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Abstract. The Diels-Alder reaction between N-phenylmaleimide and benzoxazine bearing furan group was investigated for
the purpose of successful appliance of self-healing in benzoxazine polymer networks. The reaction as a function of temperature/time was performed in molten state and in a solution, where also the kinetic study was performed. The Diels-Alder
reaction leads to a mixture of two diastereomers: endo presented at lower cyclo-reversion temperature and exo at higher.
Therefore, the conversion rates and exo/endo ratio were studied in detail for both systems. For instance, in molten state the
Diels-Alder reaction was triggered by the temperature of the melting point at 60 °C with exo/endo ratio preferable to the
endo adduct. The study of the kinetics in a solution revealed that the Diels-Alder reaction followed typical bimolecular
reversible second-order reaction. The activation energies were close to the previous literature data; 48.4 and 51.9 kJ·mol–1
for Diels-Alder reaction, and 91.0 and 102.3 kJ·mol–1 for retro-Diels-Alder reaction, in acetonitrile and chloroform, respectively. The reaction equilibrium in a solution is much more affected by the retro-Diels-Alder reaction than in a molten state.
This study shows detailed investigation of DA reaction and provides beneficial knowledge for further use in self-healing
polymer networks.
Keywords: thermal properties, Diels-Alder reaction, kinetics, benzoxazine, maleimide

1. Introduction

The Diels-Alder (DA) reaction, known as (4+2)
cycloaddition reaction between diene and dienophile,
is one of the most useful reactions in organic [1]
and material synthesis [2, 3]. DA reaction belongs
to the group of ‘click’ reactions known as almost
completely versatile, efficient and selective synthesis [4]. Furthermore, DA reactions at appropriate
temperature range undergo a reverse reaction called
retro-DA (rDA) reaction that regenerates starting
materials. DA adduct is the mixture of two diastereomers called endo and exo adducts. Temperature of
the rDA reaction leading to the appearance of the
endo adduct is typically lower than that of the exo
adduct [5, 6]. Due to the thermal reversibility of DA

reactions, they are frequently applied in the production of remendable and recyclable materials [7–10].
During the development of self-healing material
much attention is often given to the understanding the
mechanistic perspective of a given reaction as much
as possible. Such studies are frequently accompanied
by kinetic investigations of the reaction [11–16].
Benzoxazines, because of their unique characteristics, are recently gaining much attention in polymer
synthesis and design. Inclusion of DA-reaction in
benzoxazine main chain is one way of integrating
them with remendability. According to the literature, some work has been done in synthetic aspect
of modifying benzoxazines with furan or maleimide
chains. So far, the majority of the research was
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focused on the modified benzoxazines describing
effects of maleimide or furan functionality on the
mechanical properties of polymeric benzoxazines,
while the use of Diels-Alder reaction in self-healing
perspective has not yet been recognized [17–22].
Needless to say, numerous studies were performed
to date dealing with the DA reaction based on
maleimide and furan functionalities [6, 16, 23–28].
Only a few examples in literature exist, where benzoxazines were used in DA reactions to form linear
polymeric materials [29, 30]. Authors have shown a
synthetic preparation of linear benzoxazine chains,
where the linker was DA based reaction, between
modified benzoxazine (by furan functionality) and
bismaleimides. However, their goals were to describe
newly formed properties of cured benzoxazine samples, and no work was done on either describing possible remendability properties or the kinetics of the
DA reaction.
On the other hand there might be a reason, why there
is not yet a known self-remendable benzoxazine
polymer material with DA reaction based remendability. The reason being high curing temperature
needed for polymerization of benzoxazines [31, 32],
usually quite above the temperature of rDA reaction
(~100 °C) of normally used diene and dienophile
system (furan and maleimide) [5, 6]. This means that
DA connections are broken and starting compounds
are formed. When this happens, maleimide double
bond is exposed and starts to polymerize, which is not
the desirable reaction in order to achieve self-healing based on DA reaction. This being said the curing temperatures of benzoxazines are probably the
major drawbacks in the development of functional
self-remendable polybenzoxazines based on DA
reaction.
The focus of this paper is on the thermal evaluation
of the DA reaction between N-phenylmaleimide
(PMI) and guaiacol furfuryl amine based benzoxazine (GF). Experiments were performed in the
molten state and in solution and the differences
between both systems were investigated. Progress of
the reaction in the absence of solvent was systematically determined by DSC analysis accompanied
with 1H NMR and kinetic study of the DA reaction
was performed in solution. By temperature controlled FTIR (Fourier transform infrared spectro scopy) analysis kinetic parameters were derived.
Higher conversions and easier manipulation of exo/
endo ratio were achieved in a molten state due to

