 
Ethanol No 
DMF No 
THF No 
CHCl3 No 
AcOH No 
CHCl3/AcOH 1/1 v/v No 
CHCl3/o-PD (trace) No 
CHCl3/o-PD & AcOH (traces) No 
CHCl3/MSA 4/1 v/v Yes  
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flat PTFE sheet to minimize any texturing and hopefully yield a smooth 
surface. After the second trial (Fig. 8), Hot-formed A showed a more 
even thickness compared to the first trial; however, a similar rather 
rough surface finish was observed. The use of the flat PTFE sheet did not 
help with the surface finish, presumably due to wrinkling during the 
cooling step. Nevertheless, the resulting thermoformed article was again 
self-standing and transparent (indicating amorphous nature) and of 
overall better quality by visual observation (e.g. more uniform colour 
and thickness) compared to the first trial. The thermoforming process 
parameters (temperature, time, pressure, cooling regime) adopted in 
this proof-of-concept treatment can certainly be further optimised to 
maximise mechanical performance and other attributes of these mate
rials [32]. However, it has been shown that cured networks A-C are 
clearly malleable and thermoformable. 

Hot-formed networks were further characterised by DSC/TGA and 
FTIR, so as to compare them to the parent cured networks and identify 

any potential deterioration in their properties induced by the thermo
forming process. Table 5 (compared to Tables 2 and 4) indicates that the 
Tg values of the Hot-formed specimens were virtually unchanged 
compared to the parent networks (Table 2). The Td values showed a 
small decrease (particularly for Hot-formed B) of up to 30 ◦C, which was 
overall less pronounced compared to the recyclates (Table 4). It could be 
argued that while the thermoforming process had no detrimental in
fluence on the properties of networks A-C, a small decrease in thermal 
stability was indeed observed. 

Lastly, very interesting data were obtained from the FTIR spectra of 
the Hot-formed specimens. The spectra were comparable to those of the 
parent networks and recyclates. However, the band at 1700 cm− 1 -which 
was identified in the recyclate spectra (Fig. 7) and associated to the 
carbonyl group stretch of an aldehyde moiety- was particularly promi
nent in all Hot-formed spectra (Fig. 9, Hot-formed C) and observed with 
an additional shoulder at approximately 1720 cm− 1. 

Fig. 5. Indicative dissolution tests of network A: (a) from left to right: NaOH aq. 1.0 M/acetone 1/1 v/v; NaOH aq. 1.0 M; NaOH aq. 0.01 M/acetone 1/1 v/v; (b) 
CHCl3/MSA 4/1 v/v. 

Fig. 6. 1H NMR spectrum of recyclate C in DMSO-d6.  
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It could be postulated that this feature is a signature of the azome
thine exchange reactions occurring during thermoforming, which would 
be expected to be more prominent compared to the room-temperature 
azomethine cleavage for the recyclates. As more azomethine bonds 
break and re-form at 200 ◦C, it is plausible to observe a stronger alde
hyde band in the Hot-formed FTIR spectra (even if the majority of these 
aldehyde moieties recombine with amines to re-form azomethine 
bonds). 

4. Conclusions 

In this work we have presented a proof-of-concept for the realisation 
of epoxy CAN networks using a common DGEBA epoxy compound in 
combination with an azomethine-bearing aromatic diamine (TPA-o-PD) 
as hardener. TPA-o-PD was comprehensively characterised, and its 
ability to cure DGEBA was demonstrated. The resulting networks were 
comparable to conventional epoxies cured with aromatic diamines in 
terms of thermal properties and solvent resistance, yet could be further 

Fig. 7. FTIR spectrum of recyclate B.  

Table 4 
DSC and TGA data of recyclates.  

Formulation Tg onset (◦C) Tg mid-point (◦C) Td onset (◦C) 

Recyclate A 156 168 280 
Recyclate B 143 156 321 
Recyclate C 139 149 306  

Fig. 8. (a) Three pieces of cured Formulation A prior to thermoforming (second trial, using smooth PTFE sheets); (b) Hot-formed A after thermoforming (200 ◦C, 10 
MPa, 10 min), with inset for size comparison against a 10c coin; (c) Self-standing Hot-formed A, transparency against natural light. 