the more explicit boundary between DA and rDA
reaction than in a solution. It is interesting to further
investigate the use of benzoxazine based compounds
bearing furan and maleimide functional groups in
self-healing polymer networks activated by DielsAlder reaction. The main goal of this publication is
to establish the valuable knowledge of thermal behaviour of DA/rDA reaction in order to successfully
apply self-healing in benzoxazine polymer networks.

2. Materials and methods
2.1. Materials

Reactant N-phenylmaleimide (PMI, 97%) was purchased from Aldrich (Chemie GmbH, Steinheim,
Germany). Reactant 3-(furan-2-ylmethyl)-8-methoxy3,4-dihydro-2H-benzo[e][1,3]oxazine (GF) was synthesized according to the literature [33]. Aniline
(99.5%), acetic anhydride (98.5%) and hexane were
purchased from Merck (Darmstadt, Germany). Guaiacol (98%), furfurylamine (99%), maleic anhydride
(97%) and paraformaldehyde were purchased from
Aldrich (Chemie GmbH, Steinheim, Germany), and
deuterated chloroform (99.8% D) was purchased
from Euriso-top (Saint-Aubin, France). All chemicals were used as received.

2.2. Characterization
The proceeding of the DA/rDA reaction was studied
by differential scanning calorimetry (DSC), 1H NMR
(nuclear magnetic resonance) and IR spectrometry.
Calorimetric studies were carried out on Mettler
Toledo DSC1 instrument with intra-cooler using
STAR software (Greifensee, Switzerland). In and Zn
standards were used for the temperature calibration
and for the determination of the instrument time
constant. Samples of around 10 mg were weighed in
standard 40 "L aluminium pans. DSC measurements were performed in nitrogen atmosphere with
30 mL/min nitrogen flow rate. In order to observe the
heating behaviour of each reactive compound and
their mixture, DSC experiments were performed by
a heating rate 10 K·min–1 in the range of 20 to
350 °C. For samples isothermally heated at 70 °C
DSC scans were performed from 20 to 160 °C with
the heating rate 5 K·min–1.
1
H NMR analyses were performed on a Bruker
Avance III 500 MHz NMR spectrometer (Billerica,
USA) at the temperature 296 K and frequency
500.13 MHz and on Bruker DPX 300 MHz NMR at
538

"tirn et al. – eXPRESS Polymer Letters Vol.10, No.7 (2016) 537–547

the temperature 296 K and frequency 300.13 MHz
(Billerica, USA). Deuterated chloroform (CDCl3)
was used as solvent. Endo and exo standards were
obtained from DA reaction between PMI and GF by
separating reaction mixture by chromatography on a
silica gel column using petroleum ether:ethyl acetate
(2:1) as mobile phase. Characteristic peaks monitored in reaction mixture (Figure 1): for starting materials a signal at 6.85 ppm, corresponding to maleimide
protons at a carbon double bond (CH=CH, peak 3),
for benzoxazine singlets at 4.02 and 3.95 ppm which
correspond to CH2 in benzoxazine ring (NCH2C,
peak 1) and CH2 attached to a furan ring (NCH2CO,
peak 2). Products were monitored by multiplet at
5.40 ppm, corresponding to protons in a newly
formed six-membered ring in both endo and exo
adducts (CHCHO, peak 4). While doublet at 3.54 ppm
is characteristic for NCH2CO (peak 5) in endo
adduct, doublets at 3.13 and 2.97 ppm corresponds
to succinimide type protons in exo-adduct (COCHC
and COCHCH, peak 7 and 6).
Detailed spectra are assigned as follows:
N-phenylmaleimide (PMI): 1H NMR (CDCl3,
300 MHz, #, ppm): 7.46 (m, 2H, Ph), 7.35 (m, 3H,
Ph), 6.83 (s, 2H, CH=CH).
3-(furan-2-ylmethyl)-8-methoxy-3,4-dihydro-2Hbenzo[e][1,3]oxazine (GF). 1H NMR (CDCl3,
300 MHz, #, ppm): 7.41 (dd, J1 = 0.84 Hz, J2 =
1.8 Hz, 1H, Ar), 6.80 (m, 2H, Ar), 6.58 (m, 1H, Ar),
6.33 (dd, J1 = 1.9 Hz, J2 = 3.2 Hz, 1H, Ar), 6.25

Figure 1. 1H NMR assigned spectra of the reaction mixture
between PMI and GF at different reaction times

(dd, J1 = 0.6 Hz, J2 = 3.2 Hz, 1H, Ar), 4.99 (s, 2H,
OCH2N), 4.02 (s, 2H, NCH2C), 3.95 (s, 2H,
NCH2CO), 3.89 (s, 3H, OCH3).
(3aR,4R,7S,7aS)-4-((8-methoxy-2H-benzo[e][1,3]
oxazin-3(4H)-yl)methyl)-2-phenyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (endo
adduct). 1H NMR (CDCl3, 500 MHz, #, ppm): 7.41
(m, 3H, Ar), 7.12 (m, 2H, Ar), 6.84 (m, 1H, Ar), 6.76
(m, 1H, Ar), 6.58 (m, 2H, Ar and CH=CH), 6.47 (d,
J = 5.8 Hz, 1H, CH=CH), 5.40 (dd, J1 = 1.5 Hz, J2 =
5.5 Hz, 1H, CHCHO), 5.04 (d, J = 9.9 Hz, 1H,
OCH2N), 5.00 (d, J = 9.9 Hz, 1H, OCH2N), 4.19 (d,
J = 16.8 Hz, 1H, NCH2C), 4.10 (d, J = 16.8 Hz, 1H,
NCH2C), 3.88 (s, 3H, OCH3), 3.78 (dd, J1 = 5.5 Hz,
J2 = 7.7 Hz, 1H, COCHCH), 3.69 (d, J = 15.1 Hz,
1H, NCH2CO), 3.64 (d, J = 7.7 Hz, 1H, COCHC),
3.54 (d, J = 15.1 Hz, 1H, NCH2CO).
(4R,7S,7aR)-4-((8-methoxy-2H-benzo[e][1,3]oxazin3(4H)-yl)methyl)-2-phenyl-3a,4,7,7a-tetrahydro-1H4,7-epoxyisoindole-1,3(2H)-dione (exo-adduct).
1
H NMR (CDCl3, 500 MHz, #, ppm): 7.40 (m, 3H,
Ar), 7.24 (m, 2H, Ar), 6.81 (m, 1H, Ar), 6.73 (m, 1H,
Ar), 6.58 (m, 3H, Ar and CH=CH), 5.39 (d, J =
1.45 Hz, 1H, CHCHO), 4.98 (m, 2H, OCH2N), 4.12
(m, 2H, NCH2C), 3.86 (s, 3H, OCH3), 3.64 (d, J =
15.2 Hz, 1H NCH2CO), 3.45 (d, J = 15.2 Hz, 1H,
NCH2CO), 3.13 (d, J = 6.5 Hz 1H, COCHC), 2.97
(d, J = 6.5 Hz, 1H, COC CH).
IR spectra were recorded on Mettler Toledo ReactIR
diamond composite probe (Greifensee, Switzerland)
allowing in situ FTIR spectroscopy. The spectra
were recorded in the range of 4000–400 cm–1. Each
DA reaction was monitored via IR until equilibrium
was achieved allowing kinetic parameter determination. A given reaction mixture was considered to
have reached the equilibrium when the conversion
remained constant over multiple reaction time points.