Table 5 
DSC and TGA data of hot-formed specimens.  

Formulation Tg onset (◦C) Tg mid-point (◦C) Td onset (◦C) 

Hot-formed A 149 160 333 
Hot-formed B 152 160 314 
Hot-formed C 157 162 324  
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cleaved and dissolved in a mixture of chloroform and methanesulfonic 
acid. The cleaved networks (recyclates) were characterised extensively, 
and their high molecular weight polymeric nature was confirmed. 
Lastly, we showed that it is possible to thermoform these networks and 
obtain self-standing films, demonstrating the malleability of these ma
terials. Table 6 compares the most promising Formulation A of this work 
to the conventional o-PD/DGEBA epoxy synthesised here and to the 
reported disulfide-based epoxy system [17] and the conventional 
reference epoxy network of that study. It becomes clear that epoxy 
thermosets from the route proposed here would be of comparable per
formance to both conventional and other recyclable systems. 

We believe that this chemistry could be of interest specifically to 
composite manufacturing, as such azomethine-bearing amine hardeners 
could be combined with commercial epoxy resins and yield composite 
laminates with comparable operational performance to conventional 
epoxy composites, with the added benefit of being able to dissolve the 
matrix at the end-of-life and recover recyclate matrix and reinforcing 
fibres as separate material streams. A plethora of such azomethine- 
bearing hardener structures can be targeted by this chemistry, and 
hence allow the design of epoxy matrices and laminates with tailored 
thermal, environmental and mechanical properties. One application 
area of particular interest would be recycling of end-of-life wind turbine 

blades, which has attracted significant attention recently [33–35]. 
However, whilst the hardener synthesised in this study was shown to be 
of adequate purity in order to cure the epoxy successfully at small scale, 
improvement of TPA-o-PD purity may be considered and can certainly 
be achieved by e.g. recrystallisation or exhaustive extraction. In the 
same context, optimisation of the hardener synthesis could also be an 
option. 

At the same time however, it is a very positive indication in the 
proof-of-concept direction that a TPA-o-PD grade of relatively lower 
purity can cure the epoxy compound consistently and effectively, as our 
results have clearly shown. Commercial epoxy/amine systems are 
heavily formulated, meaning that the curing reaction has to take place in 
the presence of several other mixture components; therefore, absolute 
purity of the two key components (epoxy and hardener) becomes of 
lower importance. 

Lastly and from a techno-economical perspective, suitable alterna
tives for TPA may be needed, as this would be the building block with 
the highest cost for any relevant azomethine hardener to be synthesised 
by this route. 

Fig. 9. FTIR spectrum of Hot-formed C.  

Table 6 
Comparison of properties of Formulation A against conventional and other recyclable epoxies.  

System Tg onset (◦C) Td onset (◦C) Gel fraction (%) Fully soluble in 

Formulation A 149 347 > 99 CHCl3/CH3SO3H 4/1 v/v 
DGEBA/o-PD ref. network 139 365 99 N/A 
Recyclable disulfide epoxy [17] 130 300 Not reported 2-mercaptoethanol/DMF 
Reference epoxy 

(DGEBA/DETDA*) [17] 
127 350 Not reported N/A  

* DETDA: Diethyltoluenediamine. 

A. Chanteli et al.                                                                                                                                                                                                                                



Reactive and Functional Polymers 178 (2022) 105338

12

Data availability 

The raw and processed data required to reproduce these findings 
cannot be shared at this time due to technical or time limitations. 

CRediT authorship contribution statement 

Angeliki Chanteli: Conceptualization, Methodology, Investigation, 
Formal analysis, Validation, Data curation, Visualization, Writing – 
original draft, Writing – review & editing, Funding acquisition. Marcus 
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