2.3. Procedure of Diels-Alder experiments
DA reaction was investigated by non-isothermal and
isothermal heating of the PMI/GF mixture in the
absence of solvent. Separately, the proceeding of the
DA reaction was studied also in solution as a function
of temperature in order to perform kinetic studies.
Diels-Alder/retro-Diels-Alder investigations were
performed by isothermal heating of the PMI/GF mixture at a temperature higher than the melting point.
Reactants were grounded in a mortar and mixed in
stoichiometric amounts. The process of the reaction
as a function of time was monitored by 1H NMR
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"tirn et al. – eXPRESS Polymer Letters Vol.10, No.7 (2016) 537–547

analysis after the sample was rapidly cooled down by
liquid nitrogen to the ambient temperature. Different temperatures were applied with the intention to
study the conversion and exo/endo ratio.
Reactions in solution were performed in chloroform
and acetonitrile at different temperatures. Stoichiometric amounts of reactants were added reaching
the initial reactants’ concentration 0.5 mol·L–1. Reactions were monitored by in situ FTIR spectroscopy.
The reaction mixture was mixed with magnetic stirrer in a glass vial. Glass vial was closed with a polyethylene cap, which had a perfectly cut hole for
ReactIR probe to tightly fit. Parafilm was used to
additionally prevent solvent evaporation.

3. Results and discussion
3.1. Diels-Alder reaction in molten state

The product of the Diels-Alder reaction (DA adduct)
is the mixture of two diastereomers called endo and
exo adducts (Figure 2). While the endo compound is
kinetically favoured, the exo is thermodynamically
favoured and thus more stable [5, 6]. The aim of the
detailed study of the thermal behaviour of the PMI/
GF mixture is its possible further application as a
self-healing polymer network.
Thermal behaviour of the reaction between PMI and
GF started with DSC experiments in order to determine the approximate starting temperature of DA and
retro-DA reaction. Due to the fact that both reactants melted at the same temperature, the mixture
melted at lower temperature as a consequence of the
freezing point depression (Figure 3). Namely, the
presence of impurity in the pure compound causes a
decrease in the melting point and a broadening of the
melting point range. The Diels-Alder reaction started
after the beginning of the melting of PMI/GF mixture (Figure 3) due to the higher mobility of functional groups. It can be concluded that DA reaction
was actually triggered by melting of the prepared
mixture. The melting peak value of the PMI/GF system was in fact lower than the sum of each individ-

Figure 3. DSC analyses of PMI, GF and PMI/GF mixture

ual compound, which is the result of the beginning
of the DA reaction and its exothermic contribution.
The exothermic peak of a DA reaction reached the
maxima at 80 °C and lasted up to approximately
100 °C when the evident endothermic peak of rDA
appeared. The exothermic event from 170–240 °C
could be explained by polymerization reaction of
benzoxazine and maleimide [34]. Unfortunately,
there was no clear boundary between the end of the
rDA reaction and start of polymerization. The exothermic peak of GF that extended over 200 °C represents a polymerization reaction of benzoxazine
[33]. On the other hand, we presumed that DSC
curve of PMI showed an endothermic peak at around
275 °C, due to the combination of polymerization
reaction of maleimide and its evaporation at higher
temperatures.
It is worth mentioning that DSC analysis is not an
appropriate tool for kinetic studies of DA reaction,
because accurate differentiation between the indiviual processes is not clear. For that reason non-isothermal heating was associated with 1H NMR analysis allowing detailed insight into the reaction process
as a function of temperature (Figure 4). After reaching the examined temperature by a heating rate of
10 K·min–1, the sample was rapidly cooled down by

Figure 2. Diels-Alder reaction between benzoxazine bearing furan group (GF) and N-phenylmaleimide (PMI) forms DAadduct
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Figure 4. Conversion and exo/endo ratio for non-isothermal
heating of a PMI/GF mixture in a range from 60
to 140 °C

liquid nitrogen. The range from 60 to 140 °C was
studied analysing the conversion and endo/exo
adducts behaviour. The conversion linearly increased
up to 100 °C, when a linear drop in conversion
value was observed as a consequence of rDA reaction. The mentioned followed also from the heat flow
of a DSC analysis, where a shift from exothermic to
insignificant endothermic peak was observed.
In contrast to the measured value, more evident
endothermic behaviour was expected due to the
progress of endothermic rDA reaction and drop in
conversion from 0.62 to 0.40. Interestingly, although
the conversion started to decrease, the increase of
exo/endo ratio was observed up to 130 °C due to the
thermodynamically favoured exo adduct. Additionally, when the sample was kept at 140 °C for another
10 minutes, no further drop in the conversion was
observed. This may indicate that formed adduct was
transformed into reactants by rDA reaction instantaneously. By achieving merely 15% of conversion at
60 °C it was proven that DA reaction started during
the melting of the sample.
Further investigation was designed towards the
isothermal heating of PMI/GF mixture above the
temperature of the melting point. The intention was
to observe the evolution of conversion and exo/endo
ratio as a function of time. Although the self-healing effects are out of scope of this research, renewing the exo/endo ratio in self-healing studies could
be interesting. The precise results of endo and exo
compounds were likewise obtained by 1H NMR
analysis. Since only DA reaction during isothermal
heating was studied thoroughly, only the results
applying temperatures up to 100 °C were obtained.

The temperature of 100 °C was used as a limited temperature between DA and rDA reaction.
Considering the results of DSC analysis the first
experiment was performed at 60 °C. The sample
fully melted after approximately 15 minutes, when
the sample was first analysed, and reached the final
conversion at 75%. Clearly, the reaction at higher
temperature was faster; however the same final conversion was achieved at 70 and 80°C and reached the
final value after 50 minutes. Differently, at 90 and
100 °C conversion after 180 minutes started to
decrease due to the effect of the beginning of rDA
reaction. Although the conversion at 70 and 80 °C
was similar, there was an important difference
between the ratio of exo/endo adduct. Due to the fact
that exo adduct is thermodynamically favoured [5,
6], the ratio is increasing with temperature and time.
At 60 °C endo adduct was the predominant product
and there was no significant increase in ratio by
time indicating that temperature was not yet in favour
of exo emergence. Obviously, at prolonged heating
times, temperatures of about 90 °C indicated the end
of DA and start of rDA reaction. This trend was evident also from the exo/endo ratio. While up to
60 minutes the increase of the ratio was linear and
higher than at lower temperatures, afterwards the
ratio started to decrease gradually. The effect of the
heating temperature on exo/endo ratio is even more
evident at 100°C, when the ratio started to decrease
after 30 minutes. Among that, the decrease in conversion was observed after 60 minutes. The trend
shown in Figure 5 therefore suggests that the extension of the heating time does not lead to further progression of the reaction; it does, however, affect the
exo and endo ratio. The maximum amount of exo
adduct could consequently be achieved in the range
of 70–80 °C at extended heating times. Conversely,
if the goal is to maximize of endo adduct, the temperature should be as low as possible and the heating should be stopped right after the equilibrium
conversion is achieved.
It has been previously reported [5] that rDA reaction of endo adduct has significantly lower activation barrier compared to exo adduct. Calorimetric
analyses should noticeably demonstrate the progress
of the endo and exo adduct in rDA reaction. For that
reason DA adduct obtained in isothermal heating at
70 °C was further analysed by DSC analysis (Figure 6). When sample was isothermally heated for 1
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Figure 5. Progress of conversion (a) and exo/endo (b) for isothermal experiments at different temperatures in a molten state

and 3 hours (initial exo/endo ratio was 0.66 and
1.31, respectively) an exothermic peak occurred
inside the broad endothermic peak. On the other
hand, at higher exo/endo ratios (2.36 for 6 hours and
3.83 for 12 hours) the previously observed exothermic peak disappeared.
The appearance of the exothermic peak at 1 and
3 hours could be explained by a three-step process.
First the endothermic peak appeared as a result of
transformation of endo DA adduct into PMI and GF
driven by rDA reaction. Following that, the new
exo/endo adducts mixture was quickly formed leading to the exothermic peak on DSC thermogram. In
conclusion, endothermic peak that started at approximately 105 °C belonged to the exo’s rDA reaction
(Figure 6). By increasing the sample’s heating time,
the previously observed exothermic peak of exo
adduct disappeared due to the increasing exo/endo
ratio (Figure 5b). It can be deduced that the amount
of endo adduct in the exo/endo mixture at 6 and

Figure 6. Evolution of DSC thermograms versus time of
pre-cured samples of PMI/GF at 70 °C

12 hours is apparently too low to have any exothermic effect noticeable by DSC method. DSC scans at
6 and 12 hours are consequently showing only broad
endothermic peak corresponding mainly to the retroDA reaction of exo adduct (Figure 6).
The general idea of further use of DA reaction is in
self-healing applications of polymer networks. As it
has already been mentioned, the rDA reaction of
endo adduct is faster than the rDA reaction of its
stereoisomer, exo adduct. Hence, in the synthesis of
material depending only on DA linkages, two principles could be used. The first could be based on the
synthesis of material at low DA reaction temperature (60–70 °C for our system) favouring the majority of endo DA connections. The damaged material
can be healed also at lower temperature; at a temperature high enough to convert endo form into exo,
however not high enough to reach the rDA reaction
of exo adduct. Under the outlined condition the material could be conditionally healed by a pulse heating
in the endo rDA reaction range without deformation
of the material shape. In this case, the exo adduct
would actually play a role of a structural basis of
the material.
It is worth mentioning that such principle of a selfhealing is limited. Once all the endo adduct is transformed into exo form, only the step of exo rDA reaction remains. The second principle depends on selfhealing of the material at elevated temperatures by
triggering the rDA reaction of the exo adduct meaning the recycling of material to the initial reactants.
Consequently, if the material is based only on DielsAlder bonds, breakdown of the exo adduct leads to
the material shape loss. Nevertheless, the main issue
of benzoxazine polymerization below the temperature of the rDA reaction remains, however, future
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study based on preliminary DA/rDA study would
be interesting.

3.2. Kinetic study of the Diels-Alder reaction
in acetonitrile and chloroform
The kinetics of the model DA reaction in a solvent
was monitored by IR spectroscopy. Chloroform and
acetonitrile were used as solvents due to the optimal
visibility of reactants’ peaks shifting as a function
of time. To study the DA model reaction kinetics,
DA reactions between PMI and GF were carried out
at different temperatures (30, 40 and 50 °C for chloroform, and 40, 50, 60 and 70 °C for acetonitrile)
until the equilibrium was reached. DA reaction in a
solution started at a lower temperature than in the
molten state due to the solvent-diene-dienophile
interaction, when in molten state the mobility of the
functional group was achieved via sample melting.
Figure 7 shows the evolution of IR spectra versus
time of the reaction between PMI and GF in acetonitrile and chloroform presenting the characteristic peaks and their increase or depletion.
According to the results of the preliminary experiments we focused on the signal with the wavenumber 832 cm–1, since the peak was isolated and unaffected by solvent or other reactant. The observed
peak showed the decrease in intensity and belonged
to the characteristic C–H vibration of double bond
in PMI. Due to the overlapping of the reactant with
either solvent and/or the opposite reactant, other
peaks were inappropriate for quantitative measurements and further conversion calculations. To clarify, since the stoichiometric amount of reactants
was presented in the mixture, furan and maleimide

functionalities are consumed at the same rate. Consequently, it is enough to observe either maleimide
or furan functional group. The formation of the DAadduct may be slightly detected at 1778 cm–1, however the occurrence was barely visible. Another
specific absorption of DA adducts was detected at
1181 cm–1, even though it was observable only in
acetonitrile. The signal at 1151 cm–1 in acetonitrile
(shifted to 1148 cm–1 in chloroform) belonged to
the C–N–C vibration. Peak at 1600 cm–1 belonged
to the C=C vibration in PMI and GF, whereas
1515 cm–1 represented C–H vibration in aromatic
ring. Unfortunately, distinguishing between the endo
and exo form is not possible by IR analysis, which
is why the formation of summarized DA adduct
form was merely predicted.
Due to the fact that the ReactIR allows in situ measurements its usage is ideal for DA reaction kinetic
studies. However, in DA kinetic studies IR spectroscopy is often mentioned as inaccurate and used
preferably only for qualitative measurements. For
that reason, the accuracy of the maleimide group
consumption and conversion calculations were verified performing two concurrent reactions at 40 °C:
one performed in chloroform and analysed by ReactIR, and other performed in deuterated chloroform
followed by 1H NMR characterization. The comparison of the results showed that the calculations of
conversion from the IR absorbance of the characteristic peak showed similar results as the conversion
from 1H NMR peak integrals (Figure 8). Reasonably, due to the simplicity of the reaction implementation at different temperatures, all reactions were
analysed by the ReactIR instrument further on. It

Figure 7. Evolution of the ReactIR spectra of the DA reaction between PMI and GF in acetonitrile (a) and chloroform (b) at
40 °C
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furan as GF function group, and [A] is the concentration of adduct. For the purposes of kinetic studies
DA adduct was the sum of its endo and exo form.
Kinetic parameters kDA and krDA presents the reaction rate constants of the forward and reverse DA
reaction. For stoichiometric mixtures of PMI and
GF, Equation (2) can be re-written in a form of conversion X (Equation (3)):
dX
2
5 kDA 3 M4 0 11 2 X2 2 krDAX
dt

Figure 8. Experimental results of reaction performed in chloroform analysed separately by IR and 1H NMR
method

has to be noted that calibration curves of peak intensities at different concentrations of reactants showed
good linear relationship in both chloroform and acetonitrile, which is why only the absorbance values
were used in conversion calculations.
The concentration of PMI being proportional to the
absorbance at 832 cm–1, conversion X is expressed
by Equation (1):
X1t2
X1t 2 5 1 2

APMI 1t 2
APMI 10 2

(1)

To determine the kinetic parameters, the overall
reaction rate of maleimide (M) in the reversible DA
reaction with furan (F) is written by Equation (2):
d 3M4
d3M4
5 2 kDA 3 M4 3 F4 1 krDA 3 A4
dt

(2)

where [M] is the concentration of maleimide as
PMI functional group, [F] is the concentration of

(3)

Once the equilibrium conversion is known, the
equilibrium constant can be calculated as (Equation (4)):
KC 5

kDA
3 A4
X
5
5
2
krDA
3 M4 3 F 4
3 M4 0 11 2 Xe 2

(4)

where [M]0 is the initial PMI concentration. Further
on, when applying equilibrium conversion and equilibrium constant in Equatoin (3), linearized form of
Equatoin (3) can be derived and used in verification
of bimolecular-type second-order reversible reaction (Equatoin (5)).
ln a

Xe 11 2 XeX 2
1
2 Xe b t (5)
b 5 kDA 3 M4 0 a
Xe 2 X
Xe

The results of experiments in acetonitrile and chloroform are straightforward. Since the derivation of
experimental data and kinetic parameters followed
the same procedure, graphical presentation is demonstrated only for experiments in acetonitrile (Figure 9). Figure 9 shows that the higher the temperature the faster the conversion increases, which is in
accordance with the kinetic laws.

Figure 9. Evolution of the conversion versus time at different temperatures (a) and bimolecular second-order reversible
reaction kinetic model (b)
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Table 1. Equilibrium conversion (Xe) and kinetic rate constants (kDA, krDA) describing the kinetics of DA reaction as indicated in Figure 9
Acetonitrile
T
[°C]
30
40
50
60
70

Xe

0.66
0.56
0.50
0.43

kDA·103
[L·mol–1·min–1]
3.461
5.939
11.917
16.704

Chloroform
krDA·103
[min–1]
0.303
1.027
2.979
6.311

Our studied system fitted typical bimolecular second-order reversible reaction (Figure 9b). Applying
the Equation (5), a satisfactory fit was achieved
from which kinetic parameters kDA and krDA were calculated (Table 1). The goodness of fit was verified
by R2 value, which was over 0.999 for all experiments. The DA reaction was in balance between the
blocked and the unblocked form. The ratio depended
upon the temperature and reached the plateau during the rDA reaction (Figure 9). By increasing the
reaction temperature the equilibrium conversion
started to decrease as a consequence of rDA effect.
In order to determine the DA/rDA equilibrium as a
function of temperature the reaction system was
allowed to reach the equilibrium. It took more than
two days to reach the equilibrium at 30 and 40 °C.
The kinetic parameters in chloroform were slightly
higher than in acetonitrile, which affected also the
equilibrium conversion that was consequently
higher in acetonitrile than in chloroform.
The reaction between PMI and GF was carried out
at different temperatures. For that reason it is possible to apply the Arrhenius law (Equation (6)) with
the aim to determine activation energy and preexponential factor:
lnk 5 2

Ea
1 lnA
RT

(6)

The activation energy for DA in acetonitril was 48.4
and 51.9 kJ·mol–1 in chloroform. For the reversible
part the activation energy values were 91.0 and
102.3 kJ·mol–1, respectively. The determined activation energies were reasonable and expected according to the already reported values for maleimide/
furan systems [24, 27]. Nevertheless, the observed
differences originated from the nature of DA building blocks and network density.
While in molten state the DA reaction started when
reactants started to melt as a prerequisite for func-

Xe

kDA·103
[L·mol–1·min–1]

krDA·103
[min–1]

0.70
0.60
0.52

1.902
3.525
6.819

0.122
0.470
1.511

tional groups mobility, the DA reaction in solution
was possible even at ambient temperature, however, at a very slow reaction rate. According to the
literature, the solvation energy contributes to the
total free energy of the reactants and the transition
states. For that reason, when in molten state the conversion at 70 °C reached 75% constituted mainly of
endo adduct, in acetonitrile the equilibrium conversion of merely 45% was achieved. The reaction
equilibrium in solution was obviously much more
affected by the rDA reaction, which started to affect
at lower temperatures rather than in molten state.
Therefore, there is no clear boundary between the
end of the DA reaction and the beginning of the
rDA reaction in solution, which makes its use difficult in preparing the DA adduct at high conversion
with desirable exo/endo ratio. For that reason synthesis of the product depends on thermo-reversibility of DA reaction which is much more suitable in
the molten state, where the limit between DA/rDA
reactions is unambiguous.

4. Conclusions

In summary, this study showed a detailed investigation of the DA reaction and provided useful knowledge for further use in self-healing polymer networks. Experiments were performed in the molten
state and in solution and the differences between
both forms were discussed. By non-isothermal DSC
heating of the PMI and GF mixture accompanied by
1
H NMR, approximate temperatures of the DA and
rDA reaction were determined. We especially focused
on exo/endo ratio and its dependence on temperature, and on the Diels-Alder kinetics. The activation
energy and pre-exponential factor of the forward
and reverse DA reaction in a solution were determined by FTIR spectroscopy. The obtained activation energies in acetonitrile and chloroform agreed
to be similar with those reported in the literature.
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Moreover, the reaction equilibrium in solution is
significantly affected by rDA reaction in comparison to the molten state. Considering the reaction in
the molten state compared to reaction in solution,
there was a clear temperature difference between the
length of the DA reaction and rDA reaction which
followed afterwards. For that reason, preparation of
the material based on the absence of solvent is a
better option as the reaction is easily manageable
from a conversion and exo/endo ratio perspective.
The presented paper showed the already known common points of the Diels-Alder reaction extended to
the detailed thermal behaviour of the reaction in a
molten state and solution. Due to this study it is
possible to adapt the obtained knowledge in further
self-healing studies.
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